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Preface

This book Fission-Track Thermochronology and its Application to Geology edited by
Marco G. Malusà and Paul G. Fitzgerald is the result of the efforts of many recognised
scientists, including those who have had long and successful careers and those who are closer
to the beginning of their careers. All authors have made contributions in improving our
understanding of the application of fission-track analysis, plus other thermochronologic
techniques to geologic problems. As a scientific community, we are fortunate that over the
years there have been a number of books published on fission tracks, from Nuclear Tracks in
Solids by Robert Fleischer, Buford Price and Robert Walker in 1975 to Fission-Track Dating
by Günther Wagner and Peter van den Haute in 1992. In the last decade or so, there have been
a number of “thermochronology-themed” books, for example the 2004 Geological Society of
America Special Paper 378 Detrital Thermochronology—Provenance Analysis, Exhumation
and Landscape Evolution of Mountain Belts edited by Matthias Bernet and Cornelia Spiegel,
the 2005 MSA Volume 58 on Low Temperature Thermochronology, Techniques, Interpre-
tations and Applications edited by Peter Reiners and Todd Ehlers and the 2006 book on
Quantitative Thermochronology. Numerical Methods for the Interpretation of Ther-
mochronological Data written by Jean Braun, Peter van der Beek and Geoff Batt. There have
also been a number of excellent review papers such as Reiners and Brandon (2006) Using
Thermochronology to Understand Orogenic Erosion in Annual Reviews of Earth and Plan-
etary Sciences Volume 34.

We have no wish to repeat the information in these earlier publications. This book focuses
on the basics of applying thermochronology to geologic and tectonic problems, with the
emphasis on fission-track thermochronology. Because of the complementary nature of dif-
ferent thermochronologic techniques, many other techniques are also discussed and concepts
and approaches are often similar for all techniques, as comes out in the various chapters. The
objective of this book was to aim for relatively concise review-type chapters that emphasise
the basics, the concepts and the various approaches of applying thermochronology within a
geologic framework. In the course of writing and editing this book, certain themes have
emerged in the chapters: the importance of sampling strategy and the frame of reference to
which data will be referenced; the complementary nature of different thermochronology
techniques and the benefits of applying multiple techniques to samples or single detrital grains;
the benefits of using techniques with kinetic parameters; that all ages cannot be interpreted as
closure temperature ages—especially relevant for detrital studies; and the creativeness in
which these thermochronologic methods are applied to a wide variety of geologic problems.
The relevance of low-temperature thermochronology is exemplified by the increasing numbers
of papers that often include some element of thermochronology in order to better understand
geologic processes and temporally constrain the geologic history.

In this book, we deliberately avoided incorporating chapters on modeling, instead con-
centrating to a certain extent on emphasising the importance of data collection and interpre-
tation of data before modeling is used to test the interpretation or evaluate competing
hypotheses. Modeling programs are evolving continuously, and the creators and user groups
of most of the commonly used programs (e.g. HeFTy—Rich Ketcham; QTQt—Kerry
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Gallagher; and PeCube—Jean Braun) do an excellent job of updating the programs, incor-
porating new approaches with greater latitude or variables when undertaking both forward and
inverse modelling. One of the aims of this book was to make it a volume for relatively new
practitioners to thermochronology, as well as scientists experienced in the various methods. In
essence, a resource that scientists would pick up before planning a thermochronology study or
proceeding with data interpretation, in order to have an overview of the potentials and limi-
tations of the various approaches as illustrated with a few clear examples and citations to other
relevant studies.

This book is structured in two parts (Part I and Part II). Part I is devoted to an historical
perspective on fission-track thermochronology (Chap. 1), to the basic principles of the
fission-track method (Chaps. 2–4) and to its integration with other geochronologic methods on
single crystals (Chap. 5). Part I also includes two chapters concerning the basic principles of
statistics for fission-track dating (Chap. 6) and sedimentology applied to detrital ther-
mochronology (Chap. 7). Part II is devoted to the geologic interpretation of the ther-
mochronologic record. Chapters 8–10 analyse the basic principles, conceptual ideas and
different approaches for the interpretation of fission-track data within a geologic framework.
Chapters 11–21 present concepts and selected case histories to illustrate the potential of
fission-track thermochronology from the specific perspective of different Earth’s science
communities (e.g. tectonics, petrology, stratigraphy, hydrocarbon exploration, geomorphol-
ogy), with chapters on the application to basement rocks in orogens, passive continental
margins and cratonic interiors as well as detrital thermochronology.

Part I, entitled Basic Principles, starts with an historical perspective on the topics developed
in this book. In Chap. 1, Tony Hurford reviews the background, beginnings and early
development of the fission-track method, starting from the discovery of spontaneous fission of
uranium in the ‘40s. He also illustrates the derivation of the fission-track age equation, the
progressive advances towards the calibration of the dating method and the development of the
external detector method and zeta comparative approach that are in use today.

Chapter 2, written by Barry Kohn, Ling Chung and Andy Gleadow, is a state-of-the-art,
handbook style chapter on using apatite, zircon and titanite for fission-track thermochronol-
ogy. This is based on the University of Melbourne approach which is similar to many labo-
ratories around the world, and this chapter can be used by new practitioners and trained
scientists as a reference for practical details for all stages of the method. Topics illustrated in
this chapter start with field sampling, mineral separation and preparation for analysis, and
move onto the measurement of essential parameters that are required in fission-track ther-
mochronology according to the external detector and LA-ICP-MS methods.

Chapter 3, written by Rich Ketcham, reviews the evolving state of knowledge concerning
fission-track annealing based on theory, experiments and geologic observations. This chapter
illustrates experiments in which spontaneous or induced tracks are annealed and then etched
and measured, and the results and predictions compared against geologic benchmarks. It also
describes insights into track structure, formation and evolution based on transmission electron
microscopy, small-angle X-ray scattering, atomic force microscopy and molecular dynamics
computer modeling, and discusses the implications for thermal history modeling. Areas for
future research to enhance our understanding and improve the models are outlined.

Chapter 4, written by Andy Gleadow, Barry Kohn and Christian Seiler, provides ideas
about the future directions and research of fission-track thermochronology given the trends
of the past and the development of new technologies. These technologies, including
LA-ICP-MS analysis for 238U concentrations that eliminates the need for neutron irradiation,
new motorised digital microscopes and new software systems for microscope control and
image analysis, allow for new image-based and highly automated approaches to fission-track
thermochronology.

Chapter 5, written by Martin Danišík, illustrates how fission-track thermochronology can
be integrated with U-Pb and (U-Th)/He dating on single crystals, and describes a triple-dating
approach that combines fission-track analysis by LA-ICP-MS and in situ (U-Th)/He dating,
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whereby the U-Pb age is obtained as a by-product of U-Th analysis by LA-ICP-MS. This
procedure allows simultaneous collection of U-Pb, trace element and REE data that can be
used as annealing kinetics parameters or as provenance and petrogenetic indicators.

In Chap. 6, Pieter Vermeesch describes statistical tools to extract geologically meaningful
information from fission-track data that were collected using both the external detector and
LA-ICP-MS methods. He describes cumulative age distributions, kernel density estimates and
radial plots that can be used to visually assess multigrain fission-track data sets. Chapter 6 also
describes the concepts of pooled age, central age and overdispersion, describes the application
of finite and continuous mixing models to detrital fission-track data and provides the statistical
foundations for fission-track dating based on LA-ICP-MS.

In Chap. 7, Marco Malusà and Eduardo Garzanti describe the basic sedimentology prin-
ciples applied in detrital thermochronology studies in order to fully exploit the potential of the
single-mineral approach. They illustrate the fundamentals of hydraulic sorting, how these can
be used to improve procedures of mineral separation in the laboratory, and discuss the impact
on the detrital thermochronology record of a range of potential sources of bias in the
source-to-sink environment, as well as simple strategies for bias minimisation.

Part II of this book, entitled The Geologic Interpretation of the Thermochronologic Record,
starts with three chapters jointly written by the editors. These three chapters outline the
conceptual framework for the geologic interpretation of thermochronologic data and lay the
foundations for the subsequent more specific chapters that conclude the second part of this
book.

Chapter 8, written by Marco Malusà and Paul Fitzgerald, reviews the nomenclature and
basic relationships related to cooling, uplift and exhumation. This chapter examines the
characteristics of the thermal reference frame that is used for the interpretation of ther-
mochronologic data, and illustrates strategies to constrain the paleogeothermal gradient at the
time of exhumation. It also discusses situations where ages recorded by low-temperature
thermochronometers are not related to exhumation, but either reflect transient changes in the
regional thermal structure of the crust, episodes of magmatic crystallisation or more localised
transient thermal changes due to hydrothermal fluid circulation, frictional heating or wildfire.

In Chap. 9, Paul Fitzgerald and Marco Malusà discuss the approach of collecting samples
over a significant elevation range to constrain the timing and rate of exhumation. They also
illustrate the concept of the exhumed partial annealing (or retention) zone and use a number of
well-known examples from Alaska, the Transantarctic Mountains and the Gold Butte Block to
illustrate sampling strategies, common mistakes, factors and assumptions that must be con-
sidered when interpreting thermochronologic data from age–elevation profiles.

In Chap. 10, Marco Malusà and Paul Fitzgerald provide an overview of different approa-
ches and sampling strategies for bedrock and detrital thermochronologic studies. They
describe bedrock approaches based on multiple thermochronologic methods from the same
sample, single methods on multiple samples collected over significant relief or across a
geographic region, and multiple methods on multiple samples. They also illustrate different
approaches to detrital thermochronology using modern sediments and sedimentary rocks, and
discuss the underlying assumptions and the potential impact on data interpretation.

Three subsequent chapters provide insights into the application of bedrock ther-
mochronology within geologic frameworks of increasing complexity.

In Chap. 11, aimed at structural geology and tectonics, Dave Foster reviews the application
of fission-track thermochronology in extensional tectonic settings. He presents examples
showing how fission-track data can be used to constrain displacements of normal faults, slip
rates, paleogeothermal gradients and the original dip of low-angle normal faults.

In Chap. 12, Takahiro Tagami discusses the application of fission-track thermochronology
to fault zones. He describes factors controlling the geothermal structure of fault zones, with
emphasis on frictional heating and hot fluid flow. He also illustrates how the timing and
thermal effects of fault motion can be constrained by fission-track thermochronology and other
thermochronologic analyses of fault rocks.
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In Chap. 13, Suzanne Baldwin, Paul Fitzgerald and Marco Malusà summarise the ways that
the thermal evolution of plutonic and metamorphic rocks in the upper crust may be revealed,
and the role that fission-track thermochronology plays in conjunction with other methods such
as metamorphic petrology. A simple interpretation of thermochronologic ages in terms of
monotonic cooling may be precluded when assumptions based on bulk closure temperatures
are violated, for example in cases involving fluid flow and recrystallisation below the closure
temperature. They show that geologically well-constrained sampling strategies and application
of multiple thermochronologic methods provide reliable constraints on the timing, rates and
mechanisms of crustal processes. They present case studies on exhumation of (U)HP meta-
morphic terranes, an extensional orogeny, a compressional orogeny and a transpressional plate
boundary zone.

Chapters 14–18 illustrate the application of detrital thermochronology with examples and
strategies of increasing complexity, aimed at inferring realistic geologic scenarios based on the
analysis of the thermochronology record preserved in a stratigraphic succession.

Chapter 14, written by Andy Carter, reviews the development and applications of ther-
mochronology to address stratigraphic and provenance problems. This chapter also describes
approaches to provenance discrimination based on double- and triple-dating strategies, and
potential improvements by integration with mineral trace element data.

In Chap. 15, Matthias Bernet describes the application of fission-track dating to the analysis
of the long-term exhumation history of convergent mountain belts. He demonstrates how
fission-track ages from sediments and sedimentary rocks of known depositional age can be
transferred into average exhumation or erosion rates using the lag-time concept, and how
double dating of single grains can be used to detect volcanically derived grains that may
obscure the exhumation signal.

Chapter 16, written by Marco Malusà, provides a guide for interpreting complex detrital
age patterns collected from stratigraphic sequences. This chapter illustrates how different
geologic processes produce different trends of thermochronologic ages in detritus and how
these basic age trends are variously combined in the stratigraphic record. This chapter also
discusses the potential sources of bias that may affect the thermochronologic signal inherited
from the eroded bedrock, and how this bias can be considered and minimised during sampling,
laboratory processing and data interpretation.

Chapter 17, written by Paul Fitzgerald, Marco Malusà and Josep-Anton Muñoz, illustrates
the benefits of detrital thermochronology analysis using cobbles, either from modern sediments
or from basin stratigraphy, to constrain the exhumation history of the adjacent orogen or
hinterland. Cobbles are useful because all grains share a common thermal history; thus, inverse
thermal modeling of fission-track data in combination with the lag-time concept approach can
constrain the timing as well as rate of cooling/exhumation in the hinterland. This chapter also
shows the potential of this approach when multiple techniques are applied to each cobble.

Chapter 18, written by David Schneider and Dale Issler, reviews the basics of
low-temperature thermochronology when applied to constraining the thermal evolution of a
hydrocarbon-bearing sedimentary basin. This chapter is presented in the context of project
workflow, from sampling to modeling. Within this framework, the authors illustrate the
application of multi-kinetic apatite fission-track dating and the usefulness of the rmr0 parameter
for interpreting complex apatite age populations that are often present in sedimentary rocks.

The last three chapters of this book are devoted to the application of fission-track and other
low-temperature thermochronology methods to investigate the geologic and geomorphologic
evolution of orogenic systems, passive continental margins and cratons.

In Chap. 19, Taylor Schildgen and Peter van der Beek discuss the application of
low-temperature thermochronology to the geomorphologic evolution of orogenic systems.
They review recent studies aimed at quantifying relief development and modification asso-
ciated with river incision, glacial modifications of landscapes and shifts in the position of
range divides. Selected examples point out how interpretations of some data sets are
non-unique, and underline the importance of understanding the full range of processes that
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may influence landscape morphology, and how these processes may affect the spatial patterns
of thermochronologic ages.

Chapter 20, written by Mark Wildman, Nathan Cogné and Romain Beucher, reviews the
application of fission-track thermochronology to decipher the long-term development of
passive continental margins and resolve the spatial and temporal relationships between con-
tinental erosion and sediment accumulation in adjacent offshore basins. Examples provided in
this chapter suggest that these margins may have experienced significant post-rift activity and
that several kilometres of material may be removed from the onshore margin following rifting.

Chapter 21, written by Barry Kohn and Andy Gleadow, is devoted to the application of
low-temperature thermochronology to long-term craton evolution. They discuss processes
involved in cratonic heating and cooling, with emphasis on the impact of low-conductivity
blanketing sediments, the importance of linking the cooling history inferred from ther-
mochronology to onshore and offshore geologic evidence, the impact of dynamic topography
and the effects of far-field plate tectonic forces.

Case histories presented in Part II of this book include examples from the East African rift
(Chap. 11), the Basin and Range Province of North America (Chaps. 9, 11), the conjugate
passive continental margins of the North and South Atlantic (Chap. 20), the Arctic continental
margin of north-western Canada (Chap. 18), the cratonic areas of Fennoscandia, Western
Australia, southern Africa and Western Canada (Chap. 21), the rift-flank Transantarctic
Mountains (Chaps. 9, 13), the transpressional plate boundary zone of New Zealand
(Chap. 13), (ultra) high-pressure terranes such as eastern Papua New Guinea and the Western
Alps (Chap. 13), compressional orogens and associated foreland basins with examples from
the Pyrenees (Chaps. 13, 17), the European Alps (Chaps. 15, 17), the Himalaya (Chap. 15) and
the central Alaska Range of North America (Chap. 9), studies from major seismogenic faults
in Japan (Chap. 12) and more specific analyses of canyon incision in the Andes, eastern Tibet
and North America (Chap. 19). In the light of the wide range of geodynamic settings and
topics covered, and of the worldwide distribution of selected examples, Part II of this book
may thus be seen as a collection of self-contained chapters that provide an overview of
continental tectonics from a thermochronologic perspective.

The chapters benefited from careful peer reviews by Owen Anfinson (Sonoma State
University), Phil Armstrong (California State University, Fullerton), Suzanne Baldwin
(Syracuse University), Maria Laura Balestrieri (CNR-IGG, Florence), Mauricio Bermúdez
(Universidad Central de Venezuela), Ann Blythe (Occidental College), Stéphanie Brichau
(Université de Toulouse), Barbara Carrapa (University of Arizona), Andy Carter (Birkbeck,
University of London), David Chew (Trinity College, Dublin), Martin Danišík (Curtin
University), Alison Duvall (University of Washington), Eva Enkelmann (University of
Cincinnati), Rex Galbraith (University College London), Ulrich Glasmacher (Universität
Heidelberg), Andy Gleadow (University of Melbourne), Noriko Hasebe (Kanazawa Univer-
sity), Raymond Jonckheere (TU Bergakademie Freiberg), Shari Kelley (New Mexico Tech),
Scott Miller (University of Utah), Paul O’Sullivan (GeoSep Services), Jeffrey Rahl (Wash-
ington and Lee University), Meinert Rahn (Universität Freiburg), Alberto Resentini
(Università di Milano-Bicocca), Diane Seward (Victoria University of Wellington), Kurt
Stüwe (Universität Graz), Takahiro Tagami (Kyoto University), Peter van der Beek
(Université Grenoble Alpes), Pieter Vermeesch (University College London), Mark Wildman
(Université de Rennes 1) and Massimiliano Zattin (Università di Padova). Chapter authors and
the reviewers are gratefully acknowledged for their contributions and for their insightful
comments and suggestions that allowed us to improve the clarity and completeness of this
book.
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We are confident that the concepts and ideas summarised in this book will help provide a
baseline for future thermochronology-based investigations and insightful interpretations of the
intrinsic complexities of the geologic record.

Milan, Italy Marco G. Malusà
Syracuse, USA Paul G. Fitzgerald
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Part I

Basic Principles



1An Historical Perspective on Fission-Track
Thermochronology

Anthony J. Hurford

Abstract
This chapter reviews the background, beginnings and
early development of fission-track (FT) thermochronol-
ogy. In the 1930s, it was discovered that uranium
would break into two lighter products when bombarded
with neutrons and, subsequently, that uranium was
capable of natural, spontaneous fission. The fission
process produced damage tracks in solid-state detectors,
which could be revealed by chemical etching and
observed by electron and, later, by optical microscopy.
Fleischer, Price and Walker at the General Electric
R&D laboratories developed diverse track-etching pro-
cedures, estimates of track registration and stability in
different materials, track formation models, uranium
determination in terrestrial, lunar and meteorite samples,
neutron dosimetry and mineral dating using 238U
spontaneous fission. Application to dating of natural
and man-made glass was frustrated by low-uranium
content and relative ease of track fading (annealing). In
the 1970s–1980s, most FT analyses used apatite, zircon
and titanite (sphene) to date tephra and acid intrusive
rocks with the recognition of differing sensitivities of
track annealing in each mineral. Studies in the Alps
showed apatite with its greater susceptibility to anneal-
ing could provide estimates of the timing and rate of
exhumation. The landmark 1980 Pisa FT Workshop
highlighted problems with FT system calibration and
emphasised the value of annealing in apatite to reveal
thermal history. System calibration eventually reached a
consensus agreement in 1988 at the Besançon FT
Workshop with the majority of analysts adopting the
zeta comparative approach. Multiple laboratory and
borehole studies have determined the conditions for
track annealing in apatite leading to widespread

applications in exhumation, sedimentary basin, hydro-
carbon exploration and other areas.

1.1 FT Thermochronology:
The Fundamentals

If a crystal of apatite (Ca5(PO4)3(F, Cl, OH)) is immersed in
dilute nitric acid at room temperature for about 20 s, minute
etch figures are revealed which can be observed and counted
under an optical microscope at high magnification (Fig. 1.1a).
Similar etch figures are found if zircon (ZrSiO4) and titanite
(sphene) (CaTiSiO5) are immersed in different chemical
etchants for appropriate times and temperatures (Fig. 1.1b, c)
—see Chap. 2, (Kohn et al. 2018) for specific conditions.
These etched tracks have accumulated over time and result
from the natural, spontaneous fission of 238U atoms in the
crystal lattice of the minerals.1 Each track results from the
fission of a single atom. The number of these spontaneous
tracks also depends upon the amount of uranium in the apatite,
which is determined conventionally by irradiating the sample
with low-energy neutrons. Irradiation induces a proportion of
the less abundant 235U isotope to fission, giving a second
generation of induced tracks that are revealed and counted in
the apatite itself or, more usually, in a detector held against the
mineral. The ratio of spontaneous-to-induced tracks provides
a measure of the atoms decayed by fission to the total uranium
remaining. Allowance has to be made in calculation for the
additional decay of uranium by alpha emission. This
spontaneous-to-induced track ratio, when usedwith the rate of
spontaneous fission decay, a physical constant, yields the time
during which fission tracks have been accumulating in the
mineral which in some circumstances may equate to the age of
the sample. This method is known as fission-track (FT) dating.

A. J. Hurford (&)
32 Tempest Ave, Potters Bar, Hertfordshire EN65JX, UK
e-mail: tony.hurford@btinternet.com

1Spontaneous fission also occurs in 234U, 235U and 232Th, but their
spontaneous fission half-lives are too long and/or abundances too low
to produce significant numbers of natural tracks compared to 238U.
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Spontaneous tracks heal or fade naturally at temperatures
above ambient values, a process known as annealing. Early
applications to natural and man-made glasses found
annealing of tracks (along with low-uranium contents) to be
major problems. Apatite is more resistant to track fading
than glass, but more susceptible than zircon or titanite,
especially at temperatures typically found in the upper few
kilometres of the Earth’s crust. Thus, calculated FT ages
may not relate to the age of formation of a sample but to its
subsequent history; measured ages should be considered
alongside all available geological information.

Understanding the annealing parameters of fission tracks
has provided the means for interpreting sample thermal
history and interpreting the measured FT age. The particular
sensitivity of apatite to annealing has made it especially
useful in reconstructing thermal history, in particular by
relating the reduction of the lengths of spontaneous tracks
(specifically confined track lengths—see below) to temper-
ature and time. Since each track is formed at a different time
in the life of a sample, it is exposed to a different portion of
that sample’s thermal history. The overall track-length dis-
tribution thus preserves the integrated temperature record of

(a) (b)

(c) (d)

Fig. 1.1 Fission tracks etched in
commonly used materials (scale
bars approx. 50 µm).
a Spontaneous 238U tracks in
apatite from Tioga ash bed,
Pennsylvania, USA (Roden et al.
1990). Etched 5 M HNO3 at 20 °
C for 20 s. b Spontaneous 238U
tracks in zircon from Fish Canyon
Tuff. Etched in 100 N NaOH at
220 °C for 6 h (these samples
predate use of the NaOH–KOH
eutectic etchant). c Spontaneous
238U tracks in titanite (sphene)
from the Thorr Granite in
Donegal, Ireland. Etched in
1HF:2HCl:3HNO3:6H2O acid
mixture at 20 °C for 6 min.
d Induced 235U tracks in a
nineteenth century man-made
U-bearing glass from Robert Brill
at Corning (Brill et al. 1964).
Etched in 40% HF at 20 °C for
5 s. Images courtesy of Andy
Gleadow and Andy Carter
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that sample. Such FT thermochronology has proved espe-
cially valuable in sedimentary basin analysis, in hydrocarbon
prospection and in understanding the exhumation of crustal
rocks. These applications form the basis of many of the
chapters that follow.

1.2 The Fission-Track Story Begins

In the 1930s, Enrico Fermi (1934) and his collaborators
bombarded uranium with neutrons, concluding that the
resulting particles were new elements, lighter than uranium
but heavier than lead. Ida Noddack (1934) criticised Fermi’s
work in that he failed to analyse for elements lighter than
lead, suggesting that:

“It is conceivable that the (uranium) nucleus breaks up into
several large fragments, which would, of course, be isotopes of
known elements but would not be neighbors of the irradiated
element.”

Although her paper went largely unnoticed, Noddack
effectively predicted nuclear fission. In 1939, Otto Hahn and
Fritz Strassman in attempting to reproduce Fermi’s results
clearly identified the reaction as a break-up of uranium into
two lighter products with a range of atomic numbers. Lise
Meitner and her nephew Otto Frisch (1939) confirmed these
findings coining the term “fission” for the first time because
of the similarity of the process to biological cell division.
Having fled Germany in July 1938 first to the Netherlands
and then to Stockholm (Meitner) and Copenhagen (Frisch),
these authors gave the first qualitative discussion of the
fission process, drawing the analogy with the liquid-droplet
model and contrasting the disrupting effects of Coulomb
repulsion with the stabilising influence of surface tension.
On 1 September 1939, a propitious month in world history,
Niels Bohr and John Wheeler presented a theoretical
description which placed the recent developments firmly
within the context of the liquid-droplet model. One year
later, Flerov and Petrjak (1940) reported the first evidence of
the natural spontaneous fission of a nuclide, namely 238U,
eliminating any possible cosmic-ray-induced fission by
working in an underground laboratory at the Dinamo Station
of the Moscow Metro. The formal certificate of discovery
stated:

“The new type of radioactivity with mother nucleus decays into
two nuclei, that have kinetic energy of about 160 meV.”

The historical events of the 1940s dictated the next steps:
the military implications of fission were seized upon, and the
remainder of the decade saw frantic applied and basic
experimentation. It was not until the 1950s and 60s that
advances were made in basic theory largely due to the
development of nuclear irradiation facilities.

The first positive recognition of uranium fission tracks
can be attributed to D. A. Young in 1958, working at the
Atomic Energy Research Establishment, Harwell, UK.
Young found that if a lithium fluoride crystal was sand-
wiched against an uranium foil, irradiated with thermal (low
energy) neutrons and then chemically etched, a series of etch
pits would be produced. The number of etch pits showed
close agreement with the calculated number of fission frag-
ments originating from the uranium foil, and thus, it
appeared that each etch pit related to some solid-state
damage associated with the passage of the fission fragment.
One year later, Silk and Barnes (1959), also working at
Harwell, published the first direct transmission electron
micrographs of damage tracks in mica created by the passage
of 235U fission fragments. These discoveries started a chain
reaction of electron microscopic observations of heavy
charged-particle tracks in thin films of various materials,
although the appearance of the tracks depended critically
upon the structure and thickness of the film.

1.3 Fleischer, Price and Walker at GEC
Schenectady

In 1961, P. Buford Price and R. M. Walker were working on
nuclear tracks at the General Electric Research Laboratory at
Schenectady, New York, being joined by R. L. Fleischer the
following year. As reported in Fleischer (1998), together the
trio were:

“Charged with doing science – with the long range expectation
that some fraction of qualitatively new advances would be of
practical use to society, and (crucially) to General Electric.”

They resolved to explore the use of solid-state track
detectors in nuclear research and, subordinately, hoped to
find fossil tracks of cosmic-ray-induced events in meteorites.
Price and Walker (1962a) using an electron microscope to
observe mica with zircon and apatite inclusions first identi-
fied fossil fission tracks which had resulted from the spon-
taneous fission of 238U. Unaware at this stage of Young’s
experiments, Price and Walker (1962b) similarly found that
tracks in mica could be “developed and fixed” by chemical
etching giving permanent channels visible under an optical
microscope, thus avoiding track fading problems common
when viewing samples by electron microscopy. Anomalous
etch figures which had long puzzled crystallographers (e.g.
Baumhauer 1894; Honess 1927) were now identified as
etched spontaneous fission tracks (Fleischer et al. 1964a).
Tracks are revealed because of an accelerated etch rate (VT)
along the damaged track zone relative to the general (or
bulk) etch rate (VG) for the material. In minerals, VT � VG

for some crystallographic orientations (e.g. prismatic c-axis
parallel sections of apatite and zircon) giving a linear etch
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figure (Fig. 1.2). In glasses, VT approximates to VG forming
conical etch pits with circular to elliptical outlines (see
Fig. 1.1d). For comprehensive descriptions of etching
geometry, see Chap. 2 of each of Fleischer et al. (1975) and
Wagner and van den Haute (1992).

Fleischer, Price and Walker subsequently applied the
nuclear track technique to a wide variety of other materials,
including minerals, glasses and plastics, finding great vari-
ation in the sensitivity of materials to particles of different
mass and charge. A profusion of papers from these authors
and their associates during the mid- and late 1960s included
track-etching recipes, estimates of the stabilities of tracks in
different media, registration characteristics of different
detectors, models of track formation, applications in uranium

determination of terrestrial, meteoritic and lunar samples,
and neutron dosimetry. A comprehensive review of their
work was provided by the three scientists in their seminal
volume “Nuclear Tracks in Solids” (Fleischer et al. 1975).

Pertinent to our story, Price and Walker (1963) first
suggested that the spontaneous fission decay of 238U could
be usefully employed as a radiometric rock and mineral
dating method. FT ages of 3.5 � 108 yr for muscovite from
Renfrew, Canada, and of 5 � 108 yr for phlogopite mica
from Madagascar were taken as substantiating the concept,
and suggestions were proffered for the use of other minerals.
FT dating had been born!

1.4 Deriving a FT Age

As with other isotopic dating methods, a FT age depends on
the decay of a naturally radioactive parent isotope to a stable
daughter product—in our case a fission damage track. From
Rutherford and Soddy’s law of radioactive decay, the rate of
decay is proportional to the number of unstable parent atoms
N remaining after any time t:

dN=dt ¼ �kN ð1:1Þ
where k is a constant of proportionality, the decay constant,
with a specific value for each radionuclide, expressed in
units of inverse time and representing the probability that a
nucleus will decay within a given period of time. Integrating
Eq. 1.1 with respect to time and accepting that at time t = 0
none of the original parent atoms have decayed gives:

N ¼ No expð�k tÞ ð1:2Þ
which is the general formula for describing the number N of
radioactive nuclei remaining after time t, where No is the
initial number of atoms present. The number of decay events
Dt which have occurred since time t is given by:

Dt ¼ No�N ð1:3Þ
Since it is easier to deal with N, the measurable number of

atoms of a radionuclide still remaining in a system, rather
than estimating No, the original number of atoms present,
Eq. 1.2 can be arranged to give an expression for No:

No ¼ N ðexp k tÞ
which, substituted into Eq. 1.3, gives:

Dt ¼ N ðexp k t � 1Þ ð1:4Þ
238U decays both by a-emission, eventually forming

206Pb, and by spontaneous nuclear fission. Each process has
a specific decay constant which can be summed to give kD,
the total constant for the decay of 238U by both mechanisms.
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Fig. 1.2 Fundamental track registration and etching geometry.
a Latent fission tracks are revealed after time t by an accelerated etch
rate (VT) along the damaged track zone relative to the general (or bulk)
etch rate (VG) of the material. Track shape is determined by the
difference in the two etch rates. Where VT � VG as in many minerals,
the track is linear (Fig. 1.1a–c). Where VT is only slightly greater than
VG as in glasses, the track is an elliptical pit (Fig. 1.1d). b Tracks lying
at an angle of incidence h greater than a critical value hc are registered
on the etched and viewed surface. c For tracks lying less than the
critical angle hc, the surface of the material is removed faster during
etching than the normal component of VT and thus the track is totally
removed. VT/VG defines a material’s etching efficiency, that is fraction
of tracks intersecting a given surface that are etched on that surface
under specified conditions (after Fleischer et al. 1975)
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kD is essentially just the a-decay constant because this is
more than six orders of magnitude greater than the fission
decay constant kf. Thus for the total decay of 238U, Eq. 1.4
reads:

Dt ¼ N ðexp kDt � 1Þ ð1:5Þ
Dt includes both a-decay and spontaneous fission decay

events, the small fraction due to spontaneous fission, Ds,
being given by:

Ds ¼ kf=kDN ðexp kDt � 1Þ ð1:6Þ
Equation 1.6 gives the number of fission events which

have taken place over time t in a material now containing
N atoms of 238U. Provided the material contained no fission
tracks at the beginning of time t and that it has lost no fission
tracks through annealing, then it will now contain Ds

spontaneous fission tracks, and t will be its FT age. Equa-
tion 1.6 can be solved for t provided that Ds can be evaluated
and expressed as a proportion of N.

The number of fission events, Ds, in a unit volume can be
measured from the area density of etched fission tracks q on
an internal surface of the uranium-bearing material. Only a
fraction of the fission events within one fission-track range
of the surface will actually intersect it to give an etchable
track. This fraction can be expressed in terms of an effective
distance R from the etched surface, within which every fis-
sion event can reach the surface although not all may be
registered as an etchable track. R is obtained by integrating
the contribution of etched tracks from all distances up to Ro,
the maximum fission-fragment range. This integral can be
evaluated to show that R is equivalent to the etchable range
of one fission fragment, that is half a track range on either
side of an internal surface. The number of fission tracks
crossing an internal surface is therefore given by Ds R.

The track density q actually observed on any surface will
also be determined by the etching efficiency η that is the
fraction of tracks crossing the surface which are revealed by
etching. Thus for the etched FT density on any internal
surface, we can write:

q ¼ Ds R g ð1:7Þ
For the 238U spontaneous FT density, qs, resulting from

Ds fissions per unit volume, Eqs. 1.6 and 1.7 combine to
give:

qs ¼ kf=kD½238U� ðexp kDt � 1ÞR g ð1:8Þ
where N has been replaced by [238U], the number of atoms
of 238U per unit volume remaining in the uranium-bearing
material. Conventional evaluation of uranium uses neutron

activation, but direct determination of [238U] requires higher
energy neutrons which also induce fission in other uranium
and thorium isotopes. Lower-energy, thermal neutron irra-
diation causes 235U alone to fission, creating a second,
induced track density in the host material. The number of
thermal neutron-induced 235U fissions per unit volume, Di,
can be expressed as:

Di ¼ 235U
� �

r/ ð1:9Þ

where [235U] is the number of 235U atoms per unit volume; r
the 235U nuclear cross section for thermal neutron-induced
fission; and / the neutron fluence received by the sample, in
neutrons per cm2.

These induced fission tracks can be etched on an internal
surface of the host material in exactly the same way as for
the spontaneous tracks. Substituting Di for D in Eq. 1.7
gives the induced track density, qi, observed on an internal
surface:

qi ¼ 235U
� �

rR/g ð1:10Þ

on the reasonable assumption that R and η are essentially
identical for 238U and 235U fission-fragment tracks. By tak-
ing the ratio of the two track densities from Eqs. 1.8 and
1.10, these range and etching efficiency terms cancel, giving:

qs=qi ¼ ðkf 238U
� �

exp kDt � 1Þ=ðkD½235U�r/Þ ð1:11Þ
Assuming the atomic ratio [235U]/[238U] for natural ura-

nium is constant in nature, it may be represented by the
isotopic abundance ratio I. Solving Eq. 1.11 for t gives the
general form of the FT age equation (Price and Walker 1963;
Naeser 1967):

t ¼ 1=kD ln ½1þðkDr I /qsÞ=ðkf qiÞ� ð1:12Þ
Equation 1.12 assumes that the spontaneous and induced

track densities, qs and qi are measured on surfaces with
similar geometry or else modified by a suitable factor.
A useful approximation can be made by noting that ln (1+ x)
= x, where x is much smaller than 1. Where FT ages are less
than a few hundred million years, this approximation can be
applied to Eq. 1.12 which then simplifies to:

t ¼ ðr I /qsÞ=ðkf qiÞ ð1:13Þ
This approximation simply means that over this period of

time, which is short compared to the half-life of 238U, there
is so little reduction in the total amount of 238U by
radioactive decay that effectively it can be regarded as
constant. The total decay constant, kD, therefore cancels out
in the simplification.
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1.5 Aspirations for the Infant FT Method

Price and Walker’s (1963) paper triggered a series of studies
to date mica, ubiquitous in many igneous rocks (e.g. Fleis-
cher et al. 1964a; Bigazzi 1967; Miller 1968). Much activity
was also invested in determining recipes for etching tracks in
a wide variety of minerals including tourmaline, epidote and
garnet, the tracks being derived by implantation of heavy
ions (see Fleischer et al. 1975; Wagner and van den Haute
1992 and references therein).

Volcanic and other glasses also received considerable
attention in the infancy of the method. In ocean floor basalts
correlation of K–Ar ages with preserved magnetic reversal
signatures offered support for the then-new concept of
sea-floor spreading. This prompted attempts to measure FT
data on the glassy skins of pillow basalt lavas erupted from
the Mid-Atlantic Ridge spreading centre (e.g. Aumento
1969; Fleischer et al. 1971). The dating of glass shards from
acidic volcanic tephra was seen as a direct means of
determining the age of volcanic eruption with data published
from studies in Tanzania (Fleischer et al. 1965a), New
Zealand (Seward 1974, 1975) and the Yukon (Briggs and
Westgate 1978). FT dating was used to supplement K–Ar
ages determined on tektites, those enigmatic glassy objects
probably resulting from meteorite impacts (see discussion in
Wagner and van den Haute 1992). In archaeometry, the
infant FT dating technique prompted excitement with studies
undertaken on the dating of artifacts heated in fires, glazes
on ceramic bowls and man-made glasses (see Wagner 1978;
Wagner and van den Haute 1992; Bigazzi et al. 1993).

Glasses have low-uranium contents and require long
analysis times to search for just a few tracks, yielding very
poor statistics and high analytical errors; they are also
especially susceptible to track annealing at tempera-
tures <<100 °C. Most FT studies on glasses were in the
early years of the method, and this application is now
generally considered to be inaccurate if used for direct
dating. Similarly virtually no dating analyses have been
reported since the 1970s for micas or other low-uraniferous
minerals whose etching characteristics had been investi-
gated. In contrast, in uranium ores the crystal structure
becomes metamict (effectively destroyed) as a result of
a-recoil damage from uranium and thorium decay, and no
fission tracks can be discerned. To take the infant FT
method, forward attention turned to using accessory
minerals.

1.6 Accessorise: Apatite, Zircon and Titanite

The accessory minerals apatite, zircon and titanite
(sphene) have trace amounts of uranium in the ppm range
giving resolvable numbers of spontaneous tracks. They

have proved the ideal material for routine FT analysis.
Credit must go to Charles (Chuck) Naeser and to Günther
Wagner for pioneering the use of accessory minerals to
solve geological problems. Naeser, working in the
Southern Methodist University, Dallas, Texas, and subse-
quently the US Geological Survey, Denver, established the
fundamental preparation and analytical techniques and
readily passed on his knowledge and expertise to the next
generations of FT exponents. Initially, other workers
analysed only apatite and titanite because of the simpler
handling procedures (see Chap. 2, Kohn et al. 2018).
Naeser (1969) had determined FT ages on zircons, but his
sample handling techniques were complicated and not
readily replicated by others. A revised technical approach
(Gleadow et al. 1976) based on Naeser’s early experi-
ments opened up FT dating of zircon to all workers, with
zircon ages frequently equating with those of titanite.
Wagner was pursuing very similar studies on apatite at the
University of Pennsylvania and then at the Max-Planck
Institut für Kernphysik, Heidelberg (Wagner 1968, 1969—
and see references below).

The philosophy in the 1960s and 1970s was to use the FT
technique as a dating tool analogous to K–Ar and Rb–Sr
methods to determine the age of a sample—by implication
the crystallisation age. Investigations concentrated on the
dating of acid volcanic and intrusive rocks. A major study
dating Tertiary ash-flow tuffs from Central Nevada (Naeser
and McKee 1970) furthered the application of FT dating to
tephrochronology, with many studies providing time-marker
horizons in stratigraphic sequences which have served in
Phanerozoic timescale calibration, e.g. zircons and apatites
from tuffs and bentonites in UK Ordovician and Silurian
stratotypes (Ross et al. 1982). Early studies on acid intrusive
rocks yielded apatite FT (AFT) and titanite FT (TFT) ages
which equated with K–Ar and Rb–Sr ages, and similarly
represented the timing of crystallisation (see, e.g., Naeser
1967; Christopher 1969). However, the recognition of the
different annealing characteristics of apatite and titanite
(Wagner 1968; Naeser and Faul 1969) produced a tool for
the detection of thermal events whereby discordant ages
from pairs of co-existing minerals gave a clear indication of
minor heating. Calk and Naeser (1973) studied the
10 Ma-old intrusion of a 100-m-diameter basaltic plug into
the 80 Ma-old Cathedral Park quartz monzonite in Yosemite
National Park, California. Their AFT ages in the country
rock were totally or partially annealed up to 150 m from the
contact, whilst TFT ages were unaffected just 10 m from
basalt.

Clear differences between AFT and K–Ar biotite and
hornblende ages were reported by Wagner (1968) for the
same granite, granodiorite and gabbro samples from the
Odenwald basement, Germany: apatite ages ranged between
69 and 105 Ma, whilst K–Ar spanned 315–340 Ma. Since
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no post-Hercynian thermal event could be presumed to have
affected these rocks, Wagner argued that the AFT ages
represented the approximate time of cooling
through *100 °C, thereby revealing a difference in uplift
rate between the northern and southern Odenwald. This
probably represents the first approach towards interpreting
FT data in terms of exhumation.

Church andBickford (1971) relatedAFT ages of 45–50 Ma
from a suite of igneous rocks in the Sawatch Range of
Colorado (Rb–Sr whole-rock isochron age of 1650 ± 35 Ma)
together with other similar AFT and TFT ages reported by
Naeser andFaul (1969) toLaramide igneous activity. Stuckless
and Naeser (1972) reported three time–temperature events in
the evolution of the Precambrian plutonic basement around the
Superstition volcanic field in Arizona. The intrusion of granite
at *1390 Ma recorded by Rb–Sr whole-rock isochron and
TFT systems, completely reset the titanite and disturbed the
Rb–Sr systems in a quartz diorite intruded earlier (Rb–Sr
whole-rock age 1540 ± 45 Ma; TFT age 1390 ± 60 Ma).
A third episode at *50 Ma recorded by the AFT age in the
granite represented cooling due to uplift and erosion subse-
quent to the Laramide orogeny.

In the Tatra mountains, Poland, AFT ages from 10 to
36 Ma in Hercynian granitic and metamorphic basement
significantly post-dated the main nappe-style folding
at *80 Ma, leading Burchart (1972) to conclude that the
AFT ages related to Miocene post-orogenic uplift and
erosion.

AFT was a chronometer capable of recording “events”
at temperatures much less than those detected by other
mineral and isotopic systems. Publication of the seminal
work “The tectonic interpretation of fission track ages” by
Wagner and Reimer (1972) represented a major advance in
the understanding and use of AFT ages in active mountain
belts. The study showed the distribution of AFT ages in
the Central and Southern European Alps to be concordant
with regional tectonic elements when considered with
elevation: AFT age generally increased with elevation.
This was interpreted as the earlier cooling of the upper
sample below the temperature at which fission tracks are
retained; thus, for a limited lateral distance, the difference
in sample elevation divided by the difference in AFT age
may provide a direct measure of uplift. Wagner and
Reimer reported an uplift rate of 0.4 mm/yr for the Monte
Rosa nappe area and that the fastest uplift around the
Simplon Pass had occurred in recent times. This study (and
the less readily available Wagner et al. (1977)) represent
the foundation of many subsequent tectonic uplift and
exhumation studies in active mountain belts worldwide,
although in modern thinking the trend of increasing age
with elevation may often reflect an uplifted partial
annealing zone (see Chap. 8, Malusà and Fitzgerald 2018,
and Chap. 9, Fitzgerald and Malusà 2018).

1.7 Problems and Renaissance: Pisa 1980

Despite this promising beginning and the flurry of activity to
use the fledgling method to determine ages, FT dating faced
serious criticism in the 1970s. Some established geochro-
nologists who measured isotope abundances using mass
spectrometry underlined the low analytical precision of the
FT method, with the results of a relatively small number of
fissioned uranium atoms being observed and counted man-
ually with the inherent potential for misidentification. This
was contrasted with other isotopic methods using mass
spectrometric automated counting of many ions of precisely
known mass. The high level of sensitivity of fission tracks to
annealing (especially in apatite) was viewed as rendering the
method of little, if any value in determining age—remember
the thinking was still dominantly of formation or crystalli-
sation age. A third criticism was the lack of a single system
of calibrating the FT system—in particular with no agreed
value for the decay constant kf—giving little confidence to
the comparison of results from different workers and labo-
ratories. Together, these perceived failings caused one
pre-eminent British isotope geologist to dismiss fission
tracks as the “Cinderella of dating methods”. By the late
1970s, the earth sciences community had heard of fission
tracks and they wondered if the method might provide
something interesting to solve geological problems, but was
suspicious as to whether the technique was fundamentally
flawed.

Under this cloud of uncertainty, a group of FT workers
attending the 4th ICOG2 in 1978 met to discuss shared
problems in methodology, in fundamental principles and in
interpretation. They determined to hold a workshop specif-
ically to deal with FT matters and hopefully resolve some of
the outstanding problems. Thus in September 1980, 44 FT
practitioners from 15 countries took up this proposal,
meeting in Pisa,3 Italy, at the Domus Galilaeana, founded in
1942 to commemorate the tercentenary of the death of
Galileo Galilei. The Pisa Workshop was a critical week in
the history of FT thermochronometry and truly represented
the renaissance of the method with four main issues being
debated:

24th International Conference on Geochronology, Cosmochronology
and Isotope Geology (ICOG) in August 1978 at Snowmass-at-Aspen,
Colorado, USA.
3Note the Pisa workshop is sometimes regarded as the first FT Dating
Workshop and is so titled in the Proceedings. However, strictly it was
the second such workshop, the first being within the 4th ICOG in 1978,
which initiated the Pisa Workshop. Subsequent FT Workshops have
followed this latter numbering convention.
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• Methodology: what experimental strategies are used by
different laboratories?

• Calibration: how is the FT dating system calibrated?
• Statistics: what are the uncertainties of the method and

how do different laboratories compare?
• Interpretation: what does track annealing mean and can

lowered ages be corrected?

Each of these issues is considered below. The formal
confrontation of these problems at Pisa determined the FT
community to seek effective solutions. Possibly most sig-
nificant was the recognition that the understanding of
annealing provides a unique means to reveal thermal history
(Gleadow and Duddy 1981; Green 1981a) rather than being
the hitherto perceived burden. Here lies the foundation of the
diversity of geoscience applications we see today including
application to hydrocarbon prospection (Gleadow et al.
1983). On FT calibration, the issue was subsequently taken
up by the IUGS Subcommission on Geochronology with
widespread consultation leading to a recommendation and
agreement on procedure (see Sect. 1.9).

1.8 Experimental Strategies

Ideally, the spontaneous and induced track densities mea-
sured in FT dating should be registered, revealed and
counted under identical conditions over areas having exactly
the same uranium content. At the Pisa Workshop Andrew
Gleadow underlined that a wide variety of strategies of
differing reliability were in use by FT analysts and that the
sample may also impose a compromise from the ideal.
Variation between strategies derives essentially from differ-
ences in registration geometry and etching efficiency of the
surfaces on which the tracks are counted. Two distinct
groups of procedures can be distinguished (Fig. 1.3),
(Gleadow 1981; Hurford and Green 1982).

Multi-grain Methods use separate sample aliquots to
determine spontaneous and induced tracks, the track counts
from each being summed over the total grains counted (see,
e.g. Price and Walker 1963; Naeser 1967, 1979). Typically,
areas usually of equal size are measured in 100 grains for
each track count. The population method has been widely
used and requires one aliquot to be heated to anneal fully the
spontaneous tracks before irradiation to induce tracks in a
portion of 235U atoms. The two aliquots are then processed
identically and counted sequentially, one aliquot containing
only spontaneous tracks the other only induced tracks. The
subtraction method omits the heating step so that the irra-
diated portion contains both induced and spontaneous
tracks, the induced track density being calculated by sub-
tracting the spontaneous density, inherently less precise

since two uncertainties are involved in determining the
induced track density.

With multi-grain methods both track counts are made on
internal surfaces of the same material with identical regis-
tration and etching characteristics. However, statistically
equivalent uranium concentrations are assumed in the two
aliquots, which supposes a relatively homogeneous uranium
distribution both within and between the sample grains,
frequently not true. Multi-grain approaches also assume a
single age population, probably true for a rapidly cooled
volcanics but invalid for samples with multiple age popu-
lations, e.g. a contaminated volcaniclastic. Further, labora-
tory annealing can remove accumulated a-recoil radiation
damage in the crystal lattice resulting from uranium and
thorium decay. This appears to have no effect on apatite
(possibly because a-recoil damage is not preserved) but for
zircon and titanite the etching characteristics may be sub-
stantially altered, invalidating one of the principal advan-
tages of the multi-grain strategy.

Single-grain Methods allow ages to be measured for each
suitable grain even at relatively small sizes (*100 µm) and
are essential for samples containing multiple populations.
Historically 6–10 grains were analysed for each sample.
Today, when the age structure of a sample is used to reveal
source and thermal history, many more grains are examined
—see Chap. 2, (Kohn et al. 2018). The re-polish and re-etch
strategies are variations with a sample re-polished, re-etched
and recounted after irradiation to determine the induced
track density (e.g. Fleischer and Price 1963); these approa-
ches compound uncertainties and are no longer used. In
contrast, the external detector method (EDM) (Fleischer
et al. 1964b; Naeser and Dodge 1969) has been used almost
exclusively as the FT strategy of choice for several decades.
In the EDM 238U spontaneous fission tracks are etched in the
grain and 235U induced tracks recorded and etched in a
detector of low-uranium muscovite held against the grain
mount during irradiation. Analysis examines the etched
grain and its mirror image recorded by 235U induced tracks
in the detector allowing exact comparison of the identical
uranium contents. The EDM records tracks with different
track registration geometries. Spontaneous tracks have a 4p
geometry with tracks originating from fissioned uranium
atoms in the grain lying below the viewed surface, and from
above in the part of the grain removed during polishing. In
contrast, the detector has 2p geometry with tracks con-
tributed only from below. A correction factor must therefore
be applied to the spontaneous/induced ratio which, in the
ideal circumstance, is 0.5. Deviation from this value would
arise if the bulk etch rate (see Fig. 1.2) was high in either
grain and/or detector, thereby possibly removing tracks lying
at low angles to the etched and viewed surface. Fortunately,
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the minerals in common use, apatite, zircon and titanite all
have high etching efficiencies for prismatic (c-axis parallel)
faces, as does muscovite mica mainly used as detector, and
thus, the ideal geometry of 0.5 is appropriate (Gleadow and
Lovering 1977; Green and Durrani 1978). Note that etch rate
is dependent upon crystal orientation and other faces may
exhibit different and anisotropic etching. Some early studies
used polycarbonate plastic as a detector. The track regis-
tration mechanism may be quite different for such plastics
(see Fleischer et al. 1975), and a geometry factor of 0.5 may
also be inappropriate. Accordingly, low-uranium muscovite
is preferred as a detector by most analysts.

1.9 Calibration of the FT Dating System

A major problem confronting the FT method from its
inception until the early 1980s was the fundamental question
of system calibration and hinged, in part, upon the value of
the 238U spontaneous fission decay constant kf. Some 45
experiments revealed a spectrum of results which centred
around either 7 � 10−17 yr−1 or 8.5 � 10−17 yr−1, *20%
difference (see, e.g., Wagner et al. 1975; Thiel and Herr
1976; Bigazzi 1981; van den Haute et al. 1998). Four groups
of experimental procedures have been used to determine kf:

POPULATION METHOD

Take 2 aliquots of sample

Anneal
spontaneous

tracks

Irradiate

Mount
and polish

Etch i

Count i

Mount
and polish

Etch s

Count s

SUBTRACTION METHOD

Irradiate

Mount
and polish

Etch s+i

Count s+i
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and polish

Etch s

Count s

RE-POLISH METHODS

Anneal unetched 
spontaneous tracks

Re-polish

Etch s+i

Count s+i

Re-polish

Etch i

Count i

Count s Count s

Etch s

Irradiate Irradiate

Mount and polish

RE-ETCH METHOD

Re-etch

Count i

Count s

Etch s

Irradiate

Mount and polishTake 2 aliquots of sample

option 1 option 2

EXTERNAL DETECTOR
METHOD

Count:
i in mineral
sin mica

Etch i in mica

Etch s

Irradiate

Add external detector

Mount and polish

LA-ICP-MS METHOD

U concentration

Data reduction

Etch s

Count s

Laser ablation

Mount and polish

No longer employed

Multi-grain methods Single grain methodsFig. 1.3 Experimental strategies
for FT dating (modified from
Hurford and Green 1982).
Amongst the methods described
in this chapter, only the external
detector (and to a much lesser
extent population) methods are
nowadays employed. Some
laboratories now use LA-ICP-MS
to determine uranium content
(Hasebe et al. 2004), the
equations for which are given in
Chap. 6
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• direct determination of fission events using ion chambers
and other particle systems

• radiochemical or mass spectrometric measurement of
uranium and fission products

• detection and counting of fission tracks in solid-state
track detectors (SSTDs) or in photographic emulsions

• comparison of measured FT ages with independently
known ages.

Most kf values determined using SSTDs and by com-
parison with minerals from rocks of known age supported a
lower value. These experiments require neutron irradiation,
and intuitively such methods might appear more appropriate
to FT dating with calibration and sample determinations
using similar procedures. However, evaluation of neutron
fluence can vary according to the dosimetry system used.
Thus when a kf value determined using specific neutron
dosimetry is used to evaluate a sample, similar irradiation
and dosimetry protocols should be followed. Those kf
determinations using direct measurements and radiochemical
methods tend to support the higher value. The independence
of these values from any neutron dosimetry, track registra-
tion or track-etching process argues that they may be more
robust when seeking an absolute calibration approach to FT
analysis.

Neutron Fluence Measurement4 can use either metal
activation monitors or uranium-doped glass dosimeters.
With a metal activation technique the neutron-induced
gamma activity in foils of gold, cobalt or copper is mea-
sured using a scintillation counter and, using the mass of
isotope present in the foil, the reacting neutron fluence is
calculated. However, neutron beams are not mono-energetic
and the response of an isotope varies according to the energy
of the bombarding neutron. Different isotopes respond to
neutrons of different energies in different ways: the response
of one monitor compared with another, and with the 235U in
a dating sample, cannot be assumed to be equivalent.

Fortunately for thermal neutrons (energies of 0–0.25 eV
with the highest probability of 0.0253 eV at 20.4 °C), the
responses of 235U, 197Au and 59Co are virtually parallel with
a 0.5 slope denoting a 1/V behaviour (see Wagner and van
den Haute 1992, their Fig. 3.3). Thus, in principle, for
reactors with well-thermalised fluxes the fluences reacting
with these isotopes should be equivalent. However, at higher
energy levels (in the epithermal neutron energy range) this

relationship breaks down with large resonance peaks in the
Au capture cross section. Use of a poorly thermalised reactor
facility would thus result in deviation from this 1/V rela-
tionship and would complicate the comparison of the 235U,
197Au and 59Co responses necessitating complex corrections.
In addition, whilst thermal neutrons induce fission only in
235U, epithermal neutrons induce fission in both 235U and
238U. Fast neutrons induce fission in both uranium isotopes
and 232Th, the resulting tracks being indistinguishable.
Neutron dosimetry has been treated in detail by Green and
Hurford (1984) who also recommend minimum specifica-
tions for thermalisation of reactor facilities used for FT work
expressed in terms of cadmium ratios of 3 for Au, 24 for Co
and 48 for Cu.5

Uranium-Doped Glasses can be used to monitor
neutron-induced 235U fission events by counting the result-
ing tracks in the glass or, more usually, in a detector held
against the glass during irradiation. Detectors of
low-uranium mica are preferable in that they preserve a
permanent record of the irradiation whilst leaving the
dosimeter glass undamaged and reusable for multiple irra-
diations (see, e.g., Hurford and Green 1983). As a dosimetry
method it is appealing in that neutron-induced 235U fission is
used in both standard glass and unknown sample. However,
quantitative determination of fluence is complicated by the
need for evaluation of the detection and etching efficiencies
of the system. Nevertheless, if identical dosimeter and
experimental conditions are always used, the fluence / is
related to the measured induced track density qd in the
dosimeter (or its detector) by:

/ ¼ Bqd ð1:14Þ
where B is a constant specific to the dosimeter (Fleischer
et al. 1975; Hurford and Green 1981a).

To avoid the difficult empirical evaluation of
fission-fragment ranges and etching efficiencies (see, e.g.,
Wagner and van den Haute 1992), some workers have used
metal activation monitors to evaluate B, often over multiple
irradiations: Hurford and Green (1983) showed values of
B for two dosimeter glasses measured over a 5-year period.
B may then be used to derive fluence values in subsequent
irradiations which, in turn, are substituted into the age
equation to calculate sample ages.

A comprehensive listing of uranium-doped glasses used
as neutron dosimeters is given in Hurford (1998, Table 1).
The two sets of glasses used most extensively are the NIST

4Neutron irradiation induces fission in a proportion of 235U in a sample
as a measure of its uranium content and requires determination of the
total number of neutrons to which the sample is exposed, known as the
neutron fluence. Fluence is the neutron flux (or dose) integrated with
respect to the irradiation time and is expressed in neutrons cm−2.

5Cadmium absorbs thermal neutrons (<*0.4 eV) whilst permitting
higher energy neutrons passage through. A cadmium ratio gives the
activities of a bare monitor/ a Cd-shielded monitor, thus recording
neutrons of all energies/neutrons with energies >0.5 eV; the higher the
cadmium ratio, the better thermalised the reactor facility.
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(NBS) SRM 600 series and six glasses subsequently denoted
CN1–CN6 prepared by Jan Schreurs at the Corning Glass
Works. A subset of SRM 600, numbered SRM 961–964 was
issued as pre-irradiated glasses with neutron fluences mea-
sured at NBS by activation monitors (Carpenter and Reimer
1974). These pre-irradiated glasses offered a common
baseline for all workers, whereby a virgin SRM glass wafer
of the same series could be irradiated in an unknown reactor
facility and then etched simultaneously with the equivalent
NBS-irradiated glass. After counting the track densities in
the two glasses, the fluence in the unknown reactor /UNK

could be calculated directly by comparison with the cited
NBS fluence value /NBS:

/UNK ¼ /NBS qd2=qd1 ð1:15Þ
where qd1 is the

235U induced track density measured in the
NBS pre-irradiated glass, and qd2 is the

235U induced track
density measured in the equivalent glass irradiated in the
unknown reactor.

Despite the conceptual excellence of this calibration
experiment, its effectiveness was marred by differences of up
to 11% in the fluences measured by gold and copper acti-
vation monitors for the same NBS irradiation. Unlike the
SRM 600 series, the Corning glasses were prepared:

• using an uranium salt with natural uranium isotopic ratios
—the salt was prepared before 1939, that is before
depletion of 235U was initiated

• without the addition of other trace elements which can
produce unwanted additional activity after irradiation
and/or disturb the neutron fluence, e.g. Gd, can absorb
neutrons.

Repeated analysis has shown an homogeneous distribu-
tion of uranium both within and between the Corning glass
wafers. Thus for most analysts, CN1, CN2 and CN5 have
become the dosimeter glasses of choice with, respectively
39.81 ± 0.69, 36.5 ± 1.4 and 12.17 ± 0.62 uranium ppm
by weight (see Hurford 1990; Bellemans et al. 1995).

An additional series of unirradiated and irradiated
uranium-doped glasses IRMM-540 has been produced at the
Institute for Reference Materials and Measurements of the
European Commission, Geel, Belgium, with fluence mea-
surement using both 97Au and 59Co monitors (De Corte et al.
1998; Roebben et al. 2006).

Interdependence of kf and / In the 1970s and early
1980s, analysts were publishing FT ages using different kf
values and neutron dosimetry schemes. In the age equation
(Eq. 1.13), a change in either kf or / could be compensated
for by a change in the other. Such changes were not a matter
of artifice but resulted from the selection by the analyst of a
kf value and neutron irradiation scheme which gave the right

ages on standard material (see below). This interrelation of kf
and neutron dosimetry has been discussed by Khan and
Durrani (1973), Wagner et al. (1975), Thiel and Herr (1976),
Hurford and Green (1981a, 1982 and 1983). It was the ratio
//kf which was effective in giving these concordant results,
indicating that simple agreement with an independent age
cannot be taken to validate individually either the neutron
dosimetry or the value of kf. Correct calculation of a sample
age cannot be made by casual selection of kf and a neutron
fluence dosimetry scheme, but Eq. 1.13 can be used to dis-
cern which combination of parameters gives the right
answers on age standards of known age.

Standards are critical for all analytical procedures, pro-
viding baselines to assess the reproducibility of measure-
ment, comparison of analysts, equipment and laboratories,
and to compare different methodological approaches. Age
standards have long been used in geochronology to provide
confidence in the data to the geological end-user and should
meet strict criteria:

• come from an accessible, geologically well-documented
horizon

• be sufficient to fulfil immediate and future needs
• be homogeneous in age; if a mineral is separated it

should be a single generation and free from older,
derived crystals

• have unambiguous, precise independent calibrating ages
(e.g. 40Ar–39Ar, K–Ar, U–Pb and Rb–Sr), preferably
determined in more than one laboratory and compatible
with known stratigraphy

• require no correction to the FT density based on
track-size measurement (see G. A. Wagner in Hurford
and Green 1981b, 1983).

Although a prospective standard may conform to these
criteria, if the FT and independent ages were inequal, a sys-
tematic error would be introduced into the FT calibration.
Such a difference could exist if a sample had been heated
sufficiently to cause partial track loss, but insufficiently to
affect the independent (e.g. argon) system: such an FT cali-
bration would subsequently yield sample ages which were too
old. Conversely, inclusion of older derived crystals in an FT
calibration analysis would give an FT value disproportion-
ately high when compared with the calibrating age, resulting
in the subsequent calculation of sample ages that are too
young. The self-consistency of results obtained on a series of
putative age standards from wide geographical, temporal
and uranium concentration ranges safeguards against the
introduction of such a systematic error since it is inconceivable
that such an error could be of constant proportion for each of a
widespread group of samples. Ideal age standards are
sub-aerial volcanic rocks or minor high-level intrusives,
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which have cooled quickly and which show no evidence of
post-formational disturbance. Few samples completely fulfil
the conditions demanded of an age standard. Table 1.1 lists
those samples most widely used in FT analysis.

Zeta and the Besançon Agreement An alternative
approach to FT calibration which circumvented the need for
explicit evaluation of kf and an absolute determination of
thermal neutron fluence was proposed by Fleischer and Hart
in 1972—and then ignored. They suggested that the sim-
plified age equation (Eq. 1.13) may be rewritten in terms of
three track densities and a proportionality factor zeta f:

t ¼ fðqs=qiÞ qd ð1:16Þ
Note that neutron fluence / is represented by qd the track

density in a specific dosimeter glass or adjacent mica
detector. Zeta for the dosimeter glass may be evaluated
against a mineral standard whose age tstd is known (or rea-
sonably inferred) from independent age determinations:

f ¼ ðtstd qiÞ=ðqs qdÞ ð1:17Þ
Substituting f into the full FT age Eq. 1.12, and intro-

ducing an appropriate geometry factor G, gives:

t ¼ 1=kD ln ð1þG kDf qd qs=qiÞ ð1:18Þ

where f for a given glass dosimeter is evaluated from age
standards according to:

f ¼ exp ðkDtstdÞ � 1½ �= kDðqs=qiÞstd qd
� � ð1:19Þ

and where G = 0.5 for the external detector method, and
G = 1 for the population method.

The first zeta values were published by Paul Green and
myself for dosimeter glasses SRM 612, CN1 and CN2 mea-
sured using zircons from four sources over a seven-year period
(Hurford and Green 1983). Green (1985) extended this initial
zeta study to a larger number of zircon samples and, for the
first time, to apatite and titanite. Three dosimeter glasses were
used in his study although the results were recalculated to a
common baseline for glass SRM 612 and showed overall
weighted mean zetas of 381.8 ± 10.3 for zircon, 353.5 ± 7.8
for apatite and 320.0 ± 12.4 for titanite. Green notes that the
study illustrates the need for all FT age determinations to be
derived from a calibration scale based on the use of age
standards and that consistent FT counting must be achieved in
controlled experiments before reliable ages may be determined
on unknown samples. In contrast to Green’s results, Takahiro
Tagami (1987) found no difference within analytical uncer-
tainties between zetas which he measured for glass SRM 612
using zircon, apatite and titanite age standards: 348.4 ± 8.3
(2r) zircon; 330.1 ± 15.2 apatite; and 335.7 ± 11.5 titanite.

Table 1.1 Age standards used
most frequently in FT dating

Fish Canyon Tuff Apatite and Zircon (27.8 ± 0.5 Ma)
Description: Crystal-rich, welded ash-flow unit, up to 1000 m in thickness in San Juan mountains of
southern California. K–Ar, 40Ar–39Ar phenocrysts of plagioclase, sanidine, biotite and hornblende give
concordant ages; U–Pb zircon ages (Steven et al. 1967; Hurford and Hammerschmidt 1985; Cebula et al.
1986; Lanphere and Baadsgaard 2001; Philips and Matchan 2013)

Durango Apatite (31.4 ± 0.5 Ma)
Readily available euhedral lemon-yellow, gem quality apatites up to 3 cm long, gangue minerals in iron ore
deposits, Cerro de Mercado mine, Durango City, Mexico (Paulick and Newesely 1968; Young et al. 1969).
K–Ar and 40Ar–39Ar sanidine-anorthoclase ages given by underlying Aguila Formation tuffs and volcanic
breccia, and overlying Santuario crystal-vitric ash-flow tuff (Swanson et al. 1978; McDowell and Keizer
1977; McDowell et al. 2005). Readily identifiable crystallographic faces have proved useful in FT
annealing and track-length studies

Buluk Member Tuff (FTBM) Zircon (16.4 ± 0.2 Ma)
Miocene Bakate Formation of volcanics, volcaniclastic sediments, fluviatile clays, silts, sands and
conglomerates 45 km east of Lake Turkana, northern Kenya (Key and Watkins 1988). K–Ar high
temperature alkali-feldspar and plagioclase ages internally consistent from Buluk Member and overlying
Gum Dura Member (McDougall and Watkins 1985). Zircon separated from 5 rapidly reworked and
redeposited air-fall tuffs free of inherited zircons (Hurford and Watkins 1987)

Mt Dromedary Igneous Complex Titanite (Zircon and Apatite) (98.7 ± 0.6 Ma)
South of Narooma, NSW, Australia; 6 km diameter quartz monzonite and quartz syenite pluton, surrounded
by a monzonitic rim, probably emplaced at high level and rapidly cooled. Weighted mean of
98.7 ± 0.6 Ma (Green 1985) from K–Ar hornblende and biotite and Rb–Sr biotite ages. (McDougall and
Wellman 1976; McDougall and Roksandic 1974; Williams et al. 1982). Contains abundant titanite, zircon
and apatite

Note that zircon from the Tardree rhyolite (Fitch and Hurford 1977) was included in the IUGS
recommendation (Hurford 1990). Many zircon phenocrysts in this Tertiary (Danian) rhyolite from Northern
Ireland show inhomogeneous uranium distribution with pronounced zoning (Tagami et al. 2003), and for this
reason, the Tardree zircon is not ideal as an age standard. Moldavite glass with an age of 15.1 ± 0.7 Ma
(Gentner et al. 1963) was also included in the IUGS recommendation
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During the 1980s, the FT community recognised that the
zeta approach circumvented the uncertainties of FT cali-
bration, with age standards providing a common baseline for
all analysts. More zeta values were published and the
long-forgotten proposal of Fleischer and Hart (1972) took
root. Under the auspices of the IUGS Subcommission on
Geochronology, all known FT workers were questioned
about their approach to calibration, following the IUGS
precedent of agreeing decay constants for other geochrono-
logical methods (Steiger and Jäger 1977). Long discussions
and extensive consultations culminated in 1988 at the 6th
International FT Workshop in Besançon, France, in the
consensus recommendation of two approaches to calibration
(Hurford 1986a, 1990):

• the zeta approach was recommended for all minerals and
techniques using the age standards listed in Table 1.1.

• the absolute approach with selection of kf and measure-
ment of neutron fluence was recommended for popula-
tion method analyses of apatite only.

Since 1988, FT workers have almost exclusively fol-
lowed the IUGS recommendation with the vast majority
opting for the zeta calibration approach publishing their zeta
values or referencing their data in doctoral theses. The FT
method has burgeoned in the subsequent decades and
problems that beset the method during the 1970s have been
overcome, securing widespread acceptance of the method
throughout the geoscience community. Zeta has enabled the
FT community to produce results which are comparable
between analysts and which relate directly to other radio-
metric ages. To counter the 1970s comment from the emi-
nent British isotope geologist: “Cinderella had gone to the
ball!”

However, zeta combines physical constants with empiri-
cally determinable factors. As Peter van den Haute and his
colleagues have eloquently pointed out, precision neutron
metrology is today practicable and an exact determination of
kf achievable (van den Haute et al. 1998). Perhaps future
deconvolution of zeta might be possible with an agreed kf
value and a defined activation monitor protocol. However,
for the present the zeta approach remains the preferred cal-
ibration method for most laboratories.

1.10 Uncertainties and Data Reporting

All analytical methods need to define experimental uncer-
tainty to provide the user with the limitations placed on the
measured result. FT thermochronometry is dependent in part
upon personal technique and experience, and so repro-
ducibility of analysis needs to be demonstrated; the Besan-
çon agreement recommended that analysts make a minimum

of 5 measurements per mineral phase over at least 3 irradi-
ations to establish their calibration (Hurford 1990). In most
laboratories, new workers are more likely to analyse at least
30 age standard mounts to establish their mean zeta value,
whilst age standard mounts are regularly included in irradi-
ation packages as a control of irradiation and experimental
conditions.

Consistency in reporting of results and data enables other
workers to review the techniques and parameters used, and
to permit comparison of data from different laboratories (see
Hurford 1990 after Naeser et al. 1979). It was also recom-
mended that data for the calibration analyses be included or
referenced and that some measure of the dispersion of the
count data should be reported. It is normally assumed that
FT counts can be described by a Poissonian distribution, an
assumption supported by the work of Gold et al. (1968) who
counted 4053 tracks in over 345 mica detector strips in
contact with a uranium foil source. The standard deviation,
r, of a track count, N, is approximated by:

rðNÞ ¼ N0:5 ð1:20Þ
which can be applied to both the spontaneous and induced
track densities. As most analysts monitor neutron fluence
using a uranium dosimeter glass, Eq. 1.20 can also be
applied to the dosimeter track density. For practical pur-
poses, an error for the calculated age, t, can be written as:

rðtÞ ¼ t 1=Ns þ 1=Ni þ 1=Ndð Þ0:5 ð1:21Þ
where Ns is the sum of spontaneous tracks counted in all
grains, Ni is the sum of all induced tracks counted in all
grains, and Nd sum of all tracks counted in the dosimeter
glass detector (or glass).

This error estimation (frequently termed the conven-
tional error analysis after the terminology of Green 1981b)
has been that used by most workers for EDM analyses.
However, extra-Poissonian error can be present in an
analysis resulting from a multiplicity of sources, e.g. track
misidentification, use of a mica detector with significant
uranium content, inappropriate etching, microscope or
irradiation preparation technique, or reactor flux gradients
(Burchart 1981, Green 1981b). The analysis of different
populations of FT ages within sediment can provide
important information about sediment provenance. The use
of probability density curves (Clarke and Carter 1987) and
peak fitting programs such as BinonomFit (Brandon 1996)
have enabled the discrimination of different age modes
(e.g. Hurford et al. 1984).

In 1981, Rex Galbraith suggested using a v2 test to detect
the presence of uncertainty additional to that allowed for by
Poissonian variation in track counts, and this has become
standard in reporting results. An additional measure of data
dispersion results from construction of a radial plot, a
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graphical means of displaying single-grain age estimates,
taking into account the different standard error of each age
(Galbraith 1988, 1990). Alongside the radial plot, Galbraith
and Laslett (1993) developed the central age estimate for the
population of single-grain ages measured for a sample, each
age being weighted according to the numbers of track
counted.

1.11 FT Annealing and Steps Towards Data
Interpretation

Annealing of tracks presents a problem in the recovery of
formation age since it violates the requirement, common to all
isotopic dating systems, for retention of the daughter product.
Annealing is essentially a function of time and temperature
although other mechanisms have been considered.6 Accu-
mulation of the radiogenic daughter product below a certain
temperature range is the concept of closure temperature, above
which temperature the system is open and radiogenic products
are lost (after Dodson 1973). Such closure cannot be instan-
taneous, and there exists a transitional temperature range, the
partial stability zone, in which daughter products are partially
lost and partially retained. Wagner (1972) proposed four
schematic thermal histories applicable equally to all
mineral-isotopic systems where samples pass variously
between temperature zones of varying stability (Fig. 1.4a).
The setting of time and temperature boundaries for partial
track stability (usually now referred to as the partial annealing
zone) represents the beginning of a numerical description of
the annealing process which may be used to interpret mea-
sured FT ages in terms of a sample’s thermal history.

Laboratory Annealing Experiments artificially heat dif-
ferent aliquots of sample at comparatively high temperatures
over short annealing times. The measured FT parameters are
compared with those in an unannealed sample to determine
the percentage reduction at each temperature step, the lab-
oratory data being plotted on Arrhenius-type plots (Fig. 1.5).
For a single sample, points denoting similar annealing levels
and thus similar percentages of track loss define straight
lines forming a fanning array, with the increase in slope
indicating increase in track loss. The earliest laboratory
experiments by Fleischer et al. (1965b) examined annealing
of tracks in zircon, olivine, micas and glass, whilst Wagner

(1968) and Naeser and Faul (1969) reported the first
annealing data for apatite. Listings of other early annealing
studies can be found in Green (1980, Fig. 3) and Wagner
and van den Haute (1992, Appendix B). Apatite has been the
focus of most annealing studies (e.g. Green et al. 1986;
Carlson et al. 1999; Barbarand et al. 2003), and this is
considered in detail in Chap. 3 Ketcham 2018.
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Fig. 1.4 a Schematic cooling curves for rock and mineral systems
considered in terms of fission-track accumulation (redrawn after
Wagner 1972). Curve 1 rapid cooling (e.g. Fish Canyon Tuff): all
tracks stable and measured age approximates to formation age. Curve 2
slow cooling (e.g. an Alpine gneiss): stability reached some time after
formation; tracks formed during residence in partial stability (or partial
annealing) zone are partially annealed. Curves 1 and 2 only consider
differences in initial accumulation of tracks. Curves 3 and 4 show
reheating of already cooled samples. Curve 3 gives a mixed age:
earlier-formed tracks partially annealed to a level dependent upon time
and temperature experienced in partial stability zone; second family of
tracks are stored on re-entry into stability zone. Intrusion of a dyke into
granite could cause such partial resetting in granite samples near the
contact. Curve 4 indicates a reset age: initial cooling into stability field
is followed by reheating back into unstable zone. FT age would relate
only to the time of re-emergence into the track stability zone.
b Comparison of horizontal confined track-length distributions in
apatite (after Gleadow et al. 1986). Undisturbed volcanic distributions
characterise rapid cooling (Curve 1) with a dominance of long lengths,
a narrow distribution and a mean track length *14 µm. Undisturbed
basement distributions are broader, with mean track lengths *12–
13 µm and would be found in samples following cooling curve 2.
Partially reset samples (cooling curve 3) will also show a broad
track-length mixed distribution, sometimes resolving into bimodality.
Total annealing (cooling curve 4) may show volcanic or basement-type
distributions depending on the rate of cooling in the stability zone

6Hydrostatic pressure, static shear stress, fluids, irradiation with
non-track forming particles and weathering appear to have no, or
minimal affect on annealing of tracks in crystalline materials although
may cause some modification in glasses. Chemical composition may
have significant changes in track annealing rates, in particular variation
of the F/Cl ratios of apatite—see Chap. 3, Ketcham 2018.
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The linearity of empirical annealing data enables their
extrapolation to geological time, albeit over many orders of
magnitude. For apatite extrapolation a “closure temperature”
of between 70 and 125 °C for cooling rates of between 1 and
100 Ma was proposed by Wagner and Reimer (1972); Haack
(1977); Gleadow and Lovering (1978). Note that whilst
offering a first approximation for the stability of tracks over
time, the closure temperature concept is of little value in
many samples that have experienced complex thermal his-
tories: multiple periods of burial and residence in the upper
crust, magmatic activity, contact metamorphism or the pas-
sage of hot fluids all may occur at temperatures where tracks
in apatite are partially stable.

Tracks in zircon and titanite are more resistant to
annealing. Extrapolation of more limited laboratory studies
has estimated the zircon partial annealing zone as (rather
broadly) 390–170 °C (Yamada et al. 1995) or *300–200 °
C (Tagami 2005)—assuming heating for 106 years or more.

Borehole Samples As tracks in apatite are affected by very
low geological temperatures, significant annealing effects

should be observable in deep boreholes. Naeser (1979)
reported apatite ages from a 2.9 km drill hole (and associated
wells) in a metamorphic complex at the Eielson US Airforce
Base, Alaska, uplifted slowly since the Mesozoic. Extrapo-
lation of the decreasing age trend showed a zero age at a
present-day temperature of *105 °C, giving an estimate of
the 100% apatite annealing temperature for a heating period
of *108 years.

Geothermal test wells GT1 and GT2 at Los Alamos, New
Mexico, lie on the flank of a Pleistocene volcanic centre,
with the lower 2.2 km of the 2.9 km deep wells penetrating a
Precambrian crystalline complex. A zero AFT age was
reached where the present-day temperature is 135 °C,
although TFT ages were unaffected until the temperature
exceeded 177 °C. Samples here have been heated recently,
and thus, 135 °C represents an estimate for 100% track loss
temperature in apatite for a heating period of just 106 years.

Andrew Gleadow and Ian Duddy (1981) reported a study
of outcrop and borehole samples in the Otway Basin,
southern Victoria, Australia, one of a series of graben
formed during early continental rifting between Australia
and Antarctica. Early Cretaceous sedimentation produced
3 km of non-marine sandstones, with the Otway Group, a
prominent formation of lithic sandstones, having abundant
volcanic rock fragments, fresh phenocryst phases and some
glassy clasts. The Otway Group outcrops in two broad areas
of the basin, elsewhere being covered by flat-lying late
Cretaceous and early Tertiary marine deposits. Outcrop
samples yielded indistinguishable apatite, titanite and zircon
FT ages *120 Ma, indicating a cooling history similar to
curve 1 of Fig. 1.4a, *120 Ma representing the age of
volcanism immediately prior to deposition. The similarity of
FT ages from different minerals also indicated that outcrop
samples had not been significantly heated since deposition.
Similar ages *120 Ma were found for titanites from bore-
hole samples at all depths down to 3.4 km (124 °C),
demonstrating the Otway Group sandstones had an homo-
geneous FT age prior to burial in the deeper parts of the
basin. AFT ages of *120 Ma were found for near-surface
borehole samples, but age reduction began at about 60 °C,
with a zero age determined where the temperature was 120 °
C. The decrease in apparent age between 60 and 120 °C
delineates the apatite annealing zone (roughly equating with
Wagner’s partial stability zone of Fig. 1.4a) resulting from
gradual temperature increase over 120 Ma due to progres-
sive burial. Stratigraphic evidence suggests that sediments
reached their maximum burial depths *30 Ma ago and
have essentially remained at constant depth since that time:
the effective duration of heating of these samples is thus of
the order of 10–40 Ma. Figure 1.5 (after Gleadow and
Duddy 1981) combines the results of the Otway Group,
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represent the 0 and 100% track loss lines extrapolated from the
laboratory data. Good agreement is found for the 50% annealing curves

1 An Historical Perspective on Fission-Track Thermochronology 17



Eielson and Los Alamos borehole studies with the laboratory
annealing results of Naeser and Faul (1969).

Borehole studies of annealing in zircon have also been
attempted but temperatures sufficient to cause complete
annealing of tracks (>300 °C) are seldom encountered,
unless tectonic inversion has uplifted a fossil partial
annealing zone; some zircon results have been reported from
boreholes in the Vienna Basin (Tagami et al. 1996) and KTB
Bavaria (Coyle and Wagner 1996). Rahn et al. (2004) have
considered the affect of accumulated a-damage from ura-
nium and thorium decay on the stability of fission tracks.
Comparison of measured FT ages with ages from other
mineral-isotopic systems in exhuming orogens has also
provided constraints for zircon track stability (e.g. Harrison
et al. 1979; Hurford 1986b).

FT Size Thus far we have mainly considered track density:
the number of tracks stored, revealed and counted for a
sample as measure of time. However, early workers recog-
nised that a fission track may shrink in size with temperature,

giving a second parameter for detecting annealing. Bigazzi
(1967) and Mehta and Rama (1969) showed that sponta-
neous tracks were shorter than induced tracks in a range of
muscovite samples. Similar size reductions were found for
apatites (Wagner and Storzer 1970; Bhandari et al. 1971;
Märk et al. 1973) and for natural glasses (Storzer and
Wagner 1969; Durrani and Khan 1970).

What is meant by track size? We need to differentiate
between two types of tracks (Fig. 1.6a). Surface tracks
outcrop on the viewed plane and are those tracks counted in
determining an age. These are sometimes called semi-tracks
because the upper part of the track has been removed during
polishing and etching. Length is measured either from the
2D image projected onto the viewed surface (projected
length) or by including the z-dimension by careful focusing
of the microscope and use of a calibrated micrometer. In
contrast, confined tracks occur totally within the mineral
grain and are revealed because they cross a surface track or a
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semi-tracks
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Fig. 1.6 a Schematic diagram
comparing semi- and confined
tracks in an apatite crystal.
Projected lengths of semi-tracks
(or surface tracks) do not reflect
their true length and are subject to
complex bias. Measurement of
horizontal confined tracks
(parallel or near parallel to the
viewed surface) gives an accurate
measurement of length whose
bias can be described. TINCLE is
a confined track which intersects
a crack or cleavage; TINT is a
confined track which intersects a
surface track. b Photomicrograph
of an apatite showing a near
horizontal confined track (a
TINT) amongst surface tracks.
The surface tracks are counted to
determine FT age; horizontal
confined tracks are measured to
determine track length.
Photomicrograph courtesy of
Paul Green
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crack or cleavage plane which allows a pathway for the
etchant. Bhandari et al. (1971) termed these “TINTs”
(track-in-track—Fig. 1.6b) or “TINCLEs” (track-in-
cleavage). Unlike surface tracks, confined tracks are full
length and provide a more complete record of any track
annealing. Note that all track-length measurements are
subject to bias although for horizontal confined tracks the
bias can be determined (Laslett et al. 1982). Annealing can
also be anisotropic. Green and Durrani (1977) found a
marked anisotropy of projected track lengths in apatite, with
tracks parallel to the c-crystallographic axis the most resis-
tant to annealing; subsequent measurement of confined
tracks in apatite confirmed this finding (Green 1981a) with a
more detailed study showing that anisotropy increases
directly with annealing level (Green et al. 1986).

Of historical curiosity, two approaches have attempted to
use reduction in track size or length to see beyond a “partial
overprinting event” (e.g. curve 3 in Fig. 1.4a) and recover
the original FT age—although each method is very
time-consuming. The track-size correction compared spon-
taneous track size with that of freshly induced tracks, using
the degree of size reduction to correct the measured age.
Reduction is not a 1:1 relationship and requires construction
of empirical calibration curves for each type of material
derived from the reduction in track size and track density
measured over a series of laboratory annealing experiments.
Such curves have been applied to ages measured on glass,
mica and apatite (e.g. Durrani and Khan 1970; Selo and
Storzer 1981; Wagner and Storzer 1970). Some concordance
of corrected FT age with independent age constraints was
found for glasses where the heating event was in the recent
past but the approach was not able to resolve older “events”
or more complex thermal histories. The plateau correction
method endeavoured to mimic the annealing experienced by
spontaneous tracks by artificially heating the induced tracks.
Pairs of sample aliquots (one with spontaneous and the other
induced tracks) were heated in several steps at increasing
temperature or duration. The spontaneous-to-induced track
density ratio qs/qi increases until the level of experimental
annealing in the induced aliquot equates to that experienced
by the partially annealed spontaneous tracks. From this
point, the annealing rates are assumed to be equal and a
plateau value for qs/qi is reached and used to calculate an
age corrected for the partial track loss. Plateau-corrected
ages have been reported for glasses (e.g. Storzer and Pou-
peau 1973; Seward et al. 1980) and apatite (Poupeau et al.
1980). Separate measurement of spontaneous and induced
track densities requires a multi-grain strategy which imposes
constraints of variation in uranium content and anisotropy of
track etching. Both the so-called correction methods are
fraught with unresolved problems, and neither approach has
any relevance to modern FT analysis.

In direct contrast to projected lengths, horizontal confined
track lengths in apatite are diagnostic of a sample’s thermal
history. Each track is formed with approximately identical
length—all freshly induced tracks are *16–16.5 µm—and is
then shortened to a length dependent upon the maximum
temperature it has experienced. Since the fission of uranium
atoms in a sample is a continuing process, each track is of a
different age and thus experiences a different record of tem-
perature change, the combined track-length distribution
recording the overall sample thermal history. Spontaneous
lengths show a definite relationship to geological setting with
clear differences between rapidly cooled volcanic samples,
slowly exhumed crystalline basement samples and bimodal
samples which have been reheated with the earlier-formed
tracks partially annealed (Fig. 1.4b after Gleadow et al. 1986).
More recent annealing studies in apatite have used confined
track length as a quantitative measure of track fading. The
quartet of papers from Melbourne (Annealing 1 to 4—Green
et al. 1986; Laslett et al. 1987; Duddy et al. 1988; Green et al.
1989) represented a landmark in our understanding of
annealing of tracks in apatite, codifying the annealing
parameters, underlining the influence of composition on
annealing and using the annealing model to simulate track
annealing for specific time–temperature pathways to predict
age and length parameters and hence thermal history (Ketc-
ham et al. 1999, 2007). Chapter 3 (Ketcham 2018) looks at
annealing and modelling in much greater detail.
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2Fission-Track Analysis: Field Collection,
Sample Preparation and Data Acquisition

Barry Kohn, Ling Chung and Andrew Gleadow

Abstract
Fission-track (FT) analysis for geological applications
involves a range of practical considerations, which are
reviewed here. These include field sampling, the separa-
tion of the most commonly used minerals (apatite, zircon
and titanite), the preparation of these minerals for analysis
(including for double or triple-dating of the same grains)
and measurement of the essential parameters required.
Two main analytical strategies are described, the External
Detector Method (EDM) and Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS).
Although the initial steps ranging from sample selection
to mineral separation are common to both approaches, the
next practical steps vary with the specific dating strategy
adopted. The workflow outlined here for sample prepa-
ration and aspects of data acquisition follows a widely
used standard sequence of steps, but some of the specific
details described are those developed over many years by
the Melbourne Thermochronology Group. While these
protocols may be readily applicable or adaptable, it is
recognised that many laboratories may have developed
their own particular recipes for different aspects of these
methods.

2.1 Introduction

This chapter focuses on the practical details of FT analysis
for geological applications. Several works have been pub-
lished emphasising other aspects of FT thermochronology
including the fundamental principles, interpretation of
data, statistics and application to geological problems;
these include Fleischer et al. (1975), Wagner and van den
Haute (1992), Gallagher et al. (1998), Dumitru (2000),

Gleadow et al. (2002), Tagami and O’Sullivan (2005),
Donelick et al. (2005), Kohn et al. (2005), Galbraith
(2005), Braun et al. (2006) and Lisker et al. (2009). The
topics covered here include field sampling and identifica-
tion of suitable target material, step-by-step mineral sepa-
ration and sample preparation (including double- or
triple-dating of the same grains), and measurement of the
key parameters required for FT thermochronology. Some of
the methods outlined for sample preparation and aspects of
data acquisition are commonly used and follow a sequence
of steps, while the Melbourne Thermochronology Group
has specifically developed some others over many years.
These protocols are regarded as being readily applicable, if
required, to most laboratories carrying out routine FT
analysis at this time. However, we emphasise that the
methods described here are in no way meant to be pre-
scriptive and it is acknowledged that other laboratories will
often have developed their own procedures for certain
aspects of sample preparation and data acquisition. In
general, proper training conducted by the laboratory
supervisor involving an induction process covering relevant
procedures and familiarity with Occupational, Health and
Safety (OH & S) requirements (especially for handling
strong chemicals, heavy liquids and radioactive material)
should be an essential first-step for all users who wish to
work in a FT laboratory.

2.2 FT Dating Strategies

For FT dating, the most common strategy for studying
minerals is the External Detector Method (EDM),
which involves sending off polished grain mounts for a
thermal neutron irradiation in a nuclear reactor (see
Chap. 1, Hurford 2018). More recently however, Laser
Ablation-Inductively Coupled Plasma-Mass Spectrometry
(LA-ICP-MS) has emerged as an alternative method for the
direct acquisition of uranium content in target minerals
(Hasebe et al. 2004). Only these two techniques will be

B. Kohn (&) � L. Chung � A. Gleadow
School of Earth Sciences University of Melbourne,
Melbourne, VIC 3010, Australia
e-mail: b.kohn@unimelb.edu.au

© Springer International Publishing AG, part of Springer Nature 2019
M. G. Malusà and P. G. Fitzgerald (eds.), Fission-Track Thermochronology and its Application to Geology,
Springer Textbooks in Earth Sciences, Geography and Environment, https://doi.org/10.1007/978-3-319-89421-8_2

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89421-8_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89421-8_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89421-8_2&amp;domain=pdf


considered here, as they remain the best alternatives in
most FT dating situations. Fundamental age equations for
age calculation related to using these methods have been
reviewed by Wagner and van den Haute (1992), Gleadow
et al. (2002), Hasebe et al. (2004), Tagami and O’Sullivan
(2005) and Donelick et al. (2005) (see Chap. 1, Hurford
2018 and Chap. 6, Vermeesch 2018).

In FT dating by EDM, alternative strategies are possible
for measuring the ratio of spontaneous (qs) to induced (qi)
track densities, upon which the age depends. Not all of these
dating strategies are equally reliable in every case, and care
is required to ensure that an appropriate method is selected.
In practice, a variety of factors such as the registration
geometry of the etched surface, accumulated radiation
damage, anisotropic etching and uneven intra-grain uranium
distribution must be considered when selecting a suitable
method of FT dating for a particular sample. The various FT
dating methods differ importantly in the registration
geometries of the etched surfaces used to count spontaneous
and induced tracks, and the corrections required if these are
not equivalent. All of these methods, however, require first
that the uranium-bearing mineral grains sought be physically
separated from their host rock as outlined in Sect. 2.4 and
Fig. 2.1. However, the next practical steps after that may
rely on the specific dating strategy adopted.

Previous reports describing different laboratory proce-
dures for FT analysis in some detail include Naeser (1976),
Hurford and Green (1982), Gleadow (1984), Wagner and
van den Haute (1992), Ravenhurst and Donelick (1992),
Dumitru (2000), Gleadow et al. (2002), Donelick et al.
(2005), Tagami (2005) and Bernet and Garver (2005). Here,
we briefly review some of the main steps required for FT
analysis, emphasising some recently developed procedures
that have become available over the past decade or so.

For volcanic glass, relatively homogeneous uranium
concentrations occur between fragments (shards) or within
bulk samples (e.g. obsidian). The separation steps,
mounting and etching conditions for volcanic glass are
outlined in Sects. 2.4–2.6. In most types of natural glass,
fission tracks are not fully stable at ambient temperatures
over geological time, therefore different methods are used
for age determination than the two mentioned above. These
will not be discussed further here, but for more information
see Dumitru (2000 and references therein) and for a more
recent glass dating protocol using a less complicated age
correction procedure in combination with a LA-ICP-MS
procedure (i.e. no neutron irradiation required) see Ito and
Hasebe (2011).

2.3 Sample Collection—Suitable Geological
Materials

2.3.1 Sample Collection

Where possible the freshest and cleanest rock material
available should be collected for analysis. It is advantageous
to remove as much biological material, soil and weathered
surface (the outer few centimetres) as possible and break
down samples into fist-sized pieces, while sampling in the
field. Fire prone areas should be avoided if possible, as heat
may affect the ability of some minerals to retain their
daughter products. However, if sampling is carried out in
such areas, then at least the outer *3 cm of a bedrock
sample should be removed (e.g. Reiners et al. 2007). If
importing samples from overseas, then the steps outlined
above will help to alleviate any concerns by local Quarantine
and Customs Authorities.

Wear safety glasses whenever hammering rocks. For
some highly altered lithologies, you may have to use a
percussion hammer to obtain fresh material. Ensure that
samples are representative of the lithology being examined
and that all are in situ from outcrops. For detrital samples,
especially recent or loosely consolidated sediment, it may be
possible to do some ‘gold panning’ in the field in order to
obtain a first-order heavy mineral separation and reduce the
sample size (e.g. Bernet and Garver 2005). It is critical when
sampling to accurately record (usually with a GPS) the
sample location, i.e. horizontal datums (in latitude and lon-
gitude or another coordinate system) and vertical datums (as
either elevation or depth). This is particularly important for
future ‘users’ of the data and for databases.

Depending on the rock type, outcrop samples generally
ranging in weight from *1–3 kg should be collected, but
larger samples (*4–7 kg) are recommended from loose
sediments, which haven’t been panned in the field (e.g.
Bernet and Garver 2005). Some samples, such as from cores
or cuttings in drill holes, will invariably be much smaller
than 1 kg. If drill hole samples are very small, it might be
possible to combine samples from a range of limited depths,
i.e. over a few 10’s m, to form a single sample. For drill hole
cuttings, it is important to ensure that down-hole cavings or
contamination (particularly from drilling mud) are not a
problem. For dating of tephra, near-source coarser pumice
blocks or pumiceous lapilli are less likely to be contami-
nated, but when working with pumiceous material it is
critical to ensure that potential contaminants in vesicles have
been removed by ultrasonic cleaning. For more distal,
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Fig. 2.1 Flow chart showing generalised sequence of steps and conditions for the separation of minerals suitable for FT analysis. See text for
further details
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thinner and finer tephra, it is important to sample from as
deep as possible within the outcrop and to search for the
coarsest material available, at the same time taking every
precaution to ensure that there has been no potential con-
tamination from overlying beds. Common lithologies con-
taining minerals routinely used for FT thermochronology are
summarised in Table 2.1.

2.3.2 Suitable Minerals

Etching studies have revealed fission tracks in more than 100
uranium-bearing minerals and glasses (e.g. Fleischer et al.
1975; Wagner and van den Haute 1992). But factors such as
uranium content, track stability characteristics and mineral
abundance result in very few of these minerals being rou-
tinely analysed for FT thermochronology. The most widely
dated minerals are apatite, zircon and titanite. These are
commonly present as primary accessory minerals in many
igneous and metamorphic rocks and as detrital components
in some sedimentary rocks (see Table 2.1). The annealing
behaviour of other minerals, which could potentially be used
in FT studies, most notably epidote group minerals and some
types of garnets and micas are not well understood and their
uranium content may be quite low and variable, thus they are
not generally suitable for rigorous study. Volcanic, pseu-
dotachylitic, impact and man-made glasses have also been
dated occasionally (see Wagner and van den Haute 1992,
their Chap. 6.2.11).

2.4 Mineral Separation

Mineral separations for FT dating aim at recovering rela-
tively clean concentrates of suitable uranium-bearing
accessory minerals. This is achieved by rock fragmenta-
tion, crushing and use of a shaking table (if available)
followed by the exploitation of differences in mineral
density using heavy liquids and differences in magnetic

susceptibility. The steps described here and summarised in
Fig. 2.1 are a general, widely used sequence. While many
have been tried and tested, it is recognised that some labo-
ratories may use different specific procedures during the
workflow (e.g. Donelick et al. 2005; see also Chap. 7,
Malusà and Garzanti 2018).

Many of the finer points are not easy to describe, thus
there is no substitute for the actual hands-on acquisition of
these skills in a functioning laboratory. It is emphasised that
absolute cleanliness at each stage of rock crushing and
mineral separation is of paramount importance. The final
data obtained are only as good as the attention given to
prevent possible contamination by foreign mineral grains.

2.4.1 Rock Fragmentation

Prior to commencing rock fragmentation, remove any
remaining weathered rind or surfaces possibly exposed to
fire (within *3 cm of the outer surface) with a diamond
saw, wire brush or rock splitter. If possible, it is most
advantageous if these outer layers are removed and samples
broken down into fist-sized pieces, while sampling in the
field. Hard rock samples must first be reduced into small
pieces using either a hammer or a mechanical splitter, fol-
lowed by processing through a jaw crusher to produce
smaller rock fragments. A wide variety of crushing and
grinding equipment can be used to further reduce the particle
size and disaggregate grains; this will often be a disc pul-
veriser with a rotating plate grinding mill fitted with hard-
ened steel plates. In this case, it is crucial to properly adjust
the mill plates to minimise the yield of mineral composites
(mostly in fractions >500 lm), but at the same time prevent
over-grinding of grains, which may result in grains being too
small and unsuitable for FT analysis. Once the particle size
for a sample has been adequately reduced, samples should be
sieved to yield a fraction <500 lm, which may then be
passed over a shaking table (e.g. Wilfley or Gemini) if
available. This procedure can greatly speed up the separation

Table 2.1 General lithology
guide for target minerals sought
for FT analysis

Preferred Less favourable to problematic

• Igneous rocks: silicic to intermediate intrusives
(granite, granodiorite, diorite, tonalite) and
volcanics (lavas and pyroclastics) and less
commonly basic intrusives (gabbro)

• Metamorphic rocks: gneisses, granulites,
amphibolites, meta-sandstones, some schists

• Sedimentary rocks: immature sandstones, red
beds, arkoses, some conglomerates and
greywackes, occasionally more mature
sandstones and quartzites

• Mafic volcanic rocks
• Ultramafic rocks
• Eclogites
• Mafic schists (often contain metamorphic titanite
and apatite, but with low U content)

• Shales, slates and phyllites
• Siltstones and claystones
• Mylonites
• Evaporites and carbonates (although see dating of
detrital minerals in carbonates by Arne et al. 1989)

• Highly altered or mineralised rocks (but see
Gleadow and Lovering 1974 for mineral
suitability in strongly weathered rocks)
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process, allowing large samples (several kilograms) to be
processed and a heavy mineral fraction concentrated. How-
ever, if samples are fine-grained or very small, it is best to
avoid using a shaking table and in the case of the former,
they should be thoroughly washed with tap water to decant
off the finer material (e.g. Donelick et al. 2005). A general
scheme is summarised in Fig. 2.1a–e. The separation pro-
cess is then continued with the heavy concentrate, which first
needs to be dried either by heating at low temperature
(*50 °C) or rinsing in acetone.

SelFrag® An alternative approach to the mechanical frag-
mentation of rocks and liberation of minerals as described
above, but which requires considerable capital investment in
equipment and infrastructure, is through an electrodynamic
disaggregation method. This protocol seeks to break grains
along their boundaries or internal grain discontinuities. In
recent years, this possibility has been achieved through the
development of the selFrag Lab®. Studies on apatite and
zircon grains, which were liberated using this protocol, have
been compared with samples separated by conventional
mechanical preparation as described above and indicate no
adverse affects for FT thermochronology (Giese et al. 2009;
Sperner et al. 2014).

2.4.2 Gravity Separation Using Heavy Liquids
and Magnetic Separation

As most target minerals are usually of higher density
(>3.2 g/cm3) and non- or weakly magnetic, combined
heavy liquid and magnetic (using a Frantz® Isodynamic
Magnetic Separator) separation allows for refinement of the
mineral concentrate and removal of any minerals of lighter
density not required. Figure 2.1f–j summarises a com-
monly used sequence of steps for heavy liquid and mag-
netic separation, although these can vary with sample grain
size and mineral composition. Repeated heavy liquid and
magnetic separation (using settings with varying degrees of
magnetic susceptibility) (see Fig. 2.1h) may provide further
purification.

In the past, many laboratories used heavy liquids that are
volatile and classed as toxic chemicals such as bromoform
(specific gravity 2.89 g/cm3) and tetrabromoethane
(TBE) (specific gravity *2.96 g/cm3). However, these have
now been largely replaced by non-toxic lithium metatung-
state (LMT), lithium heteropolytungstate (LST, den-
sity *2.9 g/cm3 at 25 °C) and sodium polytungstate
(SPT) (Callahan 1987; Torresan 1987; Chisholm et al.
2014), as well as diiodomethane (DIM), also known as
methylene iodide (density *3.31 g/cm3 at 25 °C).

Two additional methodologies previously reporting the
effective use of liquids for carryingoutmineral separations are:

• Use of organic liquids for diluting heavy liquids (bro-
moform and DIM) to create a range of liquid densities,
which maintain relatively constant specific gravities for
use and storage, as well as an efficient method for
recovery of heavy liquids (Ijlst 1973).

• Froth flotation of crushed and sieved sand-size mineral
fractions employs chemicals that change the electrical
surface properties of specific minerals and make them
selectively hydrophobic. When air is blown into a sus-
pension, hydrophobic grains stick to ascending air bub-
bles and concentrate in a foam on the surface of the
flotation cell. Hejl (1998) outlined the practical steps for
what is described as a low cost procedure for the suc-
cessful separation of apatite and zircon from silicate
rocks.

For magnetic separation—make sure the Frantz and
operating environment is absolutely clean. Use compressed
air on the feed hopper, chute and collection buckets and
wipe with alcohol. Set the Frantz with a forward slope of
10°–20° (depending on sample) and a side-slope (top
towards back) of +10°. These settings can be varied some-
what for special applications when some experience has
been gained. Lower side-slopes can be used at a later stage
for cleaning up the final mineral fractions—see below.

Use the mechanical vibrator and a moderate feed rate to
process the SPT sink heavy mineral fraction through the
Frantz in a number of steps, increasing the current at each
stage. The exact number of passes depends upon the nature
of the sample and can be varied with experience. After each
stage, the least magnetically susceptible sample should be
reprocessed. Four passes using current (A) settings of 0.4,
0.8, 1.2 A and full-scale (1.6 A) are usually adequate for
titanite-bearing samples. Fewer steps can be used if no
titanite is present in the 0.4 or 0.8 A fractions. Minerals that
typically behave magnetically at various current settings are
listed in Fig. 2.1.

Titanite will often separate out in the magnetic fraction at
0.8 and 1.2 A, but may be contaminated with a variety of
minerals, e.g. amphibole and pyroxene. In general, playing
around with different current settings, slope and tilt, may
provide a relatively clean separate. Otherwise handpicking
may be used. Another DIM step may also be useful.

Apatite and zircon tend to separate out on the
non-magnetic side following the four passes outlined above.
To clean up the apatite fraction, reduce the side-slope on the
Frantz to +5° and run at full-scale current, then at +2°, but
note at slopes less than +2°, some apatites behave magneti-
cally. To clean up zircon, reduce the side-slope on the Frantz
to −2° (top towards front) and run at full-scale current. This
should be done in gradual steps, i.e. +5° then 0° to −1°, then
if still dirty −2°. This procedure can remove sulphides,
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aluminous titanites (grothite) and metamict zircons, but is not
always successful.

After completing routine separations for apatite and zir-
con, other minerals can still contaminate these fractions. In
the apatite fraction, these include:

(a) Barite—often occurs in cuttings samples from oil wells
where barite has been used in the drilling mud. Barite
contamination can be avoided if cutting chips are
washed and are large enough so that they can be sieved
to retain the >500 lm fraction. This fraction is then
ground and processed in the usual way.

(b) Fluorite—generally occurs in particular granite pro-
vinces, e.g. some S-type granites and tin-granites and in
sediments derived from such parent sources. Often such
an apatite fraction is unworkable as fluorite has almost
identical physical properties to apatite and cannot be
separated by any of the usual techniques. However,
apatite has very low abundance in such rocks.

(c) Sulphide/quartz composite grains—because of their
composite properties these may be very difficult to
handle. As the composites tend to be larger than the
apatite, such separates can sometimes be cleaned up
using a small nylon of 200 or 300 lm sieve size.
Otherwise handpicking may be the only way to remove
such grains.

In the zircon fraction, the contaminants may include
non-magnetic sulphides. If sulphide grains are large, then
first sieve in the same way as for apatite (see above).
Otherwise dissolve sulphide in aqua regia in a small beaker
under a heat lamp. This may need to be done several times to
remove all the sulphides. The recovered grains will then
need to be subjected to a further heavy liquid separation (e.g.
SPT) in order to remove the light minerals liberated from the
sulphide composite grains.

DIM is typically used in the last stage of the mineral
separation treatment to separate apatite (floats) from zircon
and titanite (sink) (see Fig. 2.1j).

Volcanic glass is usually separated using a Frantz®

Isodynamic Magnetic Separator. Bubble junction glass
shards form the best surfaces for counting fission tracks and
are weakly magnetic and separate out between 1.2 and 1.6 A
with side-slope between 5° and 10°. Pumiceous glass, which
is slightly more magnetic, is often vesicular and does not
usually provide an ideal surface for counting fission tracks.
Note that volcanic zircons often have glass overgrowths that
may cause them to float in heavy liquids. To dissolve the
glass so that the zircons sink, as would be expected from
their density, the heavy mineral concentrate should be
soaked in concentrated HF for 1–3 min (care being taken not
to inadvertently dissolve other minerals of possible interest).

2.4.3 Further Possible Final Treatment

The last three steps shown in Fig. 2.1 (steps i–k) can be used
selectively coupled with handpicking, especially if only a
small amount of heavy and non-magnetic fractions remained
after step (h).

Step i involves an additional heavy liquid separation
method for further purifying and reducing sample size. This
can be achieved by centrifuging a mixture of the
non-magnetic mineral fraction, which formed the sink frac-
tion in SPT (at a density of 2.85 g/cm3), in a further solution
of SPT made up to a maximum achievable density
of *3.10 g/cm3.

A final sieving step k is often useful for FT grain mount
preparation by concentrating an optimal grain size. This
involves sieving a small volume of grains using either small
brass sieves or disposable sieve cloths (e.g. nylon bolting
cloth) secured over small plastic cups. The range of grain
sizes present in a mineral separate depends on a variety of
factors and is highly variable, but typically the most suitable
grains for FT analysis will fall in the range of *80–300 lm.
However in any particular separate, the largest grains will
generally be the most suitable for providing large clear areas
for analysis, so further subdivision into a more restricted size
range may be desirable. In addition, the ideal scenario for a
grain mount is that all grains are ground and polished to a
desired internal surface. Working with mineral separates of
similar size allows all grains to attain a common
surface/depth during grinding and polishing. However, final
sieving should be carried out carefully because for some
studies, such as on detrital grains; it may bias the repre-
sentation of different populations (see Chap. 16, Malusà
2018).

2.5 Sample Mounting and Polishing

Prior to carrying out this step, if (U-Th)/He dating is also
planned for the sample, then it is recommended to first
handpick the best-quality grains (in terms of size, shape and
clarity) from the final mineral concentrate for that purpose,
as grain morphology requirements for FT analysis are less
stringent.

The aim of the different steps described in this section
(see Fig. 2.2) is to establish a flat and well-polished surface,
in an appropriate crystallographic orientation, that results
from the removal of sufficient external grain material to
expose an internal grain surface for analysis (i.e. 4p geom-
etry—see Wagner and van den Haute 1992, and Chap. 1,
Hurford 2018).

It is important that care be taken at every stage of
sample and mount preparation to produce the best-quality
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polished surface. Polishing time is variable for individual
samples, so it needs to be monitored periodically. Proper
washing between each polishing stage is also crucial for
preventing cross-contamination between different grades of
diamond paste or any other polishing media used, e.g.
alumina powder, colloidal silica or other suspensions.
Factors contributing to poor polishing outcomes may
include cracking of grains induced by rock crushing,
inadequately mixed or cured resins and grain shatter during
grinding. Over-grinding and polishing (leading to the pro-
duction of excessive relief) should be avoided. Grinding
the grains too thinly or leaving insufficient thickness of
mounting media to secure the grains may result in grains
falling out during polishing or etching, and lead to con-
tamination or damage of polishing laps.

2.5.1 Apatite

Mounting A wide variety of epoxy resins suitable for
making apatite or volcanic glass mounts are available. It is
important to follow the manufacturer’s instructions exactly
with respect to the resin-to-hardener ratio, curing time and
temperature. Improperly set epoxy may result in a soft or
gluey texture after curing and lead to cracking of grains and
contamination of polishing laps, as well as some grain loss.

There are several different mounting media available.
Two suitable resins are EpoFixTM (from Struers) for
mounting at room temperature and Petropoxy 154TM (with
very low volatility and toxicity, available from Burnham

Fig. 2.2 Alternative methods for preparing and collecting data from
mineral separates for FT analysis using the External Detector Method
(EDM) and LA-ICP-MS protocols, as well as the measurement of track
lengths and a kinetic indicator in apatite, either Dpar or Cl. Dpar is
measured parallel to the crystallographic c-axis. On grain mount

Ns = spontaneous fission tracks counted on grain mount and Ni = in-
duced fission tracks counted on mica detector, qs = the spontaneous
fission-track density (tracks/cm−2) calculated from Ns. See text for
further information
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Petrographics) for mounting at elevated temperature (sug-
gested at 135 °C on a hotplate). Using these resins, one can
either make an epoxy-only button (type A in Fig. 2.2) or
mount the grains directly on glass (type B in Fig. 2.2). Many
laboratories prefer the latter and use cut-down mounts on
glass, so they can fit into irradiation cans for neutron irra-
diation for the EDM protocol. For LA-ICP-MS, samples are
mounted directly on either an epoxy-only button or glass
slide without the need for modification of the slide. Volcanic
glass is usually mounted in an epoxy resin (cold setting)
button mount and ground and polished in a similar manner
to apatite.

Grinding and Polishing Grains in type A mounts are
already exposed at or near the surface, whereas grains in
type B mounts are fully enclosed within the epoxy. Both
types of mount can be further processed by grinding man-
ually with SiC grit paper (e.g. 1200# or 600#) on a glass
plate before polishing on a rotating lap with different grades
of diamond paste (e.g. 6, 3 and 1 lm). However, an extra
time-saving pre-grinding step for type B mounts is to
directly expose target grains prior to SiC grinding by using
an automatic cut-off machine (e.g. Struers AccutomTM), if
available.

2.5.2 Zircon and Titanite

The use of FEP Teflon (type C in Fig. 2.2) for mounting
zircons for etching was developed by Gleadow et al. (1976).
However, during long periods of etching, as required for
zircons with low radiation damage, grains often tend to fall
out. Following work by Tagami (1987), many laboratories
changed over to PFA Teflon. This Teflon has a higher
melting temperature and maintains its transparency even
after prolonged etching. For mounting with PFA Teflon, it is
recommended to use quartz glass or a release agent, as it is
often difficult to remove the Teflon sheet from other types of
glass slides. One issue with PFA Teflon, however, is that it is
often sold in bulk and may be more difficult to access
commercially.

Tagami (2005) described the mounting, grinding and
polishing of zircon in some detail. Of special note is the
following:

• Teflon should not be allowed to overheat and create
bubbles, which will ruin the mount.

• As zircons are exposed at the surface of the Teflon, very
little grinding is necessary. Start with SiC grit paper (e.g.
#600 or #1200) on a glass plate and only sand about 2–3
times over each before using different grades of diamond
paste (e.g. 6, 3 and 1 µm) or some other medium on a
rotating lap. There is no actual adhesion between the

Teflon and the zircons, so over-grinding is a common
cause of grains falling out of Teflon mounts during
etching as it removes the small Teflon lip, which encloses
and holds the grains. Removal of all the original shine
from the Teflon surface is an indication that grinding is
nearing an end.

• Titanite may also be mounted in Teflon, but is most
commonly mounted in an epoxy button mount as
described for apatite above.

2.6 Chemical Etching

Spontaneous fission tracks are revealed by chemical etching
in a track-recording material because the etchant preferen-
tially attacks the highly disordered material in the core of the
track (e.g. Fleischer et al. 1975). The bulk-etching rate in
minerals is not uniform and varies in different crystallo-
graphic directions, so that the tracks take on different shapes
and sizes, depending on which crystal surface they are
etched (e.g. Wagner and van den Haute, 1992). Common
etching recipes for different minerals are outlined in
Table 2.2.

Apatite and zircon grains are often prismatic and during
mounting often tend to align on prismatic faces, which are
approximately parallel to the c-axis. This is the orientation
sought for optimal track revelation for FT dating (e.g.
Wagner and van den Haute 1992; Gleadow et al. 2002;
Donelick et al. 2005; Tagami 2005). In apatite, zircon and
titanite etching is anisotropic (i.e. tracks are revealed pref-
erentially parallel to the crystallographic c-axis but also need
to be fully revealed perpendicular to that axis for etching to
be judged as being optimal), and this is particularly evident
in low-radiation damaged grains (e.g. Gleadow 1981). In
glass, fission tracks have a circular or elliptical cross-section,
even after prolonged etching, because the host material
etches isotropically (e.g. Dumitru 2000, see also Chap. 1,
Hurford 2018).

Over or under etching may jeopardise the quality of data
obtained. The correct etching time in minerals, such as zir-
con and titanite, is highly variable and will depend on a
variety of factors, especially the general radiation damage
level, which is reflected in the track density. The particular
choice of etchant used is also important in many cases. The
anisotropic etching characteristics of both zircon and titanite
are significantly greater when using acid etchants shown in
Table 2.2 or listed in references cited therein, than for the
hydroxide etchants. This can be seen in Fig. 2.3, which
shows the same zircon etched in a hydroxide and an acid
etchant for comparison. Except where the radiation damage
levels are fairly high, therefore, the hydroxide etchants are to
be preferred and give better results for both these minerals. It
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Table 2.2 Commonly used etching recipes and notes for different minerals and glass

Mineral Etchant Conditions Comments

Apatite 5 N HNO3

(Gleadow and Lovering 1978)
20 ± 1 °C
20 s

Different HNO3 strengths have also been reported, e.g.
HNO3 conc for etching time of 10–30 s (Fleischer and Price
1964) and 1.6 M (7 vol.%) at 25 °C (or at room
temperature) for 20–40 s (Naeser 1976), but those listed to
left are the most commonly used (see also Seward et al.
2000 and Sobel and Seward 2010)
Following etching, wash thoroughly under tap, dry with
clean paper tissue and leave in air for a few hours to ensure
all etchant has dried out from within mount before
inspecting under a microscope. If a longer etch is required,
wet mount briefly before re-etching. This aids the entry of
etchant into partially etched tracks, as normally any extra
etching will only be for a matter of seconds

5.5 N HNO3

(Carlson et al. 1999, see also Donelick et al. 2005)
21 ± 1 °C
20 ± 0.5 s

Zircon Binary eutectic mixture of KOH:NaOH (in proportions by
weight: 8.0 g KOH and 11.2 g NaOH—Gleadow et al.
1976)
A variant of the eutectic is NaOH:KOH:LiOH (6:14:1),
which is reported to increase etching efficiency at lower
etching temperatures for comparable etching times (Zaun
and Wagner 1985)

225–230 °C
4–120 h (or
more)

Vessel: (ceramic, platinum or Teflon)—place on hotplate
(monitor temperature with a thermometer) and cover with
inverted beaker to prevent crust from forming around
top. Check temperature of etchant solution with
thermocouple
Place zircon mounts face down in etchant (they will float),
leave initially for 4 h and then check etching progress. Note
—grain surfaces with highest etching efficiency are those
showing the presence of sharp polishing scratches
Following etching place the mount in 48% HF in a Teflon
dish for 15–30 min in order to clean up grains. This will not
affect the quality of the etched grains
After etching, mounts will almost always deform slightly.
In order to flatten the mount so that a muscovite detector
with a good contact can be later applied, more heating
should be carried out, but not enough to melt the Teflon or
push grains further into the mount
Note Generally the time required for proper fission track
revelation in zircon is inversely proportional to the
accumulated radiation damage, which is related to uranium
concentration and age of the grain. Hence, etching duration
varies over a broad range

For other possibilities, see also Garver (2003) and Tagami
(2005)

Titanite 37% HCl
(Naeser and Dodge 1969)

90 °C
15–60 min

Vessel: Stainless steel, Teflon or alkali-resistant ceramic
beaker
Preparing the acid etchant produces an exothermic reaction,
so leave to cool down over night
Etching times typically vary between 10 and 60 min,
depending on the level of radiation damage (see Fig. 2.4).
Check track etching rate and characteristics after 10 min.
Before viewing under microscope wash mount thoroughly.
Return to etchant to complete etching—repeat as often as
necessary with varying times
Note The anisotropic etching characteristics of titanite are
significantly greater when using the acid etchant (especially
for low radiation damage grains)—so the NaOH etchant is
preferred for such grains. This etch is also suitable for track
revelation in garnets and epidote (Naeser and Dodge 1969),
but etching time required may be >1 h. A 75 M NaOH etch
may be required for etching in some garnet compositions
(Haack and Gramse 1972). Over long etching times the
NaOH solution may dehydrate and become less efficient, so
a condenser may be useful when using this etchant

1HF:2HCl:3HNO3:6H2O
(Naeser and McKee 1970)

20 ± 1 °C
10–60 min

50 M NaOH solution
(40 g NaOH: 20 g H2O)
(Calk and Naeser 1973)

130 °C
10–60 min

Muscovite HF (Fleischer and Price 1964); strengths of both 48 and
40% have been reported

20 ± 1 °C
Reported: 5–
45 min
Commonly used:
20–25 min

Vessel: Teflon dish
After etching, wash muscovite thoroughly in warm running
water. Then place the muscovite on a glass slide on a hot
plate at *100 °C to drive off any HF absorbed between the
cleavage planes, this will prevent any later inadvertent
etching of the microscope objective

Glass HF (Fleischer and Price 1964), different strengths ranging
from 48 to 12% have been reported

23 °C
5–90 s depending
in part on acid
strength

Vessel: Teflon dish
After etching, neutralise HF and wash mount thoroughly in
warm running water
Note obsidian usually takes longer to etch than glass shards
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is extremely important in these minerals that the degree of
etching be judged from the appearance of the tracks and not
from the application of some standard etching time
(Fig. 2.4). Increased radiation damage results in markedly
shorter etching times required to fully reveal tracks for
microscope observation (Fig. 2.5). Hence, it is common
practice, especially when working with sediments, to prepare
more than one mount of a zircon and titanite grain popula-
tion and etch for different times in order to enable FT
analysis to be performed on the entire population (Naeser
et al. 1987). For strategies on handling zircons with very-low
or very-high fission-track densities, see Appendix in Naeser
et al. (2016).

Because radiation damage does not accumulate to any
degree in apatite, it is more consistent in its etching beha-
viour and a standard etching time is commonly used,
although exceptions will be found from time to time.
However, for most apatites, it is important to adhere to a
strict etching protocol, so that key parameters such as track
lengths and Dpars (see Sects. 2.11.5 and 2.11.7) can be
measured in a consistent fashion and reproduced in other
laboratories.

2.7 The External Detector Method (EDM)

The most common protocol for studying minerals with
heterogeneous uranium content between different grains is
the External Detector Method (EDM). In order to determine
their 238U content, the EDM requires that etched grains be

sent to a nuclear reactor for thermal neutron irradiation. The
sequence of steps involved in preparing samples for irradi-
ation for a number of minerals has been described in some
detail in a number of works cited in Sect. 2.2 (see also fig-
ures in Gleadow et al. 2002 and Tagami and O’Sullivan
2005) and is shown in Fig. 2.2.

Briefly, the spontaneous fission tracks are etched on an
exposed internal polished surface on the grains and the
induced tracks on a muscovite external detector attached to
the grain surface during neutron irradiation. After irradiation,
the external detector is etched to reveal an induced
fission-track mirror image corresponding to grains in the
mount (Chap. 1, Hurford 2018).

Even though this results in a second set of tracks being
produced within the grains themselves, these tracks will not
be detected because they are not etched after the irradiation.
Also, because ages can be measured on individual grains, a
careful selection of grains can be made to avoid those which
may be badly etched or contain dislocations. The external
detector is usually a sheet of low-uranium muscovite (com-
monly Brazil Ruby—with ASTM Visual Quality of V-1,
which is designated as clear and free of stains and inclusions,
cracks, waves and other defects, with about 5 ppb uranium).
Suitable high-quality muscovite external detectors can be
bought commercially already cleaved to *45–55 lm thick-
ness and pre-cut to a suitable size (typically *12 � 12 mm).
Muscovite is more suitable as a detector in dating applications
than plastics, such as Lexan, because its track registration and
etching properties are much more like those of the minerals
with which it is being compared.

Fig. 2.3 Spontaneous fission
tracks in zircon from the Mud
Tank Carbonatite in Central
Australia etched in (a) the KOH:
NaOH eutectic etchant of
Gleadow et al. (1976) and (b) in
the equivolume HF:H2SO4

etchant of Krishnaswami et al.
(1974). The eutectic etch has
revealed the tracks more
isotropically than the acid etchant
and is the preferred etchant for
zircon. The polished surface is
parallel to the (010) cleavage, and
the extended faint lines running
across each frame are polishing
scratches. The scale bar on each
frame is approximately 10 lm
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To measure the FT age by the EDM involves determining
the spontaneous track density in a selected grain and finding
the mirror image area on the muscovite external detector
where the induced track density is counted over exactly the
same area. Because the geometry of track registration is not
the same for the internal surface (4p) on which the sponta-
neous tracks are measured and the external detector surface
(2p) used for induced tracks, a geometry factor must be
introduced to correct for this difference (e.g. Wagner and

van den Haute 1992). The geometry factor is *0.5, but this
is not exact because of small differences in detection effi-
ciency of the two surfaces and differences in the range of
fission tracks in the two different materials (e.g. Iwano and
Danhara 1998; Gleadow et al. 2002). A consequence of
anisotropic etching rates in minerals such as zircon or titanite
is that some grain surfaces in a mount may have a low
etching efficiency (e.g. Fig. 2.4). Comparison of sponta-
neous tracks on such surfaces with induced tracks in an

Fig. 2.4 Spontaneous tracks in
titanite following various etching
times; (a)–(d) show tracks etched
for 5, 10, 15 and 20 min,
respectively, in the mixed acid
etchant
(1HF:2HCl:3HNO3:6H2O). The
tracks in (b) represent the
minimum degree of etching for
which a reliable track density can
be obtained
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adjacent muscovite detector, where the etching efficiency
approaches 100%, will clearly give erroneous results. A very
careful selection of only the highest etching efficiency sur-
faces, as identified by sharp polishing scratches (Figs. 2.3,
2.5a) (e.g. Gleadow 1978), is therefore essential for the
EDM. Care is also necessary when dealing with low track
densities in minerals that etch anisotropically to ensure that
etching has been sufficient for even the most weakly etched
tracks to be revealed (see Fig. 2.3). In some samples, such as
young zircons or titanites, it is extremely difficult to reveal
tracks in certain orientations. This effect is moderated by
accumulated radiation damage so that most zircons and
titanites with track densities between *105 and 107 cm−2

can be readily analysed by the EDM (Gleadow 1981, see
also Naeser et al. 2016—Appendix 1). Montario and Garver
(2009) developed a scanning electron microscope technique,
which permits counting of track densities to as high as 2
x108 cm−2 allowing for a greater range of high track density
zircons to be counted, particularly in populations containing
very old (Precambrian) grains, which had previously been
considered uncountable.

Also noteworthy is a further method complementary to
the EDM for FT dating of moderate-to-high uranium zircons
carried out by electron probe microanalysis (EMPA). This
method involves determining uranium concentration and
imaging of the number of spontaneous fission tracks

intersecting the surface, using an electron backscatter
detector (Gombosi et al. 2014). Dias et al. (2017) reported an
alternative approach to FT dating of zircons, but also using
EMPA to measure uranium concentration.

Because of its relative ease of handling, amenability to
automation (see Sects. 2.11.4 and 2.12) and its provision for
single-grain age information, the EDM is currently the pre-
ferred dating method for apatite, zircon and titanite in most
FT laboratories.

2.7.1 Preparing Mounts for EDM Age Dating
and Neutron Irradiation

2.7.1.1 Wrapping and Packing for Irradiation

• Cut down etched apatite mount size to fit into the irra-
diation can (e.g. 1 � 1.5 cm) and thoroughly clean with
soapy lukewarm water and dry in alcohol.

• Overlay mounts with dust-free pre-cut (if possible)
low-uranium muscovite—always handle with tweezers.
A clean muscovite surface may be formed by placing it
on a piece of sticky tape and lifting off a thin flake of
muscovite. To ensure a good contact with grains during
irradiation make sure that the muscovite does not extend
beyond edges of the mount.

Fig. 2.5 Etching of titanites at different stages. a Shows the highly
anisotropic etching of induced tracks in annealed titanite, etched
25 min in the 1HF:2HCl:3HNO3:6H2O etch at 20 °C (see Sect. 2.6).
b Shows the less anisotropic but very variable etching at intermediate
radiation damage levels in a zoned titanite, ranging from under etched

in low U zones, to strongly over etched and unresolvable in the
highest-uranium core zone (etched 12 min). c Shows the small
rounded, conical etch pits, which resemble tracks in glass, found in
titanite with an extreme track density of *8 x 107 cm−2 and etched for
1 min. The scale bar is 20 lm in each case
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• Prepare heat shrink plastic bags with an opening suffi-
cient to slide the muscovite and grain mount pair in
easily.

• Place muscovite–mount pair inside the bag and holding
contents firmly with tweezers. Use a kitchen-type bag
sealer, to close the opening as close as possible to the
muscovite–mount. Trim the edges of the bag to provide
passage for escaping air. Heat two clean glass micro-
scope slides on a hotplate at 100 °C. Place bag and its
contents on one slide keeping the muscovite face up and
cover immediately with the other slide. Press firmly with
tweezers to achieve good contact. Some laboratories use
low chlorine-content reactor-friendly Scotch 3M® magic
tape or Parafilm M to affix the muscovite to the mount.

• Wrap the standard glass–muscovite pair in the same way
as described above.

• Place mounts in an irradiation can and record order of
samples in the stack. The number of samples that can be
fitted into an irradiation stack will depend on local
reactor protocols. Use two standard glasses in each irra-
diation package one at top and bottom of the stack, to
monitor any spatial neutron flux gradients. A further
glass standard may also be inserted in the middle of the
package (Fig. 2.2). If possible, it is also recommended to
include an appropriate mineral age standard (e.g. Dur-
ango apatite or Fish Canyon Tuff zircon) within the
irradiation package (see Chap. 1, Hurford 2018).

• If the irradiation can is sucked pneumatically into the
reactor to the irradiation position, it may be necessary to
allow for the addition of packing material at each end of
the can (e.g. Al foil padding), which acts as a shock
absorber preventing glass breakage on impact.

• Note: Irradiation results in significant levels of radioac-
tivity due to short-lived isotopes, mainly related to Na
content present in conventional soda lime petrographic
glass slides, but also from sweat in fingerprints (so gloves
should always be worn when preparing material for
irradiation). In this respect, silica glass slides are less
problematic.

2.7.1.2 Standard Glasses
Hurford and Green (1983), Wagner and van den Haute
(1992) and Bellemans et al. (1995) provided information on
different glass standards and evaluations of their suitability
for monitoring neutron fluence and determining 238U content
of individual grains. In the early years of FT dating, glasses
produced by the National Institute of Standards and Tech-
nology (NIST) (Carpenter and Reimer 1974) the SRM-series
were commonly used for monitoring. However, these are
depleted in 235U and contain a variety of trace elements, and
have gradually been replaced by the Corning CN1–CN6
series with a natural 235U/238U ratio and fewer trace elements
(see Bellemans et al. 1995). CN1 and CN2 are generally

suitable for zircon and titanite and CN5 for apatite. How-
ever, worldwide stocks of CN5 have now been exhausted,
but uranium-doped oxide glass IRMM-540R (15 ppm ura-
nium) produced by the European Commission’s Institute for
Reference Materials and Measurements (IRRM) has proven
to be an effective substitute (De Corte et al. 1998). Further,
uranium oxide-doped glass IRMM-541 (50 ppm uranium) is
suitable as an alternative standard, e.g. for zircon and
titanite, which require shorter irradiation times due to their
generally higher uranium content.

The use of induced tracks in muscovites over standard
glasses has been instrumental in acquiring zeta (f) calibra-
tions based on the analysis of geological age standards
analysed by other geochronological techniques (Hurford and
Green 1983; Chap. 1, Hurford 2018). This procedure settled
earlier disagreements about the 238U spontaneous fission
decay-constant, neutron dosimetry calibrations and ambigu-
ities in corrections for measuring spontaneous and induced
fission tracks on different surfaces and in different materials,
and was deemed to be a workable solution to some
long-standing problems (Hurford 1990). The f-method cali-
bration is the most widely used for age determinations in FT
laboratories today. But this method also has some drawbacks
because it yields calibration factors that are to some extent
personal, vary for different mineral species and combine
known and unknown factors (e.g. Wagner and van den Haute
1992; Hurford 1998). An alternative procedure to using
standard glasses, but not that widely used, is the /-method.
This involves an absolute determination of the thermal neu-
tron fluence by measurement of neutron-induced gamma
activity in Au and Co metal activation monitors included in
irradiation cans together with samples (e.g. van den Haute
et al. 1998; Enkelmann et al. 2005).

2.7.1.3 Neutron Irradiation
In a nuclear reactor, the total neutron flux may comprise
three neutron components of different energy ranges; fast,
epithermal and thermal. When choosing a reactor for sample
irradiation, it is crucial that only a well-thermalised neutron
facility is used (e.g. Wagner and van den Haute 1992). This
is required in order to avoid track production by epithermal
neutrons from 235U fission or by fast neutrons from 238U and
232Th fission. Such tracks would be indistinguishable from
the thermal neutron-induced 235U fission tracks required.
Since the Th/U ratio of material used for FT analysis is
highly variable, it is important that the nature of the neutron
flux in the irradiation position used is well known. Ratios of
thermal/epithermal and thermal/fast neutrons of >100
and >80, respectively, provide some certainty that practi-
cally all induced tracks measured in muscovite external
detectors originate from 235U fission (see Green and Hurford
1984 and Wagner and van den Haute 1992 for further
details).
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The integrated neutron dose requirement for different
minerals varies and is dictated by the expected uranium
content of a particular mineral. Typical nominal doses
requested for the most common minerals used for FT studies
at the University of Melbourne in past years have been
apatite *1 � 1016 n cm−2, zircon *1 � 1015 n cm−2,
titanite *4–5 � 1015 n cm−2. These values are not absolute,
however, as the fluence requested in relation to that actually
received and monitored within the irradiation package may
vary from reactor to reactor.

2.7.1.4 Post-irradiation Sample Handling
and Slide Preparation

• After the irradiated package is received, place it in
properly lead-shielded storage until radiation levels,
which should be monitored periodically, are safe and
samples can be unpacked.

• Prior to unwrapping samples, use a sharp pin to make
holes in each corner of the glass–muscovite pair making
sure that one corner has two holes.

• If tape is used to secure muscovite to glass mounts,
remove very gently so as not to lift off large amounts of
muscovite flakes or alternatively cut around the detector
with a scalpel and place in etchant and any remaining
tape will fall off.

• Etch muscovites in HF as listed in Table 2.2.

Each apatite, zircon and titanite grain mount and mus-
covite can be mounted together on a standard petrographic
glass slide (typically 26 � 76 � 1.5 mm) so that one is the
mirror image of other. These can be mounted using a small
amount of Petropoxy® 154, but note that in cases where
grains are embedded in Teflon, then these may be mounted
using double-sided sticky tape. To minimise focussing
requirements during track counting the mica should be glued
on a thin glass slide to bring it to the same level as the grain
mount. Ensure that the sample number is labelled on the
back of the slide. A reference point should be placed in the
centre of the mount, between the grain mount and mus-
covite. The most convenient is a metal (copper) disc with
grid (used for locating and referencing specific areas in
Transmission and Scanning Electron Microscopy), which is
used as a central coordination point for commencing the later
alignment procedure keyed to the pin-pricks between
specific grains and their mirror image on the muscovite (see
Fig. 2.2 in Sect. 2.11.4). Such coordination points can also
be used later for locating the exact grains on which track
measurements have been carried out for electron microprobe
analyses if required (see Sect. 2.11.7).

2.8 The LA-ICP-MS Method

LA-ICP-MS is the first technique that has been able to
compete with the traditional neutron irradiation method for
determination of 238U content in terms of high spatial res-
olution and ppm sensitivity. This analytical development has
added a new approach for FT analysis, whereby 238U can be
determined directly in mineral grains, rather than by using
235U-induced fission tracks as a proxy, as required by the
EDM. LA-ICP-MS facilities are now becoming widely
available, and this mode of analysis has considerable
advantages over the conventional EDM, as it no longer
requires neutron irradiations and the long delays in sample
processing (typically many weeks) that they require. Other
advantages of this approach are that it eliminates the need for
handling radioactive materials and as only one track density
measurement (the spontaneous FT density) is required, it
reduces the overall requirement for FT counting (e.g. Hasebe
et al. 2004; Donelick et al. 2005; Vermeesch 2017, and
Chap. 4, Gleadow et al. 2018).

Hasebe et al. (2004) carried out the first systematic study
using LA-ICP-MS for FT analysis, an approach foreshad-
owed by Cox et al. (2000) and Košler and Svojtka (2003).
More recent studies by Donelick et al. (2005), Hasebe et al.
(2009, 2013) and Chew and Donelick (2012) have provided
additional experimental details and demonstrated the effec-
tiveness of this approach.

The sequence of steps using LA-ICP-MS is illustrated in
Fig. 2.2. The first three steps are the same as for the EDM,
in that a grain mount is prepared, polished and then etched
to reveal the spontaneous fission tracks. However, prior to
mount preparation, it is important to confirm that the mount
size can be accommodated by both the microscope stage
and laser cell, as each laser cell may have specific sample
dimension requirements. The spontaneous tracks are then
counted manually or on sets of digital images that are
acquired using an automated image capture system refer-
enced to a coordinate system best defined by three metal
discs with grids placed around the grain mount (see
Sect. 2.12 and Chap. 4, Gleadow et al. 2018). The grain
coordinates and the slide are then transferred to the laser
ablation cell and analysed by LA-ICP-MS. Most studies
conducted have used a single ablation spot of *20–30 lm
diameter or a rastered scan centred around the area where
the tracks were counted. As all of the tracks, which are
etched on a surface in zircon and apatite, originate
within *5.5–8.5 lm of the surface, respectively (e.g.
Hasebe et al. 2009), it is important to ablate the surface
only to about that depth, in case there is zoning of uranium
in the vertical dimension.
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The 238U concentration is determined relative to suitable
external standards of accurately known and uniform uranium
abundance (e.g. NIST610 and 612 glasses) and measurement
of an appropriate internal standard, e.g. 43Ca (apatite),
29Si (zircon), to correct for variations in ablation volume
(e.g. Hasebe et al. 2004, 2009, 2013; Chew and Donelick
2012). These works also list operating conditions, but these
are by no means universal and may vary with specific
instrumentation used.

LA-ICP-MS for direct determination of 238U is a relatively
new approach to FT analysis. It is usually calibrated using a
variant of the zeta calibration approach (Hurford and Green
1983; Donelick et al. 2005) or can be calculated as an abso-
lute age using explicit values for all the constants in the age
equation (e.g. Hasebe et al. 2004; Gleadow et al. 2018).
Efforts are also underway to identify some well-characterised
and matrix-matched minerals with relatively homogeneous
uranium content to correct for elemental fractionation during
laser ablation (e.g. Soares et al. 2014; Chew et al. 2016).
Vermeesch (2017) has outlined the statistical treatment of
analytical uncertainties arising from different approaches
to LA-ICP-MS-derived FT age dating (see also Chap. 6,
Vermeesch 2018).

As outlined earlier, the measurement of 238U by
LA-ICP-MS is a relatively new approach to FT dating. To
date, mainly LA-ICP-MS data on apatite, zircon and
volcanic glass have been reported and sample preparation is
similar to that described previously for these minerals.

2.9 Double–Triple-Dating

With technological advances in instrumentation and an
improved understanding of the behaviour of different
geo-thermochronological systems, it has become possible to
carry out dating of individual grains from an aliquot using
independent isotopic systems, i.e. combinations of FT, U/Pb
and (U-Th)/He analyses on either apatite or zircon. This
so-called double- or triple-dating approach is a powerful new
development in the geo-thermochronology toolbox because
the radioactive decay schemes for these systems have dif-
ferent temperature sensitive ranges and can provide more
robust constraints for computing time–temperature histories
(Chap. 5, Danišík 2018).

Earlier approaches using different combinations of
methods on subsets of particular sample aliquots were pre-
pared for analysis using standard procedures (e.g. Carter and
Moss 1999; Carrapa et al. 2009). When using FT dating in
combination with other techniques on single grains, princi-
pally by use of LA-ICP-MS, some modification of practical
steps may be required in sample preparation. Chew and
Donelick (2012) described the double-dating of apatite using
the FT and U-Pb methods on single grains, while Hasebe

et al. (2013) also outlined a similar approach for dating both
apatite and zircon. As all the data (apart from the counting of
spontaneous fission tracks) in both studies were acquired
using LA-ICP-MS, the preparation of mounts was essen-
tially similar to that described in Sects. 2.5 and 2.6 above.
For triple-dating (U/Pb, FT and U-Th/He) of apatite (Danišík
et al. 2010), analyses were carried out on subsets of an
exceptionally large apatite aggregate precipitated in cavities
and veins in a late Palaeozoic rhyolite; therefore, the stan-
dard method was used for the preparation of samples for
each dating method. Reiners et al. (2007) reported a com-
bined apatite FT and (U-Th)/He double-dating study. In this
case, the apatite FT age was determined by conventional
mounting in epoxy and counting of spontaneous FT density
(qs) and uranium content determined by LA-ICP-MS on the
same grains, following which grains were plucked from the
mount and dated by standard (U-Th)/He procedures.

Note: With ongoing technical developments, apatite FT
dating might in the future be combined with in situ (U-Th)/He
dating, in which case samples will need to be embedded in
Teflon, due to the excessive degassing of epoxy mounts
preventing the attainment of the ultra-high vacuum required
(e.g. Evans et al. 2015). A similar mounting procedure would
also be applicable to double- or triple-dating of zircon grains
in such an in situ (U-Th)/He dating approach.

2.10 Microscope Requirements

The microscope is the single most important component in a
FT dating laboratory, but the choice of equipment is fre-
quently not given the scrutiny it deserves. Any old micro-
scope will not do. What is required is a research-grade
microscope of the highest quality fitted with objectives,
condenser and illumination to give optimum performance at
the highest magnifications (at least 1000�). Polarising
equipment and a rotating stage are not necessary for track
counting and place significant restrictions on the other
equipment that can be used on a microscope. Also, most
other microscope stages are more robust and have superior
mechanical slide movements than do rotating stages.

For work at high magnification, it is important to have
high intensity illumination available and preferably a light
source of 50 W or more. In recent years however, illumi-
nation for optical microscopy using light-emitting diodes
(LEDs) has shown considerable promise as a spatially and
temporally stable and cost-effective technology compared to
traditional arc lamp illumination sources. It is essential to
have both reflected and transmitted light illumination avail-
able on the microscope, arranged so that the user can readily
switch back and forth between the two. Tracks are usually
counted in transmitted light, but reflected light can be useful
for resolving complex track overlaps, locating the end of
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tracks which intersect the surface, and for counting
very-high track densities. Reflected light can also be very
useful for locating horizontal confined tracks used in length
measurement (see Sect. 2.11.5).

In general, it is more important to have flat-field objec-
tives, such as planachromats, than those that have a very
high degree of colour correction. However, some lenses rate
highly in both characteristics. Objectives should be parfocal
with each other, and it is more convenient if they are
mounted in a multiple revolving nosepiece rather than on an
individual bayonet-type objective carrier.

An important question is whether to use dry or
oil-immersion objectives for the highest magnifications. This
is partly a matter of personal choice and both systems are in
routine use in FT laboratories. Technically, oil-immersion
objectives have superior resolution but other effects often
outweigh this advantage. Very fine images are obtained
under oil immersion in zircon and titanite, which both have
high refractive indices. However, in some other minerals, oil
has distinct disadvantages because the refractive index of the
usual immersion oil, 1.515, is almost the same as that of the
mineral. In apatite and muscovite, this results in tracks losing
contrast with the surrounding mineral and becoming more
difficult to observe. This problem cannot be avoided by
using a different immersion medium because the objectives
can only be used with an oil of the refractive index for which
they were designed. For this reason, it is often preferable to
use dry objectives, which must also be corrected for no cover
glasses.

A binocular eyepiece tube is regarded as an essential
component of any microscope used for observing and
counting fission tracks. The most commonly available eye-
pieces have magnifications of 10� , although higher mag-
nifications, e.g. 12.5� or 15� are often preferable for FT
analysis.

For counting fission tracks, one of the eyepieces should
be a focusing type fitted with a graticule, usually in the form
of a 10 � 10 grid. In the most commonly used graticules,
each grid square is 1 mm across on the carrier disc. For track
length measurements, it is essential to have an eyepiece
fitted with a scale bar or eyepiece micrometre. Calibration of
the scale bar and the area of the graticule are carried out by
measuring their dimensions against a stage micrometre,
which can be obtained with divisions down to 2 lm. If such
a calibration slide is not available, then a satisfactory alter-
native is to use a piece of optical diffraction grating,
although this requires observation under incident light illu-
mination, as the metallic coating of the grating is opaque.
Diffraction gratings are accurately ruled with very fine lines,
at a known spacing of the order of 1 lm.

Modern research microscopes are all equipped with a
sub-stage condenser and field and aperture diaphragms

required to produce Köhler illumination (see: http://zeiss-
campus.magnet.fsu.edu/articles/basics/kohler.html) for pro-
viding the most uniform and optimal specimen illumination
across the field of view and the maximum optical resolution
for a particular objective lens. It is particularly important to
set up the optimum illumination conditions for the particular
objective to be used, especially for image capture for
automation (see Sect. 2.12). This will almost always be with
the 100� lens, the highest lens available.

2.11 Data Collection

2.11.1 Identification of Fission Tracks

In order to count fission tracks, they need to be reliably
identified and distinguished from etch pits or features of
other origins, such as dislocations or inclusions. Etched
fission tracks have certain properties (Fleischer and Price
1964), which enable their discrimination from spurious
dislocation etch pits (Table 2.3).

Dislocations are most commonly encountered in large
numbers in relatively young volcanic apatites, although they
are seldom found in all grains mounted from a single sample.
Apatites from slowly cooled plutonic rocks usually show
few, if any, dislocations and discrimination is fairly

Table 2.3 Properties that distinguish etched fission tracks from
dislocations

Fission tracks

Etched fission tracks:
• Straight features, as fission-fragments travel essentially in straight
lines

• Have a limited length, as fission fragments have a limited range of
about 5–10 lm (depending on the host material) and the maximum
track length is up to the maximum etched range of both fission
fragments and varies from *10–20 lm in different minerals

• Randomly oriented, although highly annealed tracks are
preferentially aligned parallel to the c-axis in apatite

• The distribution of spontaneous tracks must be statistically the same
as that of uranium, and hence of induced tracks in a particular
material

Unetched fission tracks have a limited thermal stability that is
characteristic of the registering material and is usually different from
that of dislocations or micro-inclusions

Dislocations

• Often bent, branching, curved or wavy
• Often occur in swarms, the distribution of which is unrelated to that
of uranium (see Gleadow et al. 2002)

• Lengths frequently similar to each other and often much greater than
those of fission tracks

• Often occur with a strongly preferred orientation, either as
sub-parallel swarms, or as lines of parallel etch channels

• May act as nucleation sites for the precipitation of impurities from
the host material, in which case they are readily identified
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straightforward. Zircons and titanites tend to have relatively
few dislocation etch pits and discrimination is not usually a
problem. Zircons may contain minute crystalline inclusions,
however that can sometimes be mistaken for tracks, espe-
cially where the fossil track density is very low. Often such
crystallites show a regular orientation in relation to some
crystallographic direction and a range of sizes that can aid in
their discrimination.

In general, the problem of discriminating fission tracks
from other etch features is not severe, but can become sig-
nificant when dating grains with very low track densities. It
is always an advantage when there are sufficient tracks
present so that they can be compared with each other.
Experience and an appropriate selection of dating technique
are important in handling difficult cases, but it may be wiser
to simply go on to another sample.

2.11.2 Counting Techniques

Microscope work for an EDM FT age determination, using
the f-calibration approach, involves the counting of three
track densities: spontaneous (qs), induced (qi) and standard
glass (qd). For each of these, the tracks are normally counted
at magnifications of 1000� or more, and usually in trans-
mitted light. The depth of focus under these conditions is
very limited so that the fine focus of the microscope needs to
be moved up and down frequently during counting to follow
the three-dimensional nature of each track.

The position of a track in relation to the counting
graticule is defined by the intersection of the track with the
surface. With experience, this surface-end of the track can be
recognised at a glance but at first should be judged from the
following characteristics. All the tracks (long and short) will
only be in focus together at the surface, so that progressively
fewer tracks will be seen as the focus is moved down into the
grain. Moving the fine focus up and down can therefore be
used to identify the surface-end of the tracks. Also, the
intersection of each track with the surface is clearly visible
as a dark hole (etch pit) in reflected light (if available). Even
in transmitted light, the two ends of a track do not look the
same, but can still be identified.

On both the exposed internal grains surfaces and the
external detector surfaces, the tracks vary in length from
essentially zero up to the maximum for the particular min-
eral. It is important not to overlook the smallest tracks, or at
least to use some consistent criterion as to which of the short
tracks will be included in the final track density. Counting
the tracks then involves systematically scanning across an
appropriate number of eyepiece grid squares, so that each
track is included once only. Where the surface intersection
of the track lies exactly on a grid line, some consistent

convention must be used to assign the track to a particular
grid square. For example, a track might be included in a
square if it lies along the top or right-hand edge, but not if it
is on the bottom or left-hand edge. Further, if no tracks are
observed in the grid, then that zero must be recorded
accordingly and included in the final tally of counted tracks
per total surface area analysed. A repositioning technique for
achieving more accurate counts of induced tracks in mus-
covite external detectors in grains with low and/or inho-
mogeneous uranium concentrations has been described by
Jonckheere et al. (2003).

Typically, more than 20 grains should be counted if
possible, and the results combined to give an age for the
sample. In crystalline samples with complex age spectra or
detrital samples, a greater number of grains should be tar-
geted, aiming for about 50–100 grains or even more, as a
higher number is especially important for the discrimination
of different age populations if present (e.g. Garver et al.
1999; Bernet and Garver 2005; Coutand et al. 2006; see also
Chap. 16, Malusà 2018).

2.11.3 Standard Glasses

The standard glasses used for neutron dosimetry are pro-
duced with uniform uranium concentrations so that as a
result of irradiation, their corresponding muscovite detectors
receive a uniform-induced track density, usually over a large
area of about 1 cm2. The tracks in each muscovite detector
should be counted on a regular pattern covering the whole
available area using the same counting criteria as with
counting Ns on the grain surfaces. The simplest method is to
move around the muscovite on a regular 1 or 0.5 mm grid
and at each location, count the tracks in a predetermined area
of the graticule. The number of locations and the number of
grid squares counted at each will depend on the track den-
sity. Typically tracks are counted at a number of locations to
give a total track count of at least 1000. It is good practice to
count each glass over different areas at least twice to verify
the track density obtained and to increase the precision on
the combined measurement. The track density (per cm2) is
determined from the total number of tracks and the total area
counted. If a significant and reproducible difference is found
in standard glass track density along the irradiation canister,
then this indicates a neutron flux gradient and an interme-
diate value should be interpolated for each mount in the
package. Calculation of the uranium concentration for indi-
vidual mineral grains may be estimated approximately by
measuring the ratio of the induced track density over the
grain to the induced track density in an external detector
over the standard glass multiplied by the known uranium
content of the standard glass.
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2.11.4 Automation of the EDM

To determine the ratio of spontaneous to induced tracks,
identical areas are counted on each mineral grain and its
muscovite detector mirror image. A typically used sequence
of steps is to select a suitable grain, count the spontaneous
tracks, locate its mirror image on the muscovite and count
the induced tracks. Before counting an external detector
mount, it is recommended to scan the muscovite at low
power to check that the detector had remained in close
contact with the mount during irradiation. Grains with good
contact and sufficient uranium and Ni will have sharp, clearly
defined mirror images and grain boundaries in the mus-
covite. Areas of poor contact, indicated by diffuse, rounded
grain image boundaries often with a splayed track pattern
should be avoided, as they will give an underestimate for the
induced track density.

The ability to select suitable grains for counting only
comes after the completion of a significant amount of
training to recognise identifiable features associated with
each grain. Suitable grains include those having well-etched
tracks, sharp polishing scratches, reasonably uniform track
density and minimum interference from inclusions, cracks
and dislocations. Where spontaneous track densities (Ns) are
low, the numbers of tracks in each grain, and the apparent
single-grain ages, can vary substantially due to the natural
statistical variation of the decay process. It is easy to select
only those grains with relatively higher track densities, but
this can lead to a seriously biased age. In such cases, it is
important to ensure that grains are selected covering the
whole range of variation in track densities, even including
grains with no tracks if they are present. Having selected a
suitable grain, the spontaneous tracks are counted, but the
zone within the range of one track of any external grain
margin should be avoided.

Locating the corresponding area on the muscovite can be
carried out manually, although this is extremely tedious and
mistakes are easily made resulting in erroneous ages.
However, the time-consuming task of locating matching
points on the grain mount and its external detector is now
mostly automated using a computer-controlled microscope
stage system (e.g. Smith and Leigh-Jones 1985).

Such automated stage systems are now almost universally
used for the EDM and provide a much faster and more
reliable technique for accurately and repeatedly locating
matching points on a muscovite external detector. Another
advantage of such automated methods is that they provide a
framework for the systematic collection and organisation of
the FT data.

An example of the sequence followed using an automated
stage system involves the following steps:

• Find and mark the zero reference point (e.g. the copper
disc in Fig. 2.2).

• Coarse alignment of the mount and detector using at least
two different pinprick positions (alignment marks)
preferably between opposite corners of the mount.

• Refine the alignment using mineral grains and their
induced track images.

• Select and label suitable grains for counting.
• Count spontaneous and induced tracks over each grain.
• Measure confined track lengths as these are observed.
• Measure Dpars (see Sect. 2.11.7) for each grain from

which age or length data are collected—using only etch
pits from spontaneous tracks.

• Save all data to a computer file.

Most systems are capable of operating in three axes, so
that relative offsets in x, y and z, as well as rotations of the
muscovite relative to the mount can be corrected for by
automated movements of the stage. Once the alignment
procedure is completed, the stage system retains an exact
knowledge of the positions of matching points on the min-
eral mount and their mirror image positions on the mus-
covite, and can move between them as required.

2.11.5 FT Length Measurements

In order to carry out thermal history modelling of a sample
measurement of the distribution of horizontal or
close-to-horizontal confined FT lengths (i.e. below the pol-
ished surface within the mineral) is a critical parameter
required to accompany any FT age (Gleadow et al. 1986).
A variety of measurements have been used in FT dating
studies to estimate the distribution of track lengths (e.g.
Bhandari et al. 1971; Wagner and Storzer 1972; Dakowski
1978). Some of these measurements (e.g. projected lengths)
contain little useful information about the true length dis-
tribution (Dakowski 1978; Green 1981; Laslett et al. 1982).
A much better procedure is to measure the lengths of con-
fined tracks that do not intersect the surface and are entirely
located within the crystal interior but have been etched from
an intersection with either a track at the surface or a crack or
cleavage plane emerging at the surface (see Chap. 1, Hurford
2018). These tracks are called TINTs (track-in-track) and
TINCLEs (track-in-cleavage) after Lal et al. (1969), who
first suggested their use. However, the measurement of
TINCLE fission tracks may lead to unreliable data, so they
should be avoided (e.g. Donelick et al. 2005). The mea-
surement of semi-tracks (the preserved parts of tracks that
have intersected a polished prismatic surface, i.e. the spon-
taneous tracks counted for age determination) is a further
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possibility (Laslett and Galbraith 1996) that may have some
advantages in automated measurement systems (see also
Chap. 4, Gleadow et al. 2018). For further information on
the measurement of FT lengths in apatite see Gleadow et al.
(2002) and Donelick et al. (2005), and zircon see Tagami
(2005).

Only tracks with rounded or angular ends should be
measured, indicating that the etchant has penetrated right to
the end of the track to reveal its full length. Prior to mea-
surement of confined tracks, care should be taken that the
mount is clean and dry, as liquids, especially oils from
greasy fingerprints, can lodge in the end of a confined track
making the tip of the track very difficult to see. Washing the
mount in a strong detergent will usually remove any liquid
from the confined tracks. Examples of well-etched confined
tracks in apatite are shown in Fig. 2.6.

In principle, it is possible to measure both the horizontal
and vertical components of the length of confined tracks to
give their actual length, regardless of their orientation. In
practice on most of the older microscopes however, the
vertical distance is not easily measured and reduces the
precision of the overall measurement. A simpler and more
rigorous procedure is to select only those confined tracks,
which are ±10 °C from the horizontal (Ketcham et al. 2009)
and to measure their apparent length directly. Such mea-
surements have the closest relationship to the true length
distribution and are less subject to inherent sampling bias
than other parameters (Laslett et al. 1982). Horizontal tracks

can be readily identified as those that are in focus along their
entire length under a high-power objective. In reflected light,
horizontal tracks are very obvious because they have a very
bright reflection, without the diffraction bands, which char-
acterise shallowly dipping tracks. Scanning in reflected light
(if available) for suitable horizontal confined tracks for
measurement can be very useful. In many cases, though
certainly not all, horizontal tracks can show up very obvi-
ously because they have a bright reflection without the
diffraction bands, which often characterise shallow dipping
tracks.

Most laboratories carry out confined track length mea-
surements using a drawing tube attachment to a microscope
in association with a digitising tablet attached to a computer.
The drawing tube superimposes an image of the digitising
tablet with its cursor on the usual microscope image. The
cursor carries a bright light-emitting diode to mark the
measuring point in the optical image. Once a suitable track is
located the cursor is simply moved to each end of the image
of the track in turn and the positions marked. The raw
coordinates for the track ends are translated into a length
measurement, and these data are transferred to a computer
for storage and statistical analysis. For each length mea-
sured, the azimuth direction of the c-axis from the elongation
of the track etch pit is usually carried out at the same time as
a reference frame for the orientation of the confined tracks.
The sample mount should be scanned systematically and the
lengths of the confined tracks measured.

Fig. 2.6 Confined spontaneous fission tracks in apatite suitable for length measurements. TINCLEs are indicated by arrows in frames (a) and (b),
while frame (c) shows one TINT (top) and one TINCLE (bottom). Scale is similar for each frame
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Most of the time during a track length analysis is spent
locating suitable tracks. In terms of the minimum number of
lengths that should be counted, there is no firm rule of thumb,
but one should endeavour to collect as much length data as
possible. However, samples containing both long and short
tracks, which usually reflect a more complicated thermal
history, should require more measurements. Mean track
length values in apatites generally stabilise after *50–120
measurements (Barbarand et al. 2003a). However, using
c-axis projection to normalise track lengths in relation to
crystallographic angle due to differences in annealing char-
acteristics with orientation leads to improved measurement
reproducibility and earlier stabilisation of a mean length
value compared to non-projected tracks (Ketcham et al.
2007). In detrital zircons, length measurements are not car-
ried out routinely due to complications arising from the
variability in etching requirements often encountered
between grains, possibly arising from the presence of dif-
ferent provenance populations, but mainly due to variations
in a-radiation damage (Bernet and Garver 2005). In detrital
apatites, it is important to measure confined track lengths
only in those crystals that are dated, so that discrete grain-age
populations can be identified and robust geological inter-
pretations made. Several methods for decomposing FT ages
using peak fitting programs are available (e.g. Brandon 1992;
Galbraith and Laslett 1993; Vermeesch 2009; see also
Chap. 6, Vermeesch 2018).

2.11.6 Californium (252Cf) Irradiation

252Cf irradiation is a technique used to enhance the number
of measurable confined lengths in apatite (Donelick and
Miller 1991) and also to lessen observer bias (Ketcham
2005). Such irradiations, carried out prior to chemical
etching, may be performed on a masked area of the grain
mount or on a second grain mount prepared for each sample.
Alternatively, one could use the same mount made for Ns

determination and re-etch for length measurements after
counting for Ns (see Donelick et al. 2005). By placing grain
mounts under vacuum at a distance of several mm from a
planar 252Cf spontaneous fission fragment source
(T1/2 = 2.645 yr), a substantial number of fission particles
are created, which penetrate the exposed internal grain sur-
face. The resultant tracks act as ‘pathways’ for the etchant to
reach confined tracks at depth below the exposed grain
surface within the apatite, effectively increasing the number
of confined FT lengths available for measurement (see
Donelick et al. 2005). This method has been widely applied
to samples with low uranium concentration and/or those
young in age where insufficient track-in-tracks (TINTs) were
observed. In zircon, which is a denser mineral, 252Cf irra-
diation does not work well for implanting long tracks and

other techniques for increasing the number of measurable
confined tracks, such as irradiation by heavy nuclides and
artificial fracturing have been reviewed by Yamada et al.
(1998).

2.11.7 Kinetic Parameters

FT annealing in apatite is a complicated, nonlinear process
that is not completely understood, but is known to be
dominantly controlled by temperature (markedly so
above >60 °C), the duration of heating and to a lesser degree
by crystallographic orientation (e.g. Donelick et al. 2005).
However, annealing is also related to a complex interplay of
anion (Cl, F, OH) and cation substitutions (e.g. REE, Mn, Sr,
Fe, Si), with Cl playing a primary role (Green et al. 1985).
REE in more F-rich apatites have been suggested to exercise
some control on annealing (Barbarand et al. 2003b) as have
some other possible chemical factors as outlined by Done-
lick et al. (2005) and Spiegel et al. (2007). The bulk
track-etching rate of apatite has also been proposed as a
proxy for bulk chemical composition, and this involves
measurement of the Dpar—the arithmetic mean of FT etch
pit lengths measured parallel to the crystallographic c-axis
(e.g. Donelick 1993; Burtner et al. 1994).

Dpar length and Cl content are the two kinetic param-
eters most routinely measured and should be collected from
every grain analysed for either age or track length data.
Along with FT age and length data, the measurement of
either parameter is considered essential for carrying out
quantitative thermal history modelling of individual apatite
grains or populations of grains. Thermal history models in
common use can accommodate the input of either param-
eter. The choice of which measurement should be pre-
ferred, however, is still the subject of some debate (e.g.
Barbarand et al. 2003b; Green et al. 2005; Hurford et al.
2005; Donelick et al. 2005).

Data for both parameters (as for age and length data)
should only be acquired on prismatic sections parallel to the
crystallographic c-axis, and this orientation can be readily
checked by the presence of sharp polishing scratches and the
alignment of etch pit openings under reflected light parallel
to the c-axis (see Donelick et al. 2005).

The measurement of Dpar for a conventional microscope
set-up is essentially the same as for track length measure-
ment, but in this case the scale of measurement is consid-
erably smaller. With digital imaging (see Sect. 2.12 and
Chap 4, Gleadow et al. 2018) Dpars, however, can now be
measured automatically with greater resolution down to
almost the pixel level, within a matter of seconds and the
smaller parameter Dper (the etch pit minor axis perpendic-
ular to the c-axis) can also be resolved, allowing for a more
precise and complete characterisation of etch pit geometry.
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Measurement of apatite Cl content has now largely
become a routine procedure. However, traditionally it
involves another analytical step and is perceived as being
more expensive and time-consuming, in that grain x–y co-
ordinates recorded from the measurement of both grain ages
and track lengths are now required to be transferred to a
suitable stage for electron probe microanalysis for
grain-by-grain halogen analysis (F and Cl content). Special
care should be taken when carrying out such analysis on
apatite as the halogen X-ray intensity can fluctuate strongly
with operating conditions, grain orientation and bulk F and
Cl content (Goldoff et al. 2012; Stock et al. 2015). The use
of infrared microspectroscopy for the semi-quantitative
determination of apatite anion composition has been
described by Siddall and Hurford (1998), but is not used
routinely. The measurement of Cl content in apatite using
LA-ICP-MS (Chew et al. 2014) is an important development
towards collecting kinetic information together with uranium
(and REE) content for a more integrated approach towards
data acquisition for FT analysis.

2.12 Digital Imaging and Automated FT
Analysis

Conventional FT counting is very labour-intensive. How-
ever, new analytical approaches are now promising sig-
nificant improvements in data quality and analytical
productivity in FT analysis. Gleadow et al. (2009, 2015)
described a method that combines autonomous digital
microscopy and automatic image analysis for the recogni-
tion and counting of fission tracks in minerals such as
apatite, along with new tools for the enhanced measure-
ment of Dpar and FT lengths. This new technique takes
full advantage of the capabilities of the new generation of
digital microscopes, such as the Zeiss Axio-Imager series.
Much of the operator time previously tied to the micro-
scope is now freed up to do other things as the
microscope/software system captures and processes the
images autonomously, without the need for operator
involvement after the first setting up has been completed.
Multiple slides can be imaged overnight, and the processed
images analysed offline on a computer using the analysis
software. Digital coordinates of analysed grains are
exported to other computer-operated devices such as a laser
ablation stage or an electron probe microanalyser stage, for
further analysis. This new approach is described in more
detail in Chap. 4, (Gleadow et al. 2018).
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3Fission-Track Annealing: From Geologic
Observations to Thermal History Modeling

Richard A. Ketcham

Abstract
This chapter reviews the evolving state of knowledge
concerning fission-track (FT) annealing, primarily in
apatite and zircon, based on theory, experiments, and
geological observations. Multiple insights into track
structure, formation, and evolution arise from transmis-
sion electron microscopy, small-angle X-ray scattering,
atomic force microscopy, and molecular dynamics com-
puter modeling. Our principal knowledge, however,
comes from experiments in which spontaneous or induced
tracks are annealed, etched, and measured, the results
statistically fitted, and their predictions compared against
geological benchmarks. This empirical approach has
proven effective and resilient, though physical under-
standing remains an ultimate goal. The precise mecha-
nism by which lattice damage anneals, and how it varies
among minerals and damage types, remains unknown.
Multiple similarities between apatite and zircon suggest
equivalent underlying processes. Both minerals demon-
strate annealing anisotropy, and its characterization is
crucial for understanding both track shortening and
density reduction. The fanning curvilinear equation,
featuring curved iso-annealing lines on an Arrhenius-
type diagram, has been the most successful for matching
data spanning timescales from seconds to hundreds of
millions of years. A super-model featuring a single set of
iso-annealing lines describes all apatite experimental data
to date. Annealing rates vary with both anion and cation
substitutions, and more work is required to ascertain how
these substitutions interact. Other areas for further
research include differences between spontaneous and
induced tracks, and possible additional processes affect-

ing length and density evolution, such as seasoning.
Thermal history inversion simultaneously leverages and
tests our models, and accounting for kinetic variation is
key for doing it soundly.

3.1 Introduction

The power of fission tracks for geological investigations
derives precisely from their thermal sensitivity. Fission-track
(FT) methods are unique among thermochronometers in that
upon formation each daughter product becomes a sensitive
recorder of the thermal history its host mineral subsequently
undergoes. If the temperature information in a large number
of tracks that formed over a long time interval can be suc-
cessfully recovered, that information can be integrated and
merged with other geological constraints to ascertain
detailed thermal histories (e.g., Green et al. 1989; Gallagher
1995, 2012; Issler 1996; Ketcham 2005).

The ability to derive reliable thermal history information
from fission tracks depends critically on how well the
annealing process is understood and characterized. Here, we
run into difficulty, as the annealing of fission damage, and
radiation damage in general, is a complex physical process
that is not well understood. There are many reasons for our
lack of progress. The mechanism by which energy is
deposited into the crystal lattice remains a matter of debate
and may vary among minerals and damage types, and the
disposition and configuration of displaced atoms are difficult
to ascertain and inevitably varied. The fission damage zone
is very inconveniently shaped, 5–10 nm in diameter but
12–20 µm long, confounding the ability of nano-analytical
methods to observe them across their full extents without
disturbing them, and the capacity of computational resources
to encompass them, as would be required for the formation
or shortening process to be observed or modeled in complete
detail. Given these difficulties, the precise mechanism by
which damage anneals, and whether it varies among
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minerals or damage types, remains a matter of conjecture.
Finally, insofar as we are primarily interested in the behavior
of fission tracks over geological timescales, we cannot be
sure that our theories are correct, or that our laboratory
experiments or molecular models are capturing the processes
that operate over these timescales, unless and until we test
their implications against geological observations.

As a result, the degree of success that has been achieved
in usefully describing and quantifying FT annealing has
been due to simultaneous work across multiple fronts: the-
ory, experiment, and geological application. All of these
have evolved in parallel over the past fifty years, and their
continued progress can be expected to further improve our
understanding of FT annealing and our ability to use it to
derive thermal history information.

3.2 Radiation Damage

To discuss annealing, we first need to review how heavy
ions create radiation damage, and what aspects of this
damage are reflected in the measurements we make. For a
recent and comprehensive technical review of heavy ion
track formation and damage, readers are referred to Wesch
and Wedler (2016); here, only lattice damage will be con-
sidered. The two primary types of lattice damage in
U+Th-bearing materials stem from fission and alpha recoil.
Both need to be considered, as the latter is responsible for
more lattice damage and is thought to possibly influence
both topics of direct interest such as zircon FT etching and
annealing rates (Rahn et al. 2004) and allied ones such as
helium diffusivity (Flowers et al. 2009; Gautheron et al.
2009; Guenthner et al. 2013).

3.2.1 Fission Versus Alpha Recoil Tracks
and Damage

Fission fragments are heavy (mass 80–155 amu) and ener-
getic (*160 MeV/decay), and their stopping distances are
on the order of 8–11 µm in typical minerals (Jonckheere
2003b). Alpha decay energies from U and Th chains are in
the 3–9 MeV range, but most of the energy goes to the alpha
particle (4He ion), which is thought to cause relatively little
damage, several hundred atomic displacements along
a *20 µm path (Weber 1990), due to its small size and
charge. About 70–140 keV of decay energy is imparted to
the recoiling nucleus, which due to its large size and low
velocity interacts more strongly with atoms along its path,
and typical stopping distances and thus latent track lengths
are on the order of 25 nm and feature thousands of dis-
placements. However, even though the energy deposited by
each recoil nucleus is *103 times less than for a pair of

fission fragments, alpha decay in 238U and its daughter
products is *107 times more frequent than spontaneous
fission, and thus, alpha recoil tracks (ARTs) are 107 more
plentiful and are responsible for depositing 104 more energy
into the lattice than fission tracks.

The mechanisms by which fission particles and alpha
recoil nuclei impart energy to the enclosing material and
create damage are different (Fleischer et al. 1975). The
energy released during fission is high enough that the
daughter nuclei leave their electron clouds behind, and they
travel through the enclosing crystal as highly charged ions
(+30 to +50), leaving a lattice charge in their wake that
displaces atoms by electronic repulsion, the “ion spike”
model (Fleischer et al. 1965b). Conversely, the compara-
tively low energy and charge of the recoiling nucleus
probably results in kinetic, or hard-sphere (rigid nucleus and
electron cloud) “wrecking ball” interactions and damage.
The principal alternative to the ion spike model for FT for-
mation is the thermal spike, which posits energy transfer as a
thermal process. These processes are not exclusive of each
other, and a “compound spike” understanding of ion tracks
has been put forward (Chadderton 2003). Although most
calculations of track interactions with their host material use
or approximate an electronic model (e.g., Rabone et al.
2008; Li et al. 2012), the thermal spike is more conducive to
making some predictions such as track radius (Szenes 1995),
and has been useful in examining TEM observations of fis-
sion tracks in zircon (Li et al. 2014).

Whether damage trails from fission and alpha recoil anneal
in the same way, or at the same temperatures, is a subject of
great current interest in thermochronology, due to the impor-
tance of understanding radiation damage and its annealing for
(U−Th)/He dating. On this topic, the data are mixed and
sparse. The most direct comparison can be made in micas, as
their perfect cleavage makes them among the only minerals in
which alpha recoil tracks can be etched and observed directly
(Huang and Walker 1967; Gögen and Wagner 2000; Stübner
et al. 2015). Annealing experiments by Yuan et al. (2009)
indicate that the closure temperature (Tc) for ARTs in phlo-
gopite is on the order of 26 °C for 10 °C/Myr cooling,whereas
earlier experiments byParshad et al. (1978) suggest thatfission
tracks in phlogopite persist at up to 200 °C on million-year
timescales. Previous work on biotite has also suggested that
the retention temperature for ARTs is about 100 °C lower than
that of fission tracks (Saini and Nagpaul 1979;
Hashemi-Nezhad and Durrani 1983).

In zircon, some component of non-fission lattice damage
is thought to be responsible for color change which persists
to higher temperatures than fission tracks over geological
timescales (Garver and Kamp 2002), enhanced etching rate
(Gleadow et al. 1976), and possibly lowering resistance to
FT annealing (Rahn et al. 2004). At short timescales, how-
ever, Braddy et al. (1975) found that a brief pre-annealing
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step could reduce etching rates enhanced by radiation
damage-induced metamictization, while preserving FT den-
sity. This may indicate a “kinetic crossover” (Reiners 2009),
in which relative annealing rates change as one goes from
laboratory to geological timescales. Alternatively, damage
recovery as gauged by Raman spectroscopy from a
near-metamict state has been shown to be faster than from
lower damage magnitudes (Zhang et al. 2000; Geisler et al.
2001), perhaps indicating that the Braddy et al. (1975) result
reflects a bulk process rather than a property of individual
recoil tracks. However, Tagami et al. (1990) and Yamada
et al. (1995b) also report a strong reduction in etching rate in
far less-damaged zircons at only the incipient stages of FT
annealing at laboratory timescales, which they attribute to
removal of alpha recoil damage. Taken together, these
observations point to a complex picture, with the bulk of
alpha recoil damage annealing well before fission tracks in
zircon, but final remnants persisting to higher temperatures.

3.2.2 Revelation by Etching

The stopping distances of fission particles are considerably
longer than the track lengths as revealed by etching. For
example, the two fission nuclei are estimated to end up
21.2 ± 0.9 µm from each other in apatite (Jonckheere
2003b), whereas the etchable length of the fission track is on
the order of 16 µm by standard protocols (e.g., Ketcham
et al. 2015), a “length deficit” of 25%. Similarly, in zircon,
fission fragments travel 16.7 ± 0.8 µm, but etched lengths
are on the order of 11 µm (Tagami et al. 1990; Yamada et al.
1995a), a length deficit of about 34%. TEM observations (Li
et al. 2012) verify that atomic-scale damage does exist
beyond the etchable length, and thus, there evidently exists a
degree of damage below which etchability is not signifi-
cantly enhanced. A related observation is that, at high
degrees of annealing, some tracks form “unetchable gaps”
(Green et al. 1986), zones of slow etching separating zones
of fast etching along a track.

There is thus a disconnect between the atomic-scale pro-
cess of annealing and track shortening as we infer it from
etched fission tracks. Annealing equations describing length
reduction do so in terms of etchable length, and equations
describing density reduction do so in terms of the zone of
enhanced etchability intersecting a polished internal surface.
Thus, they reflect annealing of damage to below some etch-
ability limit, usually defined by the etching protocol, not the
complete eradication of damage. Similarly, the formation of
slow-etching gaps can make the zone of enhanced etchability
appear shorter than it really is, leading to an apparent accel-
eration of shortening in the final stages of annealing that
varies with the crystallographic orientation of the track. In
apatite, this latter problem is largely bypassed by

characterizing the annealing of tracks parallel to the crystal-
lographic c-axis, which are the last ones to undergo acceler-
ated annealing (Donelick et al. 1999; Ketcham et al. 2007a).

Another salient point is that length measurements can
depend on the etching protocol used. In apatite, the usual
procedure is to etch using HNO3 at a certain strength and
temperature for a certain duration (see Chap. 2, Kohn et al.
2018). The most common protocols use 5.0 or 5.5 M HNO3

at 20 °C for 20 s, linking them to the annealing data sets
produced by Barbarand et al. (2003) and Carlson et al.
(1999), respectively. However, some laboratory groups have
preferred using weaker acids, compensated by longer etch-
ing times (e.g., Crowley et al. 1991), and a wide range of
protocols remain in use (Ketcham et al. 2015). Recent results
also indicate that enhanced etchability declines gradually
rather than as a step function, and that standard, single-step
etching protocols may omit a zone beyond the end of the
etched track in which etching rates are reduced but still
greater than for bulk crystal (Jonckheere et al. 2017). Zircon
is more difficult to etch than apatite, typically requiring a
KOH-NaOH eutectic at 210–250 °C, and etching times from
several hours up to days (Gleadow et al. 1976; Garver 2003).

Etching rates can even vary on a grain-by-grain basis.
Apatite etching rates increase with increasing Cl and OH
content, leading to the suggestion that etching times should
be varied to achieve a constant etch figure width (Ravenhurst
et al. 2003). This procedure has not been adopted for apatite,
as more efficiencies accrue from treating all samples iden-
tically. Conversely, in zircon, etching rates vary greatly as a
function of radiation damage (Gleadow et al. 1976), and the
preference has been to etch until the tracks are a given width,
usually 1 ± 0.5 µm (Yamada et al. 1995a). Different zircon
grains in a given mount can etch at different rates, necessi-
tating multiple etches with interspersed measurements, or
multiple aliquots etched for different durations (Garver et al.
2005). These complications make zircon FT lengths more
difficult to interpret, in terms of both discerning thermal
histories and studying thermal annealing behavior.

3.3 Annealing Experiments

Most of our knowledge of annealing comes from laboratory
experiments in which tracks are subjected to controlled
conditions and inspected to reveal the extent to which they
have changed from an “unannealed” reference point. The
tracks used for these studies have been either natural spon-
taneous tracks, usually from a sample with a sufficiently
low-temperature geological history that there is evidence of
no to minimal annealing, or tracks that have been induced in
a nuclear reactor after pre-existing damage has been erased
by heating. In fact, some degree of annealing occurs in
apatite over geological timescales at near-surface
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temperatures, and even in the seconds to days following
irradiation (Donelick et al. 1990), but accounting for this
initial component is not straightforward, as discussed below,
and is thus usually omitted. From the standpoint of forma-
tion, spontaneous and induced tracks can be safely consid-
ered as identical, as the energy released and decay products
from the fission of 238U and 236U are nearly equivalent.

Induced tracks are generally preferred for annealing
experiments because they provide the cleanest interpretation,
as all tracks in a grain will have a near-identical history,
whereas the ages of natural spontaneous tracks in a sample
will vary widely. However, spontaneous tracks may be pre-
ferred in some cases if there is concern that the pre-annealing
step could alter the mineral in an undesirable way, such as by
erasure of background radiation damage from alpha recoil.

3.3.1 Early Work

Initial investigations of the causes for fission damage
annealing quickly settled on temperature as the primary
factor; Fleischer et al. (1965a) ruled out other possibilities
such as pressure and ionizing radiation as being compara-
tively insignificant based on experiments on zircon, olivine,
micas, and glasses. The first thermal annealing study on
fission tracks was by Fleischer and Price (1964), in which
they measured reduction in FT density (tracks observed per
unit area on a polished surface) (see Chap. 1, Hurford 2018).
They found that the transition between unannealed and fully
annealed fission tracks in a volcanic glass followed a linear
trend on an Arrhenius-like plot of ln(t) versus 1/T
(Fig. 3.1a), suggesting the relation:

sa ¼ AeE=kT ð3:1Þ
where sa is the time necessary to obtain a certain degree
track density reduction at absolute temperature T, A is a
pre-exponential constant, E is an activation energy, and k is
Boltzmann’s constant. Subsequent work on apatite and
titanite (e.g., Naeser and Faul 1969; Wagner and Reimer
1972) found that the slope of the line describing a given
degree of density reduction steepens as annealing progresses
(Fig. 3.1b). This pattern was subsequently observed in sev-
eral other minerals, such as garnet (Haack and Potts 1972;
Lal et al. 1977), epidote (Naeser et al. 1970; Haack 1978),
vesuvianite (Haack 1978), and phlogopite (Parshad et al.
1978), as well as volcanic glasses (Storzer 1970).

Equation 3.1 is not strictly an Arrhenius equation, as it
describes the time necessary for a certain degree of reac-
tion progress, rather than a reaction rate; plots of the type
shown in Fig. 3.1 are thus referred to as “Arrhenius-type”
diagrams in this chapter, rather than Arrhenius diagrams.
The progression in the activation energy inferred from the
shifting slope as annealing progresses is enigmatic; it may
imply that the activation energy required for further
annealing increases as tracks shorten, or alternatively that
different tracks may have different activation energies.
The activation energies derived in this way for a mineral
typically vary by factor of 2–3 between first onset of
annealing and completion, leading to a wide range of
thermal sensitivities. For example, results for epidote by
Haack (1978) suggest that FT density will fall by 10%
after 10 million years at *204 °C, but 90% reduction
over the same time interval requires temperatures of
460 °C.
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3.3.2 Length-Based Approach

The recognition that lengths of horizontal confined tracks in
apatite contain detailed thermal information (Bertagnolli
et al. 1983; Gleadow et al. 1986) led to new annealing
experiments that focused on length rather than density
(Green et al. 1985, 1986; Crowley et al. 1991; Donelick
1991; Carlson et al. 1999; Barbarand et al. 2003; Ravenhurst
et al. 2003). Length-based experiments have the advantage
of not requiring U homogeneity in the sample material,
although homogeneity of other chemical components that
may affect annealing rates remains necessary. Overall, the
experiments are conducted in a similar fashion, and evalu-
ated in a similar way, to density-based ones.

A key advantage of length-based experiments is the more
detailed information they provide concerning the annealing
process—for a density measurement, only the presence of a
track is recorded, whereas each track length reveals a degree
of shortening. Several key observations can be obtained
from the length data shown in Fig. 3.2, which summarises a
set of experiments on apatite with progressively increasing
degrees of annealing, and the effect of track crystallographic
orientation (Donelick et al. 1999). At low degrees of
annealing, there is continuous, gradual shortening of tracks,
indicating that annealing at this stage progresses from the
tips inward. Although unannealed track lengths are nearly
isotropic (Fig. 3.2a), tracks at higher angles to the apatite
crystallographic c-axis anneal more quickly than tracks at
low angles (Fig. 3.2b, c), a relationship that can be described
well by a polar-plot ellipse (Donelick 1991; Donelick et al.
1999; Ketcham 2003; Ravenhurst et al. 2003). Once indi-
vidual tracks anneal to about 10.5 µm (Fig. 3.2d–f), their
annealing rate accelerates, causing a breakdown of the
elliptical relationship. At least part of this acceleration is
caused by the formation of slow-etching gaps, which can
prevent the full etchable length of the track from being
etched in standard protocols. This phenomenon suggests that
track-tip annealing is augmented by annealing from the track
sides (Carlson 1990).

The only mineral aside from apatite that has had exten-
sive length-based annealing experiments is zircon (Tagami
et al. 1990, 1998; Yamada et al. 1995b; Murakami et al.
2006). Even though the etching techniques have been dif-
ferent, as described above, general patterns of zircon FT
annealing resemble those for apatite (Fig. 3.3), including
anisotropy in both etching and annealing behavior. An
interesting difference is that, while individual tracks appear
to undergo accelerated annealing, the elliptical relationship
does not appear to break down. To counteract over-etching,
Yamada et al. (1995a) recommend that only fission tracks
with c-axis angles >60° be used for analysis, and most
subsequent studies have followed this advice.

3.3.3 Link Between Length and Density

With the transition from density-based to length-based studies
came the need to characterize and understand the relationship
between the two. Themost definitive study on this topic was by
Green (1988), in which both spontaneous and induced tracks
were annealed and compared inmultiple apatite specimens.The
relationship between density reduction and length reduction
(Fig. 3.4) is not straightforward, and interesting phenomena
appear at both early and advanced stages of annealing.

A key point of the approach recommended by Green
(1988), and since adopted by the majority of the FT com-
munity, is that comparing spontaneous and induced tracks
requires renormalizing both the length and density mea-
surements to a common baseline corresponding to an initial
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condition of induced tracks. Because spontaneous tracks in
apatite are invariably 4–11% shorter than induced ones
(Green et al. 1986; Carlson et al. 1999; Spiegel et al. 2007),
there is an implication that all spontaneous tracks have been

slightly annealed, even at Earth-surface or ocean-bottom
conditions (Vrolijk et al. 1992; Spiegel et al. 2007). If this is
the case, then according to line segment theory the number
of tracks intersecting a unit area of the polished (etched)
grain surface (i.e., the surface track density) should also have
diminished by a similar amount (Fleischer et al. 1975; Parker
and Cowan 1976; Laslett et al. 1982, 1984), and sponta-
neous track densities should be renormalized to a value
corresponding to what they would have been in the absence
of this annealing. This assertion is subtly provocative,
however, as it essentially posits that absolute apatite FT ages
(i.e., obtained without using a zeta calibration) should never
reproduce crystallization ages. It has thus remained con-
tentious for those continuing to look in detail at the feasi-
bility of absolute dating (Enkelmann et al. 2005; Jonckheere
et al. 2015) and affects the assumptions underlying thermal
history inverse modeling as well. This point is revisited later
in this chapter.

At low levels of annealing, the Green (1988) renormal-
ization results in a gap in spontaneous track data between
reduced length and density values from 0.9 to 1.0 (Fig. 3.4).
The induced track data in this region generally follow a
near-1:1 relationship, as predicted by line segment theory
adapted to account for annealing anisotropy (Laslett et al.
1984; Ketcham 2003).

As annealing progresses, rather than continuing along
the *1:1 trend, there is a sudden deviation at reduced length
and density values of about 0.65, in which density reduction
seems to accelerate with respect to length reduction. The
mechanism behind this was properly but incompletely
identified by Green (1988) as a result of annealing aniso-
tropy combined with length biasing (Laslett et al. 1984):
Because a shorter confined track is less likely to be inter-
sected by an etchant pathway from the polished surface, it is
correspondingly less likely to be observed. Thus, in a track
length distribution that has variable lengths due to aniso-
tropy, mean length would remain long (because those tracks
are more likely to be seen), while density would fall more
quickly. However, in re-examining the annealing data from
Carlson et al. (1999), Ketcham (2003) found that length
biasing alone is not a sufficient explanation. There is a stark
shift in observational frequency between longer, low-angle
tracks and shorter, high-angle ones as annealing progresses
—the relative chances of measuring a low-angle versus a
high-angle track increase by a factor of well over 100. This
observation can only be explained if significant proportions
of the high-angle tracks have become undetectable, or
zero-length for practical purposes. Because zero-length
tracks cannot contribute to measurements of mean track
length, mean lengths are skewed to larger values that do not
reflect the true extent of annealing of the entire track pop-
ulation. This makes mean track length data a very imperfect
gauge of annealing progress, even compared to density,
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unless the effects of anisotropy are accounted for, as dis-
cussed later.

3.3.4 Short-Timescale Annealing Experiments

Another implication of apatite FT annealing at Earth-surface
conditions is that some annealing of induced tracks may
occur during and immediately after irradiation, making the
“initial state” used to normalize length and density mea-
surements in fact an already-annealed one. Donelick et al.
(1990) performed an important experiment in which they
etched irradiated mounts in the minutes and hours immedi-
ately after irradiation, while they were still “hot” out of the
reactor, essentially conducting a room-temperature anneal-
ing experiment. His results on four different apatite varieties
indicate that 0.3–0.5 µm of shortening does take place
during the time interval from *10 min to *3 weeks after
irradiation.

Another valuable set of experiments at short timescales
and high temperatures was conducted by Murakami et al.
(2006), in which a high-speed graphite furnace was used to
anneal zircon fission tracks at *500–900 °C in experiments
carefully controlled to last only 4, 10, and 100 s. The
importance of such experiments is that they extend observa-
tions across several more log units of time in comparison to
what is possible with normal furnaces, which typically take a
few minutes to heat a sample to the target temperature after it
is introduced. At the same time, as shorter experiments require
higher temperatures, there is a danger that annealing rate may
be affected by operation of some different mechanism. For
example, Murakami et al. (2006) report some track length
distributions obtained after 4 and 10 s that show unusually
high standard deviations, which they attribute to an earlier
onset of segmentation compared to tip shortening than
observed in longer-time, lower-temperature experiments.
Girstmair et al. (1984) conducted similar experiments on
Durango apatite, but only measured track density.

3.4 Geological Observations

Necessary clues for understanding FT annealing come from
geological benchmarks, or studies in which the thermal
history is relatively well established from independent
information and thus can serve to test whether annealing
models adequately reproduce geological timescale behavior.
Generally, the easiest cases to identify and utilize will be
where the samples have spent long periods of time at their
present-day temperature, whether it be high (e.g., at depth,
obtained from a well or borehole) or low (e.g., ocean bottom
or Earth surface).

3.4.1 High-Temperature Benchmarks

High-temperature benchmarks are necessary for testing FT
behavior near the total annealing point, and down-well studies
have been long recognized to be a natural setting for this
purpose (e.g., Naeser and Forbes 1976; Naeser 1981).
Unfortunately, the requirement that a rock body at depth has
maintained a near-constant temperature for tens of millions of
years is not an easy condition to fulfill. Geologically, it
requires that there has been no significant change in boundary
conditions such as basal heat flow and surface temperature,
and negligible advective factors such as erosion or deposition,
faulting, intrusive activity, and fluid flow (see Chap. 8,Malusà
and Fitzgerald 2018). These conditions are difficult to meet
over million-year timescales; for example, mean global sur-
face temperature was probably roughly 14 °C higher in the
Eocene and has been falling fairly steadily since then (Zachos
et al. 2008). Perhaps the most likely settings to be free of
subsurface disturbances are deep boreholes on continental
shields, but the few examples we have do not provide
encouragement. TheKola superdeepwell on the Scandinavian
shield encountered unexpectedly high temperatures and active
fluid flow at over 9 km depth (Kozlovsky 1984). The Konti-
nentale Tiefbohrung (KTB) continental deep drilling project
in Germany likewise had to cease drilling early due to high
temperatures at depth well in excess of predictions (O’Nions
et al. 1989), and permeability supporting the possibility of
convectiveflowwas found down to 9 km (Clauser et al. 1997).

Two important down-well data sets for study of the FT
system are the Otway Basin on the southern Australian
passive margin and the KTB well in the Bavarian shield. The
Otway Basin was initiated in the Late Jurassic through Early
Cretaceous by the continental breakup of Australia and
Antarctica, with rapid subsidence during rifting leading to
deposition of 3–5 km of sediments in the Otway Supergroup
between *123 and 106 Ma, mostly from contemporaneous
volcanic sources. Based on detailed basin analysis, the
western Otway Basin is thought to have undergone nearly
monotonic burial since deposition, with little activity and
thus near-static temperature since 30 Ma (Gleadow and
Duddy 1981; Duddy 1997). Green et al. (1985) reported that
end-member F-apatites in the Flaxmans-1 well become fully
annealed at a present-day downhole temperature of 92 °C,
while apatites with a Cl content of 0.6 apfu (*2.2 wt%)
retain their depositional age, indicating that Cl content exerts
a first-order effect on annealing kinetics.

The KTB deep drilling project consists of two boreholes,
reaching depths of 4001 and 9101 m, penetrating the west-
ern margin of the Bohemian Massif through Variscan crys-
talline rocks. These rocks host a range of accessory phases,
which has made it a useful proving ground for evaluating and
comparing thermochronometers (Wauschkuhn et al. 2015a).

3 Fission-Track Annealing: From Geologic Observations to Thermal History Modeling 55



The Cenozoic geological history of the area drilled by the
KTB has been an area of dispute, however. Based on apatite
FT ages and lengths that show little variation in the top two
kilometers of the section (Fig. 3.5), Coyle et al. (1997) posit
that Cenozoic reverse faulting thickened this section by up to
1000 m, leading to repetition of ages and lengths. This
conclusion is disputed by Wauschkuhn et al. (2015a), who
argue that there is no “positive support from independent
geological evidence” for such a scenario, and instead favor
the assumption that the block has been for all practical
purposes quiescent since the end of the Cretaceous, and test
various annealing models based on this assumption.

Corrigan (1993) examines apatites from a series of sur-
face and subsurface samples from south Texas and reports
down-well samples with fission tracks persisting to as high
as 130 °C in the Frio growth-fault trend. These data con-
tinue to pose an interesting potential challenge to the con-
ventional wisdom on apatite annealing, as these
temperatures exceed those at which F-apatite is thought to
retain tracks over geological time, and fission tracks will
tend to reflect the highest temperature they experience. Thus,
recent cooling is more likely to provide a harmfully mis-
leading idea of down-well thermal history than recent heat-
ing. However, interpretation of these data is not
straightforward. The wells are in active natural gas fields and
show extremely variable downhole temperatures from site to
site; according to the National Geothermal Data System
database (http://geothermal.smu.edu/gtda), wells within
several hundred meters of the hottest wells used by Corrigan
(1993) are some 10–20 °C cooler. Also, although Corrigan
(1993) measured Cl composition to gauge kinetic variability,
only 300 random grains were analyzed, rather than matching
compositions to specific density and length measurements.
As some Cl content variation was observed, there is the

danger of a selection bias, and that deeper, hotter measure-
ments reflect more resistant grains. Finally, as discussed
below, other chemical substitution aside from Cl can
increase annealing resistance.

A series of studies on fission tracks in zircon has resulted
in a variety of high-temperature constraints. By comparing
zircon FT ages with apatite FT and mica Rb–Sr and K–Ar
systems reflecting a supposedly continuous unroofing his-
tory at various localities in the Lepontine Alps, Hurford
(1986) derived a widely cited Tc estimate of 240 ± 50 °C
(for *15 °C/Myr cooling), which was corroborated in
subsequent analyses by Brandon et al. (1998) and Bernet
(2009) that include additional field studies. Subsequent
upward revisions of inferred mica Tc (Villa and Puxeddu
1994; Grove and Harrison 1996; Jenkin et al. 2001;
Harrison et al. 2009) suggest that some of these estimates
could be increased by some tens of degrees, however.
In addition, thermochronological interpretation of some
high-temperature isotopic systems in localities of the
Lepontine Alps featuring extensive fluid flow and defor-
mation has been challenged (Villa 1998; Challandes et al.
2008).

Well-based studies are more challenging for zircon, and
one has to go much deeper and hotter than for apatite to
observe any annealing effects. Tagami et al. (1996) found
only minor length shortening (mean length 10.5 µm) down a
borehole in the Vienna Basin up to temperatures of 197 °C
that reached maximum burial *5Myr ago. Hasebe et al.
(2003) similarly report evidence of only limited zircon
FT annealing at up to 200 °C in the MITI-Nishikubiki and
MITI-Mishima boreholes in southern and central Japan
over *1 Myr timescales. Zircon fission tracks at 205 °C in
the MITI-Nishikubiki are slightly more shortened, with a
mean length of 9.8 µm, while the MITI-Mishima well
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features 10.5 µm mean track lengths at 200 °C. In these
studies, there may be some inherited, shortened tracks
(particularly evident in the MITI-Mishima well), and
equating the time at peak temperature with the cessation of
fast burial may omit longer timescale re-equilibration. In a
core traversing a hydrothermal system in the Valles Caldera,
Ito and Tanaka (1995) estimate up to 30% length reduction
after inferred heating for 1 Myr at 256 °C and 56% at 294 °
C, although these time-temperature estimates hinge on the
stability of a system for which instability is to be expected.

3.4.2 Low-Temperature Benchmarks

Geological settings in which samples have spent a long time
at low temperatures are important for interrogating apatite
annealing behavior in the near-surface environment. The
optimal locality for such studies is the ocean floor, due to the
stable thermal boundary layer provided by deep Hansen et al.
(2013), based on data from Zachos et al. (2008), estimate
long-term deep ocean variation of only about 4 °C during the
Cenozoic. Studies of apatite FT lengths in ODP samples by
Vrolijk et al. (1992) and Spiegel et al. (2007) confirm that
spontaneous tracks that accumulate over geological time in
low-temperature settings are 4–11% shorter than induced
tracks. Although not straightforward to compare because of
their various ages, reconstructed thermal histories, and com-
positions, this variation can be understood to first order in
terms of peak temperature and Cl content (Fig. 3.6). The
F-apatites (smaller circles) form the lower-temperature part of
a consistent trend (dashed line) suggesting that shortening
increases from 4 to 11% as peak paleotemperature rises
from *10 °C to *25 °C. The Spiegel et al. (2007) data also
feature some apatites with higher Cl content, which is
expected to make them more resistant to annealing; the effect
in Fig. 3.6 is to push them upwards compared to their
expected response if they were F-apatites.

The principal disadvantage of ocean-bottom samples is
that material quantity is limited and may include multiple
sources and thus may not be straightforward to characterize
in terms of unannealed induced length (which can vary by
0.64 µm even among near-end-member F-apatites (Carlson
et al. 1999)) or annealing properties. It thus makes sense to
complement them by also examining standards such as
Durango and Fish Canyon, whose annealing characteristics
have been extensively studied and that are likely to have
been near the Earth surface since formation, although
excursions such as limited burial can be difficult to rule out
(e.g., Gleadow et al. 2015). Data from Durango and Fish
Canyon reported by Carlson et al. (1999) and Ketcham et al.
(1999) are included in Fig. 3.6, and it is apparent that they
are generally consistent with the ocean-floor data. A compi-
lation of values from the literature is given in Table 3.1 and

shows that Durango apatite mean spontaneous track lengths
average about 11% shorter than induced lengths, while the
Fish Canyon apatite spontaneous lengths are only about 6%
shorter, which is consistent with their increased annealing
resistance as determined experimentally (Ketcham et al.
1999).

The low-temperature sections of deep wells can also be
used for this purpose, although they are subject to the same
sources of uncertainty as their higher-temperature brethren.
Shallowmeasurements in theKTBborehole reported byCoyle
et al. (1997) and Wauschkuhn et al. (2015a) in aggregate
suggest *15–20% length reduction (Fig. 3.5) at holding
temperatures the latter authors interpret to have remained as
low as 10–15 °C, which is clearly not consistent with the
ocean-floor and standard data shown in Fig. 3.6. For example,
Durango apatite has undergone only about 11% length
reduction, and the current mean annual surface temperature of
the area is 18 °C and was likely higher in the Miocene.
Wauschkuhn et al. (2015a) thoroughly analyzed apatite
composition in several samples and found no anomalies that
would be expected to affect annealing rates. The most likely
explanation, to this author, is thus that the shallowest samples
in theKTBhave seen somewhat higher temperatures than their
present-day state and that isothermal stasis throughout the
Cenozoic is not a good assumption for the KTB.

For zircon, spontaneous tracks from near-surface settings
have lengths that are indistinguishable from induced ones
(Kasuya and Naeser 1988; Tagami et al. 1990; Hasebe et al.
1994; Yamada et al. 1995b); example values are given in
Table 3.2. The simplest interpretation is that length anneal-
ing at Earth-surface temperatures is negligible for zircon.
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3.5 Other Observation Modalities

In addition to chemical etching, a number of other tech-
niques have been used to investigate the structure of latent
fission tracks and the mechanisms of annealing, both
experimental and computational.

3.5.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) data provide the
most direct look at latent fission tracks (Paul and Fitzgerald
1992) and ion tracks generated by particle accelerators
(Jaskierowicz et al. 2004; Lang et al. 2008; Li et al. 2010,
2011, 2012, 2014), and can provide invaluable information
on atomic-scale structure and annealing. Accelerated ions
are considered good analogues for fission particles with
respect to track formation, with the key parameter being

energy loss per unit path length (Lang et al. 2008), and offer
precise control of experimental design parameters such as
track density and orientation. TEM data have shown that
tracks appear to have sharp boundaries, which in apatite
have facets in some crystallographic orientations (Paul and
Fitzgerald 1992; Li et al. 2014). Early data by Paul and
Fitzgerald (1992) suggested that latent fission tracks are
wider in the crystallographic c-direction than perpendicular
to it, but later analysis by Li et al. (2014) using ion tracks
found no such distinction. A particularly important result is
that the latent track radius in apatite falls continuously from
the origin point (*4.5 nm, the radius of 80 MeV Xe ion
tracks) to its terminus, with a break-in-slope at about the
half-way point (Fig. 3.7) that may correspond to the transi-
tion between tip shortening and segmentation modes of
annealing (Li et al. 2012). Li et al. (2012) also observe
dispersion of ions from their original trajectories as predicted
by SRIM calculations (Ziegler et al. 2008) by ± 15°,
demonstrating how fission tracks can occasionally be curved

Table 3.1 Measurements of spontaneous and induced track lengths in apatites with low-temperature histories

Apatite Spon. (µm) Source Ind. (µm) Source l/l0 Analyst Etch

Durango 14.24 (08) G88 15.91 (09) G88 0.895 (7) PFG 5.0 M, 20 °C, 20 s

Durango 14.47 (06) K&99 16.21 (07) C&99 0.893 (5) RAD 5.5 M, 21 °C, 20 s

Durango 14.58 (13) G&86 16.24 (09) G&86 0.898 (9) AJWG 5.0 M, 20 °C, 20 s

Durango 14.68 (09) G&86 16.49 (10) G&86 0.890 (8) IRD 5.0 M, 20 °C, 20 s

Durango 14.20 (10) J&07 16.30 (10) J&07 0.871 (8) RJ 4.0 M, 25 °C, 25 s

Mean Durango 0.889

Fish canyon 15.35 (06) K&99 16.38 (09) C&99 0.937 (6) RAD 5.5 M, 21 °C, 20 s

Fish canyon 15.60 (09) G&86 16.27 (09) G&86 0.959 (8) AJWG 5.0 M, 20 °C, 20 s

Fish canyon 15.00 (11) G&86 16.16 (09) G&86 0.928 (9) PFG 5.0 M, 20 °C, 20 s

Mean Fish Canyon 0.941

Mt. Dromedary 14.57 (86) G&86 15.89 (09) G&86 0.917 (8) PFG 5.0 M, 20 °C, 20 s

Otway 14.58 (11) G88 16.17 (09) G88 0.902 (8) PFG 5.0 M, 20 °C, 20 s

Spon. = mean spontaneous track length. Ind. = mean induced track length. Numbers in parentheses 1 SE. Analysts: RAD = Raymond
Donelick; PFG Paul Green; AJWG Andrew Gleadow; IRD Ian Duddy; RJ Raymond Jonckheere. Source C&99, Carlson et al. (1999); G88, Green
(1988); G&86, Gleadow et al. (1986); J&07, Jonckheere et al. (2007); K&99, Ketcham et al. (1999). Etch = concentration HNO3, temperature, and
time used for etching

Table 3.2 Measurements of
spontaneous and induced track
lengths in zircons with
low-temperature histories

Zircon Spon. (µm) Ind. (µm) Source Tetch (°C) Measured

Koto Rhyolite 10.89(14) 10.94(15) Tagami et al. (1990) 225 all

Nisatai Dacite 11.05(08) 11.03(10) Yamada et al. (1995b) 248 >60°

Bulk Member Tuff 10.48(14) 10.78(09) Hasebe et al. (1994) 225 >60°

Fish Canyon 10.67(11) 10.61(10) Hasebe et al. (1994) 225 >60°

Mt. Dromedary 10.45(18) 10.65(13) Hasebe et al. (1994) 225 >60°

Spon. = mean spontaneous track length. Ind. = mean induced track length. Numbers in parentheses 1 SE.
Measured = whether all tracks or only tracks with c-axis angle >60° included in mean
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features. Thermal annealing in apatite as imaged by TEM
appears to take place by segmentation of tracks that is
dependent on their radius (Li et al. 2011, 2012).

A puzzling feature of many TEM observations of tracks in
apatite is that they appear to be hollow, or “porous,” as
opposed to zircon tracks which are filled with amorphous
material (Li et al. 2010). TEM observations of track
annealing in apatite also appear to show significant damage
persisting at annealing conditions far above those at which
tracks are no longer revealed by etching (e.g., 2 h at 700 °C),
as discontinuous chains of droplets (Li et al. 2010), whereas
tracks in zircon tracks appear to anneal in TEM data at
temperatures comparable to those observed for etched tracks
(Li et al. 2011). The apparent dichotomy in track structure
and annealing behavior between apatite and zircon led Li
et al. (2011, 2012) to conclude that they must anneal by very
different mechanisms, with zircon annealing by defect elim-
ination and apatite by some combination of thermal emission
of vacancies and mechanisms driven by high surface energy
and high diffusivity such as Rayleigh instability, Brownian
motion, or preferential motion.

The observations of porous tracks in apatite lead to the
natural question of where the atoms formerly occupying the
track volume went, to which there is no readily apparent
answer; there is no evidence in the TEM imagery of
excessive strain or surplus density in the crystal structure
immediately surrounding the tracks. Li et al. (2010) postu-
late that volatile components may pass through planar

defects, but no residuum of nonvolatile elements remains.
Although Li et al. (2010) consider many lines of evidence
when establishing that the tracks are hollow, it may be
possible that these observations can be explained by some
combination of their creation and imaging methodologies.
Jaskierowicz et al. (2004), studying tracks created by
30 meV C60 implantation, observe roughly spherical dark
features that they interpret as droplets of ejected material,
presumably created during bombardment. Fluorine is known
to migrate rapidly in an electron beam (Stormer et al. 1993;
Li et al. 2010), even when bound within the apatite crystal
structure; in an amorphous, poorly-bound mass, it may be
even more mobile, possibly leading to tracks becoming
quickly evacuated at TEM operating conditions.

3.5.2 Small-Angle X-Ray Scattering

Another series of interesting experiments on implanted ion
tracks has been conducted using small-angle X-ray scatter-
ing (SAXS) using synchrotron radiation (Dartyge et al.
1981; Afra et al. 2011, 2012, 2014; Schauries et al. 2013,
2014). X-ray scattering patterns from ion tracks are usually
well-fit by a model of a cylindrical track shape, though the
radius derived represents an average along its length (Afra
et al. 2011). Track radius changes as a function of energy
loss rate, but in a fashion that varies on either side of the
Bragg peak of maximum energy loss rate in the vicinity of
600–800 MeV. Lower particle energies create wider damage
zones at the equivalent energy loss rate because
higher-energy particles disperse their damage over a larger
region (Afra et al. 2012; Schauries et al. 2014). Schauries
et al. (2014) demonstrated this transition in behavior by
modeling and measuring the effects of deceleration of
2.2-GeV Au particles, showing how their damage zones
widen as they decelerate past the Bragg peak. Fission par-
ticle energies are all below the Bragg peak, and their energy
loss rate decreases as they decelerate and ultimately stop,
corroborating the conical track shape measured by Li et al.
(2012) for 80 MeV Xe ions.

Some SAXS results appear inconsistent with the
porous-track model based on TEM observations. In addition
to measuring track dimensions, analysis of SAXS spectra
also provides an estimate of density contrast. Schauries et al.
(2013) report that tracks made by 2.2 GeV Au ions in
200-µm-thick slabs of Durango apatite have densities only
0.5% less than the surrounding crystalline material, which
seems far from porous. Annealing studies by Schauries et al.
(2013) suggest that tracks in apatite anneal at temperatures
comparable to those observed using etched tracks and
moreover that annealing is marked by a sudden and mono-
tonic drop in track radius. This seems at odds with TEM
observations indicating that conical tracks anneal by their
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ends dissolving into droplets, while their inner sections show
little change (Li et al. 2012), which would be expected to
increase the mean radius of the track. A possible explanation
for this divergence is that the tracks observed by TEM were
evacuated, and those measured with SAXS were not.

3.5.3 Atomic Force Microscopy

Atomic force microscopy (AFM), which measures the
atomic-scale topography of a surface, has been used to study
etched tracks in zircon (Ohishi andHasebe 2012) and unetched
tracks created by 129I ion bombardment of zircon, apatite, and
muscovite (Kohlmann et al. 2013). The latter study is notable in
that all ion tracks appear as “hillocks” on the mineral surface,
with diameters larger than indicated by TEM, ranging from
52 ± 2 to 27 ± 2 nm in apatite and from 64 ± 3 to
28 ± 1 nm in zircon. The authors attribute their observations
to amorphization of the track center due tomelting by a thermal
spike followed by expansion of the material partially out of the
polished free surface. These observations appear to contradict
those made by Li et al. (2010) using electron energy loss
spectroscopy on the TEM that show apatite tracks as holes
similar to ones drilled by a focused electron beam, rather than
hillcocks, again suggesting that TEMmay have evacuated the
tracks.

3.5.4 Raman Spectroscopy

While not used to study fission tracks directly, Raman
spectra have been used as a measure of radiation damage in
zircon (Geisler et al. 2001; Nasdala et al. 2001, 2004;
Marsellos and Garver 2010) and are thought to primarily
reflect alpha dose. In particular, the m3(SiO4) Raman band

at *1000 cm−1 widens with increasing effective alpha dose.
This information has been used to estimate the extent to
which radiation damage may have affected helium diffusiv-
ity (Reiners et al. 2002; Guenthner et al. 2013) and could be
valuable in investigations of zircon FT annealing rates,
which may vary with alpha recoil damage (Rahn et al. 2004;
Garver et al. 2005). Separately, Raman spectroscopy has
been studied by Zattin et al. (2006) as a means to estimate
apatite unit cell parameters, which correlates with FT
annealing kinetics in some apatites (Barbarand et al. 2003).

3.5.5 Molecular Dynamics Simulation

Although the complete region disturbed by a fission track
contains far too many atoms to be encompassed in molecular
dynamics (MD) models, Rabone et al. (2008) were able to
simulate the formation of a cylindrical cross section a few
unit cells thick by using a periodic boundary condition. The
high energetics of track formation, and the ion spike
mechanism, are beyond the scope of operations MD was
built for, necessitating a number of approximations and
simplifications, but overall results seem to be congruent with
observations. The modeled energy loss rate of 500 eV Å−1,
corresponding to the loss rate at about half the travel distance
of a fission ion, and the resulting disrupted region was
5-6 nm in diameter, consistent with subsequent observations
by Li et al. (2012). The disrupted region (Fig. 3.8) features
an amorphous, depleted center and higher-density rim during
formation after 30 ps has elapsed, which is then allowed to
equilibrate to a glassy core surrounded by stressed crystal
(Rabone et al. 2008). The mean disruption (Å travelled
per atom) is highest near the core and falls toward the rim
along a sigmoidal trend. An interesting outcome of the
re-equilibration step was the formation of fluorite (CaF2)
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clusters at the center of the track, which is in some ways
reminiscent of the formation of subcrystals of ZrO2 during
the annealing of highly damaged zircon (Weber et al. 1994).
Unfortunately, the long timescales necessary for annealing
pose a severe challenge for the picosecond timescales
accessible by MD methods (Rabone and De Leeuw 2007).

3.5.6 Implications for Fission Track Structure

The incompatibility of the TEM data for apatite with data
from SAXS and AFM casts into doubt the idea that tracks in
apatite are “porous” and thus differ substantially from those
in zircon in their structure and annealing mechanisms.
Similarly, TEM observation of track annealing in apatite
may be compromised by evacuation of the tracks prior to
annealing. However, TEM observations that tracks are long,
skinny cones, with a break-in-slope at approximately the
half-way point along the path of each fission fragment, are
likely to be key for understanding track structure and its
effect on annealing. Similarly, the TEM observations of very
sharp and sometimes euhedral track boundaries are likely to
represent the true transition between the track core (and
anything in it) and the undisturbed crystal beyond. The
gradation in nature and degree of disruption from the track
core toward the rim inferred from the MD simulations may
also be a key point, providing an intuition for how different
parts of the track may anneal at different rates.

3.6 Annealing Mechanisms

Generally speaking, track annealing consists of
re-establishing the mineral crystal structure in the disrupted
zone. The proper way to conceive of this zone is not
straightforward, and the differing conceptions lead to dif-
ferent potential mechanisms for annealing. Carlson (1990)
posits the disrupted zone as “laden with defects dominated
by vacancies and interstitials,” which are then repaired “by
short translations of atoms (perhaps on the order of *5–10
Å or less) from abnormal positions into their proper sites.”
This implies a partially intact lattice whose extent of damage
can be quantified as a defect density, and for which
annealing consists of lowering the defect density below
some threshold, and can occur throughout the damage zone
(Carlson 1990). Alternatively, conceiving of the damage
zone as partially or completely amorphous as suggested by
MD simulation (Trachenko et al. 2002; Rabone et al. 2008),
combined with the sharp boundaries suggested by TEM
imaging, may suggest a boundary-controlled mechanism,
such as epitaxial recrystallization from the margins of the

zone inwards or snap-off and migration of damaged zones by
a surface energy minimization process (Li et al. 2011, 2012).

If one considers annealing as a form of recrystallization, a
fission track may constitute a uniquely challenging setting
for whatever atomic migrations and rearrangements are
necessary, compared to the assumptions commonly made for
crystallization reactions. To the extent that disrupted struc-
ture is partially amorphous, it should be substantially less
dense than the crystal, but any expansion can only come at
the expense of local elastic strain in the lattice. This
arrangement probably raises the free energy of the disrupted
region but may inhibit migration of atoms and molecules to
attachment sites compared to grain-boundary transport.
Another complicating factor may be that the crystallizing
surface is tightly concave in cross section. Yet another
complication suggested by MD simulation and annealing
experiments is that in sufficiently disordered areas interme-
diate crystallization products may form, such as fluorite in
apatite or ZrO2 in zircon, possibly increasing the activation
energy barrier for re-assimilation. Finally, insofar as some
substitutions require certain ordering in the crystal structure,
such as alternation of F, Cl, and OH on the halogen site
(Hughes et al. 1990), some reattachments may be disad-
vantageous for further annealing if this ordering is not
maintained.

Fortunately, or ambiguously, the rate equations used to
portray various mechanisms are in many cases similar. The
equation used for the defect elimination rate (dN/dt) used by
Carlson (1990) is:

dN
dt

¼ �c
kT
h

� �
exp

�Q

RT

� �
ð3:2Þ

where k is Boltzmann’s constant, h is Planck’s constant, c is
an empirical rate constant, Q is the activation energy, R is
the universal gas constant, and T is absolute temperature.
Equation 3.2 is a simplification of the kinetic equation for
atomic motions across a coherent interface (Turnbull 1956)
and thus can be used to represent a recrystallization process
just as easily as defect elimination. The first temperature
term expresses the influence of temperature on the frequency
factor, or the rate at which the relevant reaction is attempted,
while the second influences the proportion of attempts that
are successful. In many applications, the effect of the first
temperature term is insignificant compared to the second,
and so it is often omitted for the sake of simplification. The
single activation energy Q implies that all defects in a fission
track are kinetically equivalent. Carlson (1990) omitted the
reverse reaction term from Turnbull (1956), which if inclu-
ded could provide an avenue for “undoing” unfavorable
intermediate reactions.
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3.7 Empirical Annealing Models

The considerable complexity of annealing and etching led
Green et al. (1988) to recommend that fitting the experi-
mental data well is preferable to forcing a “physically
meaningful” model that aspires to depict a hypothesized
underlying process but does not respect the measurements.
Though frequently derided as being merely “empirical”
(e.g., Wendt et al. 2002; Li et al. 2010), this has proven to be
a practical and resilient approach. The charge of empiricism
is in some respects misleading, as even putatively physical
models are simplified and idealized depictions of complex
underlying mechanisms and usually require empirical
adjustments to match observations, such as the c parameter
in Eq. 3.2. Furthermore, in addition to better respecting the
data, to the extent that successful empirical equations are
analogous to theoretical ones used to represent physical
processes they may provide evidence of which processes are
operational or significant.

Accordingly, a mapping between the empirical equa-
tions used to date and possible physical models can be
obtained by further inspecting the Carlson (1990) model in
terms of iso-annealing lines on the Arrhenius-type plot of
ln(t) versus 1/T that has been used to interpret annealing
data (Fig. 3.9). Carlson (1990) translates the defect elimi-
nation rate into an extent of annealing after an isothermal
experiment as:

las ¼ l0 � A
kT
h

� �n

exp
�nQ

RT

� �
tn ð3:3Þ

where las is etchable length after axial (i.e., tip) shortening, l0
is initial etchable length, t is time, n is a power law exponent

describing the radial defect density distribution, and A is a
revised rate constant that incorporates the defect distribution
and taper of the disrupted zone. This equation can be rear-
ranged as:

ln 1� rð Þ ¼ ln
A

l0

� �
þ nln

kT
h

� �
þ n ln t � Q

R
T�1

� �
ð3:4Þ

where r is the reduced track length l/l0. The temperature in
the frequency factor term causes curvature of iso-annealing
lines on the standard Arrhenius-type plot, while the one in
the activation energy term corresponds to straight lines.
A single activation energy implies that iso-annealing lines
are parallel, and the fanning of iso-annealing lines observed
in density- and length-based annealing studies has been
interpreted to mean that there may be a range of activation
energies.

Parallel, fanning, and curved iso-annealing lines overlap
considerably over the timescales at which laboratory
experiments can be conducted, but lead to very different
predictions of geological timescale behavior (Fig. 3.9).

3.7.1 Parallel Model

The preliminary annealing model of Green et al. (1985)
fitted to Durango apatite annealing data had the form:

ln 1� rð Þ ¼ c0 þ c1 ln tþ c2T
�1 ð3:5Þ

simplifying Eq. 3.4 and omitting the temperature effect on
the frequency factor. The parameter c2 corresponds to a
single activation energy, leading to parallel linear
iso-annealing lines on the Arrhenius-type plot.
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Ultimately, the parallel model was rejected (along with
the near-parallel model of Carlson (1990)) because of
structured time residuals, suggesting that extrapolation to
geological timescales would not be reliable.

3.7.2 Fanning Arrhenius Model

Laslett et al. (1987) fitted an expanded Durango data set with
a more sophisticated model with the form:

1� rb
� �

=b
� �a�1

a
¼ c0 þ c1

ln t � c2
1=Tð Þ � c3

� 	
ð3:6Þ

In this formulation, lines of constant annealing emanate
from points with coordinates (c2, c3) on the Arrhenius-type
plot. Laslett et al. (1987) found that c3 could be set to zero
when fitting the Green et al. (1986) data, but subsequent data
sets by Crowley et al. (1991), Carlson et al. (1999) and
Barbarand et al. (2003) required non-zero values for an
optimal fit.

The revised left-hand term in Eq. 3.6 is a transform
proposed by Box and Cox (1964), which was used by Laslett
et al. (1987) as a “super-model” that encapsulates a number
of potential forms, including ln(1–r) if a = 0 and b = 1. In a
practical sense, it added a couple of degrees of freedom to
the transformation of variable r, which were also used by
Crowley et al. (1991) and Ketcham et al. (1999) to optimize
data fit, but later efforts sought to re-simplify the r-transform
(Laslett and Galbraith 1996; Ketcham et al. 2007b).

3.7.3 Fanning Curvilinear Model

In examining the multi-apatite annealing data set by Carlson
et al. (1999), Ketcham et al. (1999) found that although the
best fit to mean track length data was provided by Eq. 3.6,

its geological timescale predictions did not match well with
benchmarks based on field studies. In particular, the
extrapolation of fits to Eq. 3.6 implied that low-temperature
annealing at Earth-surface conditions was negligible
and *20 °C degree of heating (i.e. *1 km of burial) would
be required to explain, for example, the extent of annealing
observed in Durango and Fish Canyon apatites, and even
ocean-bottom sediments. Likewise, fits to Eq. 3.6 implied a
higher Tc than indicated by borehole studies.

Ketcham et al. (1999) thus looked for avenues for fitting
the laboratory data while honoring the geological observa-
tions, following the original recommendation of Green et al.
(1988). Their solution was based on fitting mean
c-axis-projected length, essentially removing anisotropy
effects, and using a different model form originally proposed
but abandoned by Crowley et al. (1991):

1� rb
� �

=b
� �a�1

a
¼ c0 þ c1

ln t � c2
ln 1=Tð Þ � c3

� 	
ð3:7Þ

With this equation, the iso-annealing lines have signifi-
cant curvature on the Arrhenius-type plot (Fig. 3.9). Sub-
sequent work by Ketcham et al. (2007b) found that Eq. 3.7
fitted the annealing data set of Barbarand et al. (2003) as
well or slightly better than Eq. 3.6 and maintains good
agreement with field observations. Ketcham et al. (2007b)
also found that the left-hand expression could be simplified
with only minimal degradation of the fits of both data sets by
setting b to −1, resulting in:

1=r � 1ð Þa¼ c0 þ c1
ln t � c2

ln 1=Tð Þ � c3

� 	
ð3:8Þ

Equation 3.8 underlies the currently most used apatite
annealing model. Equation parameters for a theoretical most
annealing-resistant apatite, close to F–Cl–OH-apatite B2
from Bamble, Norway (Carlson et al. 1999), are provided in
Table 3.3.

Table 3.3 Fitted parameters for annealing models in this chapter

Data l0 (µm) N Model c0 c1 c2 c3 a vr
2

1 various 579 FC 0.39528 0.01073 −65.130 −7.9171 0.04672 3.10

2 11.04 38 FA −12.216 0.00028 32.125 7.54e−05 −0.02904 1.49

FC −91.659 2.09366 −314.94 −14.287 −0.05721 1.15

3A 16.66 75 FA −16.266 0.00057 −21.856 0.00047 −0.59154 3.47

FC −899.07 19.871 −1614.3 −42.712 −0.77735 3.23

3B 17.08 81 FA −19.422 0.00069 −27.200 0.00027 −0.81075 3.52

FC −999.56 22.291 −1828.7 −47.453 −0.77955 3.17

Data 1, 26 apatites from Carlson et al. (1999) and Barbarand et al. (2003), fit by Ketcham et al. (2007b); 2, NST zircon from Yamada et al.
(1995b), Tagami et al. (1998), and Murakami et al. (2006); 3, Tioga apatite from Donelick (1991) and Donelick et al. (1990) (A = high T only;
B = high T + 23 °C). c0, c1, c2, c3, a = parameters for Eq. 3.6 (with b = −1) for FA (fanning Arrhenius) and Eq. 3.8 for FC (fanning curvilinear).
N = number of experiments fitted. vr

2 = reduced chi-squared value of fit
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3.7.4 Multi-kinetics

Green et al. (1985) first reported apatite FT ages in Otway
Basin well samples that increased with Cl content, indicating
that apatite composition can affect annealing rates. Subse-
quent annealing studies by Crowley et al. (1991), Raven-
hurst et al. (2003), Carlson et al. (1999), and Barbarand et al.
(2003) demonstrated that a range of chemical substitutions
can affect annealing kinetics. The influence of Cl is probably
best considered in the context of mixing on the halogen site,
as OH can also affect annealing rates (Ketcham et al. 2007b;
Powell et al. 2017), and near-ternary F–Cl–OH is more
resistant to annealing than end-member Cl-apatite (Carlson
et al. 1999; Gleadow et al. 2002). Cation substitutions,
including Sr, Mn, Fe, and Si, have also been documented to
affect annealing rates in laboratory experiments (Crowley
et al. 1991; Carlson et al. 1999; Ravenhurst et al. 2003; Tello
et al. 2006). Apatite solubility, as expressed in the etch figure
diameter parallel to the c-axis, Dpar, is also correlated with
annealing kinetics, with high-Dpar apatites being more
resistant to annealing (Burtner et al. 1994; Carlson et al.
1999).

Ketcham et al. (1999) found that laboratory annealing
results for any two apatites annealed at the same conditions
can be described by the relation:

rlr ¼ rmr � rmr0

1� rmr0

� �j

ð3:9Þ

where rlr and rmr are the reduced track lengths of the
less-resistant and more resistant apatite variety, respectively,
and rmr0 and j are fitted parameters (Fig. 3.10a). The
parameter rmr0 has a physical meaning as the reduced track
length of the more resistant apatite at the conditions where
the less-resistant apatite first becomes fully annealed.

Figure 3.10b shows rmr0 and j values for the 26 apatite
varieties studied by Carlson et al. (1999) and Barbarand
et al. (2003), as fitted by Ketcham et al. (2007b). Generally,
as one proceeds from right to left, annealing resistance and
Tc rise. The most annealing-resistant apatite studied to date,
B2 (Bamble, Norway), is on the rmr0= 0 axis and has an
estimated Tc of 160 °C assuming 10 °C/Myr cooling. B2 is
probably set apart by its near-ternary F–Cl–OH composition
in the anion site. The second-most resistant apatite, PC
(Portland Connecticut), has an estimated Tc almost as high at
158 °C, but for entirely distinctive reasons: It is an
end-member F-apatite but with 7.0 wt% (1.0 apfu) MnO.
The third-most resistant, TI (Tioga, Pennsylvania), has an
estimated Tc of 149 °C, and no clear-cut culprit; it has minor
Cl, but close to an even split between F and OH on the anion
site, and 0.1 and 0.2 apfu of MnO and FeO, respectively.

It bears pointing out that the temperature implications of
rmr0 and j are very nonlinear; the cluster of apatites on the

lower right in Fig. 3.10b have estimated Tc values ranging
from 90 to 127 °C as rmr0 falls from 0.857 (HS—Holly
Springs OH-apatite) to 0.757 (FC—Fish Canyon Tuff), a Tc
span comparable to going from 0.757 to zero. F-apatites have
Tc values that vary over a 10 °C range from 95–105 °C,
imposing a limit to the precision of thermal information we
can hope for, and Durango apatite has a notably higher esti-
mated Tc of 112 °C.

The general alignment of the apatites on Fig. 3.10b
indicates a helpful simplification, as the two fitted parame-
ters are strongly correlated, implying that:

rmr0 þ j � 1 ð3:10Þ
(Ketcham et al. 1999) or 1.04 (Ketcham et al. 2007b)
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allowing j to be estimated from rmr0. Taken together,
these relations allow for the creation of a “super-model” in
which the annealing equation is used to characterize the most
annealing-resistant apatite, and any less-resistant apatite can
be characterized by determining an rmr0 value for it. In
addition to composition and Dpar, other suggested proxies
include total ionic porosity (Carlson 1990) and unit cell
parameter a (Barbarand et al. 2003), but none are able to
explain the full range of experimental results gathered to
date. Relations put forward by Ketcham et al. (2007b)
include:

rmr0 ¼ 0:83 Cl� � 0:13ð Þ=0:87½ �0:23 ð3:11aÞ

rmr0 ¼ 0:84 4:58� Dpar
� �

=2:98
� �0:21 ð3:11bÞ

rmr0 ¼ 0:84 9:509� að Þ=0:162½ �0:175 ð3:11cÞ

rmr0 ¼
�0:0495�0:0348 Fþ 0:3528Cl� þ 0:0701OH�

�0:8592Mn�1:2252 Fe�0:1721Others

 !0:1433

ð3:11dÞ
where elemental compositions are in atoms per formula unit
(apfu) based on Ca10(PO4)6(F,Cl,OH)2, and starred ele-
mental compositions are calculated as abs(apfu−1). Others
are the sum of all other substituting cations other than Mn
and Fe, Dpar is in µm, and a is in Å.

Mathematically, the super-model approach posits that
there is only one fanning point and set of iso-annealing
contours emanating from it defined by Eq. 3.8 and that
Eq. 3.9 through 3.11 assign these contours to specific
degrees of annealing for a given apatite. This is likely to be
an over-simplification, but Ketcham et al. (2007b) found no
evidence that it has a significant effect on geological time-
scale predictions compared to individual-apatite models.

At this stage, there is no physical model that explains how
composition affects annealing rates. The super-model inter-
pretation of a common set of iso-annealing contours might
suggest that composition influences the activation energy for
annealing, although the meaning of an activation energy in a
curvilinear model is unclear. The way that Cl and OH are
incorporated into the rmr0 equation form in Eq. 3.11a and
3.11d suggests that mixing of components on a given
crystallographic site may be crucial—although Cl is gener-
ally known to increase resistance to annealing, the
near-ternary F–Cl–OH-apatite B2 from Carlson et al. (1999)
is much more annealing-resistant than end-member
Cl-apatite B3. When there is mixing in the halogen site in
apatite, the different components are not random, but occur
as an ordered sequence (Hughes et al. 1989, 1990). This
requirement for ordering, probably to minimize local dis-
tortions in the crystal structure, may in turn inhibit

annealing, particularly if displaced halogens are re-integrated
out of their optimal sequence. Similar reasoning may apply
to cation substitutions.

3.8 Annealing Models for Zircon

As previously discussed, zircon FT length measurements are
complicated by the variability of etching rates caused by
alpha recoil (and perhaps particle) damage. An additional
and very relevant question is whether alpha damage affects
annealing rates, which in turn may affect how annealing
experiments should be conducted and interpreted. Kasuya
and Naeser (1988) conducted 1-hour annealing experiments
on spontaneous fission tracks in zircon samples with a range
of spontaneous FT densities (9e5, 1.5e6, 4e6, 1e7 tracks
cm−2) and thus alpha doses, and found no significant dif-
ferences in annealing rates. However, a number of geolog-
ical studies have found a strong negative correlation between
uranium content and zircon FT age, suggesting that
increasing radiation damage lowers annealing resistance
(Garver and Kamp 2002; Garver et al. 2005). Rahn et al.
(2004) noted a significant change in annealing rate between
spontaneous tracks measured by Tagami et al. (1990) and
Yamada et al. (1995b) and attributed it to alpha damage
(spontaneous FT densities 7e6 and 4e6 tracks cm−2,
respectively), although Yamada et al. (1995a) claim that the
studies’ different etching conditions provides a sufficient
explanation for their discrepancy. The two studies also
report different temperatures at which the change in etching
rate occurred, 450–500 °C in Tagami et al. (1990) and
550–600 °C in the 1-h experiments by Yamada et al.
(1995b). Yamada et al. (1995b) did find induced tracks to be
more resistant to annealing than spontaneous ones, however.
It is also noteworthy that density-based annealing experi-
ments by Carpéna (1992) on pre-annealed zircons with
induced tracks found evidence of annealing resistance being
inversely correlated with U content exclusive of radiation
damage, suggesting a compositional effect linked to trace
element composition. Given the available experimental data,
it is thus difficult to quantify any radiation damage effect.
For that matter, it is also difficult to be assured that labora-
tory thermal annealing experiments are a robust means for
inferring annealing behavior on geological timescales if
different damage types anneal at different rates.

Two approaches for quantifying annealing rates have
been proposed. Rahn et al. (2004) propose a “zero-damage”
model based on induced tracks in pre-annealed zircons, with
the idea that it could be modified to include damage effects
once both the annealing behavior of alpha recoil damage and
its effect on FT annealing are quantified. They fit both par-
allel and fanning linear models and find that the fanning
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model fits better. Their model predicts a Tc of 325 °C at
10 °C/Myr cooling, substantially above most estimates
based on field data and comparison with other ther-
mochronometers, indicating that the step of including radi-
ation damage will be required for it to be useful for thermal
history analysis, except possibly in very young rocks.

Most zircon annealing models (Yamada et al. 1995b,
2007; Tagami et al. 1998; Guedes et al. 2013) have been
based on spontaneous track data from the Nisatai Dacite
(Yamada et al. 1995b; Tagami et al. 1998; Murakami et al.
2006), which has a K–Ar biotite age of 20.5 ± 0.5 Ma and
spontaneous FT density of 4e6 cm−2. As discussed previ-
ously, the Murakami et al. (2006) contribution expanded the
time coverage of the experimental data in log space by three
orders of magnitude compared to apatite studies. As with
apatite, annealing in zircon is anisotropic, but the recom-
mended response was essentially the reverse approach to
apatite: Rather than projecting track lengths to c-axis par-
allel, anisotropy is dealt with by only considering high-c-
axis angle tracks (>60°; Hasebe et al. 1994; Yamada et al.
1995a).

The Yamada et al. (2007) analysis did not find a satis-
factory single model that encompassed data across all
experimental timescales, and their preferred solution is a
hybrid that fits the low-T and high-T data separately and
merges the two fits. The component that extrapolates to
geological timescales, which uses a fanning linear form,
predicts a high Tc of 317 °C for a 10 °C/Myr cooling rate,
again substantially above field-based estimates (Brandon
et al. 1998; Bernet 2009). Other attempts using a fanning
linear form have had the same issue (Yamada et al. 1995b;
Tagami et al. 1998). Yamada et al. (2007) also considered
parallel and fanning curvilinear model forms, but were
unable to get the latter to converge to a solution, and the
former was rejected based on geological comparisons.

In fact, a fanning curvilinear model can be fitted to the
complete Nisatai Dacite zircon data set, with results that
echo those obtained for apatite annealing. Such a model,
fitted using the methods described in Ketcham et al. (1999;
Appendix A), was incorporated into the Guenthner et al.
(2013) zircon (U−Th)/He diffusivity model that attempts to
incorporate radiation damage and annealing effects and is
discussed further here. This model predicts a Tc for
10 °C/Myr cooling of 281 °C, broadly consistent with
upward revision of earlier studies if higher mica K/Ar and
Rb/Sr Tc are used, as discussed previously, but *40 °C
cooler than previous fanning linear models. Figure 3.11a
compares this model with a fanning linear one fitted using
the same methods (parameters in Table 3.3), based on
comparison to some of the geological benchmarks cited
previously. In general, the fanning curvilinear form does a
better job of matching the more highly annealed bench-
marks, and the two models split the low-temperature

benchmarks, with the fanning curvilinear coming closer to
the more annealed MITI-Nishikubiki data and the fanning
linear being closer to MITI-Mishima and Vienna. The
residuals present a more stark contrast (Fig. 3.11b, c), with
the fanning linear model featuring very structured residuals
indicating poor extrapolation to geological timescales (as
also observed by Yamada et al. 2007). In contrast, the fan-
ning curvilinear model exhibits no structure, indicating that
it is able to successfully encompass the expanded time range
provided by the Murakami et al. (2006) data set. Various

(a) Zircon annealing model contours
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Fig. 3.11 Zircon annealing model. a Pseudo-Arrhenius diagram
showing fanning linear and fanning curvilinear fits of data from
Yamada et al. (1995b), Tagami et al. (1998), and Murakami et al.
(2006), and selected geological benchmarks. b Normalised time
residuals as model-data/standard error for fanning linear model.
c Normalised time residuals for fanning curvilinear model
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fanning curvilinear forms are also fitted and discussed by
Guedes et al. (2013).

This model may serve as an adequate placeholder, but
clearly more work is called for. In addition to better
understanding the possible influence of alpha recoil damage,
another opportunity may lie in accounting for track angle in
a better way than simply excluding low-angle tracks, by
using a c-axis-projection scheme or something similar. In
particular, again assuming that apatite is a sufficiently anal-
ogous case, the exclusive use of tracks >60° may actually be
counter-productive, as it mixes annealing modes of tip
shortening and segmentation in a way that may over-task the
empirical equations with which we try to both fit
laboratory-scale observations and predict geological-scale
behavior.

3.9 Alternative Annealing Mechanisms

A number of claims have been made that some component
of FT annealing is non-thermal or is controlled by an addi-
tional process that is not easily observable in the laboratory
because it cannot be accelerated by turning up the heat. Each
deserves careful scrutiny. The chief candidates are
low-temperature ambient annealing (also called “season-
ing”), pressure-driven annealing, and radiation effects.

3.9.1 Seasoning

“Seasoning” (Durrani and Bull 1987) is a general and
somewhat ambiguous term that (along with “aging” and
“hardening”) has been used in various contexts to posit a
low-temperature mechanism whereby some degree of
annealing or track modification takes place that is not
reflected in higher-temperature annealing experiments. For
example, Durrani and Bull (1987) posit that “hardening” of
fission tracks (i.e., an increase in annealing resistance) in
lunar materials may be due to the ambient radiation field.
Seasoning has most recently been used to refer to a possible
process that causes shortening of the etchable length of
confined tracks, but that does not result in a (proportional)
decrease in track density (Jonckheere et al. 2017).

One possible instance of seasoning is the *0.5 µm of
annealing in apatite observed by Donelick et al. (1990) at
room temperature in the seconds to hours immediately fol-
lowing irradiation. Subsequent work has suggested some
component of annealing in the years following irradiation by
examining apatites irradiated over the past few decades
(Gleadow 2014). Is this seasoning, or is it an aspect of the
same thermal process operating on geological timescales?

Laslett and Galbraith (1996) observed that if the Donelick
et al. (1990) data are correct, and the process underlying the

observed annealing is the same thermal one that operates on
geological timescales, then we may be using an inappro-
priate normalizing value for FT lengths. Rather than a pre-
sumed “unannealed” length measured some months after
irradiation, during which tracks have undergone some
degree of ambient-temperature annealing, they posited that a
longer initial length value may be a more physically
defensible starting point. Their attempt to use this assump-
tion to achieve a superior fit to data for two apatite varieties
from Crowley et al. (1991) by making the true initial track
length a fitted value was questionably successful, however.
The values they obtained, 16.71 +0.57/−0.45 µm for
F-apatite and 18.96 +2.08/−1.12 µm for Sr–F-apatite are
substantially more divergent than the actual measurements
by Crowley et al. (1991) of 16.34 ± 0.09 and
16.29 ± 0.10 µm, respectively; these two apatites would
have had to start at very different lengths and coincidentally
converge and become statistically indistinguishable.
Ketcham et al. (1999, Appendix B) also attempted to
determine whether allowing initial length to vary among the
15 apatites studied by Carlson et al. (1999) resulted in a
superior fit, and found the differing degrees of implied initial
length adjustment, 4–14%, to be unjustifiable.

Another approach to gauging the effect of
low-temperature, short-duration annealing is to incorporate
the Donelick et al. (1990) data into a complete annealing
model that also utilizes longer-duration experiments. At this
time, such an exercise can only be done with data for Tioga
apatite published by Donelick (1991), as that is the only
other data set obtained using the same etching protocol (5N
HNO3 at 21 °C for 25 s). Parameters for fanning linear and
curvilinear models fitted with and without the Donelick et al.
(1990) data are provided in Table 3.3, and example
iso-annealing contours are compared in Fig. 3.12. All
models feature a high vr

2 value, indicating considerable
scatter, but there is no penalty for incorporating the 23 °C
data; in fact, the best-fitting model includes it. However,
although the fanning points (c2 and c3 for both model types)
are offset, the geological timescale predictions of the models
with and without the 23 °C data are almost indistinguish-
able, supporting the contention that the room-temperature
annealing observed by Donelick et al. (1990) is the same
process, and can be described by the same equations, as
geological timescale annealing. This finding is somewhat
tempered by the likelihood that the high-temperature
annealing experiments by Donelick (1991) were affected
by a poor furnace temperature calibration, as discussed by
Carlson et al. (1999).

Seasoning has also been cited as an explanation for why
Durango apatite appears to be amenable to absolute dating
(i.e., dating without using age standards with the zeta
method). Because Durango spontaneous fission tracks are
shortened by *10% compared to induced tracks, the
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expectation is that the absolute FT age should be *10%
younger due to reduced intersection probabilities of tracks
with the polished interior surface (Fleischer et al. 1975).
However, such a step is apparently unnecessary if all
experimental and biasing factors are meticulously accounted
for (Enkelmann et al. 2005; Jonckheere et al. 2015). Another
observation corroborating the lack of a length-shortening
effect is that the Durango apatite plateau method-determined
age of 31.4 Ma (Jonckheere 2003a) closely matches its
40Ar/39Ar reference age of 31.44 ± 0.18 Ma (McDowell
et al. 2005).

Yet another related observation using Durango apatite is
that side-by-side annealing of spontaneous and induced
tracks in Durango apatite indicates non-congruent behavior,
as observed by Wauschkuhn et al. (2015a) and foreshad-
owed in earlier work (e.g., Naeser and Fleischer 1975).
Overall, induced tracks are shown to anneal slightly more
quickly than spontaneous ones, but to remain longer due to
their longer starting point, until conditions for total anneal-
ing are approached. If instead the induced tracks are
pre-annealed to match the spontaneous track initial mean
length, their subsequent annealing is slower than sponta-
neous tracks. These results imply that induced tracks are
slightly more resistant to annealing than spontaneous ones,
reminiscent of observations in zircon (Yamada et al. 1995b).

Contrasting with these observations is that the fanning
curvilinear models (e.g., Ketcham et al. 2007b) based on

induced tracks successfully reproduce the observed short-
ening of confined horizontal tracks in Durango and Fish
Canyon apatites, as well as numerous ocean-floor samples,
as discussed previously (Fig. 3.6). It is unlikely that this
degree of fit is coincidental.

These inconsistencies may instead indicate that the con-
nection between confined horizontal track length and the
length applicable for predicting FT density is not as
straightforward as originally considered. One recent and
possibly promising observation is that the tips of sponta-
neous and induced tracks etch at different rates (Jonckheere
et al. 2017) and moreover that the model of track etching
based on only two end-member etching rates for track and
bulk mineral is oversimplified, a point made long ago for
zircon (Yamada et al. 1993). This leads to the possibility that
the effective length of a spontaneous track for etching during
density determination is somewhat longer than its horizontal
confined length (Wauschkuhn et al. 2015b).

3.9.2 Effects of Alpha Decay and Damage

Hendricks and Redfield (2005) suggest that alpha particles
may cause appreciable annealing of radiation damage in
apatite. Studying apatites from the Fennoscandian shield,
they note a negative correlation between FT age and ura-
nium concentration and go on to posit that the culprit is the
higher flux of alpha particles that fission tracks in higher-U
apatites will experience. Rutherford backscattering spec-
trometry data have shown that alpha particles in sufficient
quantities will anneal some component of radiation damage
(Ouchani et al. 1997; Soulet et al. 2001). Hendricks and
Redfield also find that weighted mean apatite (U−Th)/He
ages in their samples are frequently older than their AFT
ages.

Kohn et al. (2009) dispute these conclusions. In similarly
old rocks in the southern Canadian and Western Australian
shields, they find the relationship between age and uranium
to be inconsistent, with different samples showing weak
positive and negative correlations, or no significant corre-
lation at all. They additionally find that including the alpha
dose contribution of thorium in the southern Finland data
significantly weakens the correlations observed by Hen-
dricks and Redfield (2005) and suggest instead that Cl
content may be responsible for the age variation observed.

The link between the laboratory observations of
alpha-induced annealing and field conditions can be made by
considering the relative fluxes of alpha particles. To enable
comparison to the experimental data, we can calculate the
flux of naturally generated alpha particles that cross an
internal plane (i.e. particles/cm2). Considering an interior
1 cm � 1 cm plane, the probability of a decay-generated He
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Fig. 3.12 Arrhenius-type diagram comparing Tioga apatite fanning
Arrhenius (FA) and curvilinear (FC) models based on data from
Donelick (1991) fitted with and without 23 °C annealing data from
Donelick et al. (1990). Left iso-annealing contours for each model are
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atom striking that plane is 0.5 for immediately adjacent
decay events and falls with increasing distance from the
plane, reaching zero at about 20 µm, the alpha particle
stopping distance. At distance d from the plane, the pro-
portion p crossing it corresponds to the fraction of the sur-
face area of a 20-µm sphere which crosses that plane:

p ¼ 2pRh
4pR2

¼ h

2R
ð3:12Þ

where R is the stopping distance (20 µm) and h is equal to R
−d. The integrated total of alpha particle crossings over the
interval from 0 to 20 µm from the plane then corresponds to
a thickness of:

Z20
0

h

40
dh ¼ h2

80






20

¼ 5 ð3:13Þ

Thus, assuming uniform U+Th concentration, the total
number of alpha particles crossing the plane from one side
corresponds to the total number generated within 5 µm of it,
and so the equivalent total dose will equal the number of
alpha particles generated within a 1 cm � 1 cm � 10 µm
volume of mineral. Accounting for the densities of apatite
and uranium, this wedge generates a dose of about
1.1 � 1011 a/cm2/ppm U in 1 Ga. This estimate can be
doubled to include Th decay, assuming a typical Th/U ratio
of 3.8. Assuming a U content of 20 ppm, in the midrange of
the Fennoscandian samples, a total dose of *4.4 � 1012

a/cm2 can be estimated for a 1 Ga history.
Conversely, Ouchani et al. (1997) and Soulet et al. (2001)

used doses of 0.25–15 � 1015 and 3.2 � 1015 He/cm2,
respectively, to study alpha particle-induced annealing; even
the lowest-dose experiment in these studies is *100 � higher
than the naturally occurring internal alphadose.Combinedwith
the fact that later-forming spontaneous tracks will experience
even lower doses, it is evident that, while alpha-induced
annealing is certainty a real process, the existing experimental
data do not support it being a geologically important one.

However, it bears pointing out that the negative age-U
correlations noted by Hendricks and Redfield (2005) mimic
those reported by Garver et al. (2005) for the zircon system,
and thus their observations may be interpreted in a different
way. Rather than the alpha particles causing annealing,
heavily damaged apatite may have a lower annealing resis-
tance than less-damaged apatite, as has been proposed for
zircon. To bring about a negative age-U correlation, thermal
histories would have to feature the appropriate degree of
reheating to cause differential annealing, providing an
explanation for why such correlations may sometimes be
present and sometimes not.

3.9.3 Pressure Effects

Wendt et al. (2002) reported evidence for a geologically
relevant pressure effect on FT annealing in apatite, contra-
dicting earlier experiments by Fleischer et al. (1965a) and in
particular Naeser and Faul (1969). Their approach was
severely criticized by Kohn et al. (2003), who cited a lack of
evidence for such an effect in both previous experimental
work and multiple borehole studies. Perhaps the most sig-
nificant issue is that Wendt et al. (2002) used different fur-
naces for annealing experiments at different pressures,
increasing the potential harm of any problem in calibration.
Subsequent efforts to reproduce these results (e.g., Donelick
et al. 2003) were unsuccessful, and instead supported the
earlier findings indicating that, although there may be a
pressure effect on annealing, it is not significant in a geo-
logical context; the temperature increase associated with any
reasonable geothermal gradient will thermally anneal fission
tracks before sufficient pressures are encountered.

3.10 Thermal History Modeling

The ultimate test of our annealing models comes when they
are applied in geological settings. The approach for doing so
was laid out by Green et al. (1989): For any possible thermal
history, our models allow us to predict the age and length
distribution that would be measured. This prediction requires
an annealing equation, a length-density conversion, and
proper accounting for observational biases. Another impor-
tant component is the equivalent time hypothesis, which
states that the annealing behavior of a track depends solely
on its current length, and not the particular history by which
it achieved that length (Duddy et al. 1988). When we
combine this set of assumptions into a computer program,
we can then pose a series of geologically reasonable thermal
histories and see which ones match our measurements (e.g.,
Issler 1996; Gallagher 2012; Ketcham et al. 2016). This
approach has been used in hundreds of studies to help extract
the maximum amount of information from FT measure-
ments, and its wide use attests to its underlying soundness,
or at least resilience.

However, while most practitioners use FT ther-
mochronology and modeling to solve geological problems,
they are also testing this soundness and resilience. Another
“feature” of FT thermochronology is the large uncertainties
inherent in the method—we are essentially trying to work out
geological histories spanning millions of years by studying
the aftermaths of a handful of spontaneous fission decays.
Large uncertainties in ages stem from the unforgiving Pois-
sonian statistics of track counts in the hundreds to thousands,
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and the equivalent time hypothesis combined with some tens
up to a hundred track lengths generally ensures that many
time–temperature paths are consistent with the data. If there
are few other quantitative constraints on the geology, it is
generally possible to find many thermal histories that are
consistent with our measurements. The flip side to luxuriating
within generous uncertainty bounds is that we may get
incorrect answers, notwithstanding the ingenuity of our the-
oretical, computational, and statistical approaches. Success-
fully fitting a model can lead to complacency, and within the
statistical noise lie both freedom and danger.

The largest pitfall in modeling using apatite fission tracks
lies in their variable annealing kinetics, which are probably

the rule rather than the exception in sedimentary rocks and
occur in igneous rocks as well, even in individual plutons
(O’Sullivan and Parrish 1995). Just going from end-member
F-apatite to Durango to Fish Canyon spans a Tc range of
about 30 °C. The large uncertainties can make it tempting to
lump kinetically diverse grains into a single population
for modeling, and the software will often still find
reasonable-looking fits. However, modeling a kinetically
diverse population using a single set of kinetics has been
compared to putting one’s hand in the oven and foot in the
freezer and claiming to feel about right on average.

Powell et al. (2017) provide a nice example of the
potential upside of thoroughly addressing variable annealing
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Fig. 3.13 a Apatite fission-track data from the Slater River Formation,
Mackenzie Plain, Northwest Territory, Canada, from Powell et al.
(2017), combining their Figs. 3 and S1. b HeFTy thermal history
inverse model showing broad regions of possible thermal histories
(pink and green envelopes, encompassing good and acceptable

histories, respectively) and peak burial (red and green points from 90
to 60 Ma). Inset shows associated apatite (U−Th)/He dates and their
relation to effective uranium content; points in black included in fitting
(from Powell et al. 2017, Fig. 7)

70 R. A. Ketcham



kinetics (Fig. 3.13). Single-grain ages of apatites from a
bentonite layer in the Upper Cretaceous Slater River For-
mation in the Mackenzie Plain of the Canadian Northwest
Territories fail the chi-squared test, and neither Cl content
nor etch figures differentiate them. However, a
multi-compositional analysis using rmr0 (Eq. 3.11d) pro-
vided a means to separate their measurements into two sta-
tistically significant kinetic populations with distinct track
length distributions (Fig. 3.13a), with the main culprit being
F–OH mixing. This separation allowed them to estimate the
timing and extent of maximum burial with a reasonable
degree of confidence (Fig. 3.13b) using HeFTy (Ketcham
2005). That being said, the separation is not perfect and still
features outliers, likely due to the need for further progress
in understanding apatite annealing kinetics.

The associated apatite (U−Th)/He (AHe) grain data
shown in the Fig. 3.13b inset provide an instructive illus-
tration of the vagaries of working with FT and helium sys-
tems for thermal history modeling. Because the error bars on
the AHe single-grain ages are small, it is impossible to have
a single model that encompasses them all to within their
respective uncertainties, based on our current knowledge of
how that thermochronometric system works; there is evi-
dently some process or factor we do not yet understand and
is not included in our modeling, that is responsible for this
excess variation. Thus, the choices are to leave the AHe data
out entirely, to choose which data points to fit and provide a
reason for the choice (as the authors did), or to fit all of the
data and tolerate the misfit. There are no really satisfying
options, and the third, although often chosen, is arguably the
worst one, as it abdicates thinking and lets the statistics
interpret ignorance as excess noise. However, if those had
been apatite FT single-grain ages, the uncertainties in the
ages would have been substantially larger, and we may not
have even been aware of a problem.

3.11 Future Directions

This chapter has documented a great deal of progress in our
understanding of FT annealing and tried to point out both
nagging questions and prospective avenues for research in
the near and medium term. In apatite, continued work on the
“seasoning” effect and on kinetics will help to put our
thermal history modeling on an ever-firmer foundation and
likely provide new means for extracting even more infor-
mation from our data. Zircon has received detailed experi-
mental and analytical attention but relatively sparse
application; the recent incorporation of length-based mod-
eling into thermal history inversion software should help
address this and may help clarify abiding issues in that
system. The most pressing of these are probably the effects

of alpha decay and recoil and how the various damage types
evolve and interact.

An interesting, and probably underappreciated, insight
that arises from the research described in this chapter is how
similar FT annealing seems to be in apatite and zircon, from
the effects of anisotropy to the success of a fanning curvi-
linear model form in describing and extrapolating from
laboratory data to the differences between induced and
spontaneous tracks. These similarities provide another
argument against there being fundamental differences in
their structure or annealing mechanisms. In fact, they prob-
ably point to insufficiently tapped reservoirs within the dis-
tinct communities specializing in each mineral for informing
and helping each other, as similar problems in such areas as
etching and anisotropy have led to very different, but all
carefully considered, solutions.
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4The Future of Fission-Track
Thermochronology

Andrew Gleadow, Barry Kohn and Christian Seiler

Abstract
The methods of fission-track (FT) thermochronology,
based on a combination of the external detector method,
zeta calibration against independent age standards and
measurements of horizontal confined track lengths, have
undergone relatively little change over the last 25 years.
This conventional approach has been highly successful
and the foundation for important thermal history inver-
sion methods, supporting an expanding range of geolog-
ical applications. Several important new technologies
have emerged in recent years, however, that are likely to
have a disruptive effect on this relatively stable approach,
including LA-ICP-MS analysis for 238U concentrations,
new motorised digital microscopes and new software
systems for microscope control, digital imaging and
image analysis. These technologies allow for new
image-based and highly automated approaches to FT
dating and eliminate the need for neutron irradiations.
Together they are likely to have a major influence on the
future of FT analysis and gradually replace the older,
highly laborious manual methods. Automation will
facilitate the acquisition of larger and more comprehen-
sive data sets than was previously possible, assist with
standardisation and have important implications for
training and distributed analysis based on image sharing.
Track length measurements have been more difficult to
automate, but 3D measurements and automated
semi-track length measurements are likely to become
part of future FT methods. Other important trends suggest
that FT analysis will increasingly be combined with other
isotopic dating methods on the same grains, and
multi-system methods on coexisting minerals, to give
much more comprehensive accounts of the thermal
evolution of rocks. There are still a range of important
fundamental issues in FT analysis that are poorly

understood, such as a full understanding of the effects
of composition and radiation damage on the annealing
properties of different minerals, which are likely to be
fruitful areas for future research in this field.

4.1 Introduction

A variety of experimental methods emerged during the early
development of FT dating to measure the essential ratio of the
238U spontaneous fission track density to the parent uranium
concentration. Mostly the uranium concentration could not
be measured explicitly, but rather the track density of in-
duced 235U fission tracks resulting from a thermal neutron
irradiation was used as a proxy (Fleischer et al. 1975). By the
end of the 1980s, just one of these experimental methods, the
external detector method (EDM) (e.g. Naeser and Dodge
1969; Gleadow 1981; see Chap. 2, Kohn et al. 2018) had
come to dominate the practice of FT analysis. As discussed
below, there were several reasons for the success of this
method, but by far the most significant was that it provided
age information on individual *100–200 µm mineral
grains, the first of any geochronological technique to
routinely do so.

The EDM has become central to what we may now
describe as conventional FT analysis, a combination of
procedures that has progressively become the standard, and
almost universally adopted, approach to FT dating in labo-
ratories around the world. In this approach, FT ages are
determined by the EDM using the empirical ‘zeta’ calibra-
tion against a set of independent age standards (Fleischer and
Hart 1972; Hurford and Green 1983), combined with mea-
surements of horizontal confined track lengths (Gleadow
et al. 1986) usually measured using a microscope drawing
tube and digitising tablet. In essence, these two comple-
mentary data sets comprising the FT grain-age distribution
and the FT length distribution, contain, respectively, the time
information and the temperature information that are
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required by forward modelling schemes to reconstruct the
thermal history of a particular sample (Fig. 4.1). This
approach has been widely applied to the common
uranium-bearing accessory minerals apatite, titanite and
zircon, of which apatite has been by far the most important,
because of its common occurrence, its simple and consistent
etching behaviour and its well-documented annealing prop-
erties relative to other minerals. Apatite will therefore be the
principal focus in the rest of this chapter, although most of
the discussion would apply equally to other minerals.

There has been little change in this conventional approach
to FT thermochronology over a period now approaching
25 years, although important advances have been made in

understanding FT annealing and in the development of
multi-compositional annealing models over this time,
accompanied by a comprehensive description of the statistics
of FT analysis (Galbraith 2005; see Chap. 6, Vermeesch
2018). Together, these advances are applied in the inverse
modelling techniques used for thermal history reconstruction
from FT data (Ketcham 2005; Gallagher 2012). The recog-
nition that apatite FT annealing properties vary with com-
position (e.g. Green et al. 1985; Barbarand et al. 2003)
means that measurement of some specific ‘kinetic parame-
ter’ for each grain is now also required. The two kinetic
parameters in common use are the average diameter of track
etch pits parallel to the c-axis, Dpar (Donelick 1993;
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Fig. 4.1 Analytical sequence required for the reconstruction of
thermal histories from primary measurements of a, the number, and
b, the lengths of fission tracks in a mineral sample, together with the
238U concentration, here indicated by a circular laser ablation pit in (a).
Image a includes a region of interest outlining the area to be counted
and an internal grid to assist in counting. Image b shows a confined
fission track and its measured length. In the centre, a radial plot shows
the distribution all of grain ages, and a histogram the distribution of all
lengths measured in a sample. These results can be thought of as
primarily reflecting the time component, and the temperature

component of the underlying thermal history, respectively. The thermal
history reconstructed from such data is shown in the temperature–time
plot, c, on the right. In practice, this FT analytical sequence is currently
fully developed only for apatite and is the basis of the conventional
approach described here. Future developments in FT thermochronol-
ogy, however, are likely to follow a similar sequence, but will include
new technologies for collecting the data, greater use of automation,
richer data sets and routine integration of the results with other
thermochronometers
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Donelick et al. 2005) and/or the chlorine concentration of the
apatite, usually measured by electron probe micro-analysis
(EPMA, Green et al. 1985). With these additional refine-
ments, the conventional approach has provided a stable
platform that has underpinned major growth in the field, and
a widening diversity of applications.

Following the general adoption of this standardised
approach, the dominant emphasis of most FT studies over
the past decade or more has been, appropriately, on geo-
logical applications, rather than on ongoing development of
the methods themselves, or probing remaining areas of
uncertainty. There is a danger in this state of affairs, how-
ever, that FT analysis may be applied in a formulaic way
with little understanding of some of the more fundamental
assumptions and unresolved issues that underlie the tech-
nique. To continue in this mode would be to invite stagna-
tion, but, fortunately, important new trends have been
emerging over the last decade, which are likely to have a
disruptive influence on FT analysis as it is now practiced.
Ultimately, these changes have the potential to improve the
quality and consistency of FT data and thereby provide new
insights into the thermochronology of the continental crust.

The early part of the twenty-first century has seen the
emergence of several important new technologies including
(i) laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS), (ii) fully motorised digital micro-
scopes that allow all microscopy functions to be placed
under computer control and (iii) practical image analysis
techniques based on captured and stored digital images
obtained using (ii). Underlying all of these, of course, is the
steady advance of desktop computing power and, crucially,
the availability of abundant, cheap disc storage for captured
digital images. These developments are likely to have a
major impact, and indeed come to dominate, the foreseeable
future of FT analysis, and are the central subject of this
chapter. A number of other important trends, in the way that
FT data are used and combined with other ther-
mochronometers, will also be discussed below.

4.2 The Current State of FT Analysis

The stability and practical convenience of the conventional
approach to FT analysis have had some important advan-
tages, particularly in providing single grain-age information
and the ability to statistically test the coherence of the
sampled age populations (Galbraith 1990). The induced
tracks could be measured over exactly the same area counted
for spontaneous tracks, and the zeta calibration largely set-
tled, or at least avoided, earlier disputes about the 238U
spontaneous fission decay constant, and neutron dosimetry
calibrations. Horizontal confined track lengths were shown
by Laslett et al. (1982) to give the closest approximation to

the true underlying distribution of unetched fission-track
lengths. The widespread adoption of this approach has also
aided consistency in data production, although the degree to
which this has been universally achieved is doubtful.

There are also a number of disadvantages to the con-
ventional approach, however. The most significant of these
include the very long sample turnaround times, typically
months, necessitated by neutron irradiation, and the
accompanying laboratory safety issues arising from handling
radioactive materials. Moreover, the procedure is highly
laborious, with long hours needed at the microscope to
measure the three track densities and confined track lengths
required for each sample. Even then, the number of counts
and lengths are relatively limited, thereby reducing the
precision of the measurements. The method also requires a
major commitment to operator training, typically over a
period of months, in order to develop the appropriate levels
of expertise. In addition, the quality of measurements is
significantly dependent on operator experience and requires
an individual calibration. Finally, the zeta calibration means
the technique is dependent on other methods and therefore is
not an absolute dating method in its own right.

Reference to widely available age standards has brought a
measure of consistency to FT age determinations between
individual researchers, but recent inter-laboratory compar-
ison experiments have shown an alarming lack of similar
consistency when it comes to track length measurements
(Ketcham et al. 2015). There are a variety of factors con-
tributing to this situation, but one crucial issue is the lack of
any comparable ‘length standards’, and indeed it is currently
hard to see how an independent reference value for FT
lengths could be obtained. A resolution is urgently needed to
this problem so that track length measurements, and the
thermal history models based on them, can be accepted with
confidence. This must be a major short-term goal for the
future of FT analysis.

4.3 LA-ICP-MS Analysis of Uranium
Concentrations

The progressive refinement and decreasing costs of access to
LA-ICP-MS technologies during the 1990s has led to their
increasingly widespread availability to researchers in the
twenty-first century. This technology provides an alternative
to neutron irradiation for analysing the uranium concentra-
tions of mineral grains with ppm sensitivity and a spatial
resolution comparable to fission-track dimensions. The first
significant adaptations of this technology to FT analysis
(Hasebe et al. 2004, 2013) showed this to be a practical and
highly effective approach, and, as a result, it is now being
progressively adopted by an increasing number of FT
groups. The major advantages of this method include the
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speed of analysis, direct analysis of parent 238U, rather than
using 235U as a proxy, at least comparable precision and
accuracy to the conventional approach, and elimination of
the need to handle irradiated materials. There can be no
doubt that LA-ICP-MS will be an important part of the
future of FT thermochronology, a change being accelerated
by the increasing difficulty of access to suitable neutron
irradiation facilities, following closure of many research
reactors around the world.

One of the most important features of using the
LA-ICP-MS method is that only a single track density
measurement (spontaneous track density, qs) is required,
compared to three for the EDM, which, given the relatively
large uncertainties associated with most track density mea-
surements, has the potential to improve the precision of
measurements using the new approach. So far, it appears that
comparable precision is being obtained using either method
(e.g. Seiler et al. 2014), although this has not yet been rig-
orously tested and further developments in LA-ICP-MS
technology are likely to see the precision from this method
exceeding that from conventional analyses.

An important issue raised by the adoption of LA-ICP-MS
in FT analysis is that it requires rethinking of how the FT age
equation is applied (Hasebe et al. 2004; Donelick et al. 2005;
Gleadow et al. 2015; see also Chap. 2, Kohn et al. 2018). As
with most new technologies the initial adoption of this
approach has tended to follow earlier practices and most
reported measurements have used a ‘modified zeta’ cali-
bration based on reference to age standards (Hasebe et al.
2013; Gleadow and Seiler 2015). However, from the
beginning it has been clear that the emergence of this new
technology gives an important opportunity to revisit the
question of using an absolute calibration, based on explicit
use of the constituent constants making up this ‘modified
zeta’ (e.g. Hurford 1998; Soares et al. 2014; Gleadow et al.
2015).

Many of these constituent constants, such as Avogadro’s
number, or the density of apatite are well known, but other,
such as the FT detection efficiency in different materials, and
indeed, the spontaneous 238U decay constant, are not. The
near future of FT analysis is therefore likely to include
renewed experimental efforts to ascertain precise values for
these constants (e.g. Jonckheere and van den Haute 2002;
Soares et al. 2014). Another important consideration that
will be essential for the future evolution of this method will
be the development of a series of widely accessible,
matrix-matched compositional standards for the analysis of
apatite and other FT minerals.

Interestingly, this version of the FT age equation (see
Chap. 6, Vermeesch 2018, Eq. 6.25) also explicitly requires
the average etchable range of a single fission fragment, which
can be approximated by half the confined track length. This is
the key geometric parameter required to relate the planar, 2D,

spontaneous fission track density to the 3D volume concen-
tration of 238U atoms in the mineral. We might then ask
which value should be used for this length factor. If one is
using a modified zeta calibration, then this factor is implicitly
assumed to be the characteristic track length in the age
standards used, typically around 14.5–15.0 µm. Used this
way the results obtained are directly comparable to those
from the conventional, zeta calibrated EDM, which also
makes the same implicit assumption about the track length
component.

The question then arises about what is the significance of
the FT age calculated in the conventional way when applied
to samples that have a mean track length that is quite dif-
ferent to the age standards used for the zeta calibration. In
such cases, the FT age calculated with the conventional
approach is in fact a kind of ‘model age’, rather than the
‘true’ FT age anticipated in the derivation of the FT age
equation. This model age is the FT age that would be
obtained for a sample, if it had the same length distribution
as the age standards used. In the great majority of samples,
however, this assumption is invalid as the average track
length is mostly shorter, sometimes significantly so, than in
the age standards. In almost all samples, therefore, if the
actual etchable fission fragment range was used in the
equation, a significantly older age will result because this
length factor occurs on the denominator of the age equation.
In the conventional, or the ‘modified zeta’ LA-ICP-MS
approach, the importance of the length component is
obscured by the zeta calibration, and the calculated ‘model’
age will be nearly always younger than the ‘true’ FT ages
based on the actual mean track length.

This is an important question and one that is likely to be
debated in ongoing discussions about FT thermochronology,
especially as fission track results are increasingly integrated
with other thermochronometers, where comparable
assumptions and ‘model age’ calculations do not apply. At
one level, this is not a major issue for reconstructed thermal
histories, because these histories are derived from the actual
length distributions. However, there can be no doubt this
‘model age’ calculation is also responsible for many of the
apparent inversions observed in the expected relative
sequence of apatite FT and apatite (U–Th)/He ages, because
the two ages are not being calculated in the same way. One
of the benefits that may come from more widespread
adoption of the LA-ICP-MS approach will be a clearer
understanding of what we actually mean by a ‘FT age’.

The adoption of LA-ICP-MS, of course, raises a range of
new practical considerations and calibration issues of its
own, which are still being worked through. As was the case
with the conventional approach, the development of standard
analytical protocols and appropriate reference materials for
U analysis will take time and is likely to be a fertile research
field in the near future. At present, this is largely being
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pursued on a laboratory-by-laboratory basis, but there are
important opportunities for greater inter-laboratory stan-
dardisation and adoption of a more unified approach. Such
issues as the optimum ablation parameters (e.g. power
levels, pulse rate and ablation pattern), potential heteroge-
neous ablation, controlling ablation pit depth, and detecting
and monitoring compositional zoning, have not yet been
fully explored for their potential influence on FT ages
derived by this method compared to other applications of
LA-ICP-MS. Similarly, the statistics of FT dating using
LA-ICP-MS has lagged behind that of the EDM but is now
receiving much needed attention (Chap. 6, Vermeesch
2018).

The number of direct comparisons between the conven-
tional and LA-ICP-MS approaches is still quite limited
although the concordance between the two is generally
excellent (e.g. Hasebe et al. 2004; Seiler et al. 2014; Gleadow
et al. 2015). LA-ICP-MS can analyse for many elements
simultaneously, so that this new method could progressively
build an analytical database on apatite compositions and
etching properties that could be of significant value to future
annealing models for apatite and other minerals. The issue of
well-calibrated, homogeneous and matrix-matched standards
for LA-ICP-MS is another area that is currently limiting the
more effective utilisation of this approach.

One exciting possibility might be to measure the con-
centration of chlorine and other elements that might influ-
ence annealing kinetics in apatites simultaneously with the
measurement of 238U. Chlorine has an extremely high ion-
isation potential and therefore has a much higher detection
limit in apatite (Chew and Donelick 2012), but early
experiments (Chew et al. 2014) show great promise for this
to become a standard procedure in future. This would have
the great advantage for FT analysis of eliminating an entire
analytical procedure, electron probe micro-analysis (EPMA)
that is currently required to measure the halogen content in
apatite. EPMA for fluorine and, to a lesser extent, chlorine
can be problematic, and very careful analytical protocols are
required to produce satisfactory results (e.g. Goldoff et al.
2012). It is not hard to imagine this cumbersome additional
analytical step being replaced by LA-ICP-MS in the near
future. With either method, well-calibrated compositional
standards are required to produce satisfactory results, but the
method still lacks suitable international reference materials
(e.g. Chew et al. 2016).

4.4 Computer-Controlled Digital Microscopy

The emergence of a new generation of fully motor-driven
research microscopes over the past decade is a major
advance that has the potential to put all aspects of FT
microscopy under computer control. For the first time, the

most advanced research microscopes can assist the operator
with virtually all routine microscope tasks. Coupled with
high-quality digital imaging and appropriate control soft-
ware, these instruments can provide fully autonomous
microscopy and multiple slide-handling capabilities that
largely eliminate the long periods at the microscope, previ-
ously required for the conventional approach. Such motor-
ised microscopes are also allowing new kinds of track
measurements to be made that were not practical, or even
possible, using earlier manual systems (e.g. Jonckheere et al.
2017).

This trend towards automated microscopy actually began
with the development by Gleadow et al. (1982) of a
computer-controlled three-axis stage system that substan-
tially improved the efficiency of mirror-image matching
between grain mounts and muscovite track detectors in the
external detector method. Alternative manual solutions to the
mirror-image matching problem in the EDM have also been
found, including laying out grains in a grid pattern prior to
mounting, and the precise relocation of the etched detector
over the grain mount and counting the two sets of tracks at
two different focal levels—the so-called sandwich technique
(Jonckheere et al. 2003). Both require considerable manual
dexterity and patience by the analyst, and neither has been
widely adopted. In most laboratories, various versions and
generations of either two-, or three-axis motorised stage
systems have become part of the conventional EDM
approach (Smith and Leigh-Jones 1985; Dumitru 1993).

The capabilities of modern digital microscopes, however,
provide a fundamental change in the opportunities for precise
computer control, and image-based analysis that can trans-
form the way FT microscopy is conducted. These capabilities
include motor-driven objective nosepieces, reflector turrets,
diaphragms, filter wheels, illumination shutters, condenser
components, stage movements and focusing. The focus
motors are particularly important as they now give control on
the vertical or z-axis with a precision of a few tens of
nanometres, enabling the capture of vertical stacks of images
(z-stacks) spaced at a fraction of a micrometre. In this way, it
is possible to image the full 3D structure of etched fission
tracks in transmitted light and of the etched surface in
reflected light at very high magnification. Essentially all of
the information available to the operator in conventional
microscopy can now be permanently captured in digital form
for display on a high-resolution monitor, or subsequent dig-
ital image analysis.

Precise control of the vertical movement of the micro-
scope stage is of fundamental importance for automatic
focusing and for digital imaging of fission tracks. The ability
to capture images in multiple image planes at sub-micron
spacing of typically 100–300 nm means that the full 3D
character of etched tracks can be captured conveniently and
quickly at high magnification for the first time. In this, it is
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vital that the microscope is stable against both vibrations of
the bench and thermal expansion of the microscope body. In
some locations, it may be necessary to isolate the micro-
scope from building vibrations using some form of damping
table or tablet, although this is mostly not required.

Thermal expansion of the microscope body can be a sig-
nificant problem for precise, sub-micron, focus control. Large
researchmicroscopes, especially asmore andmore electronics
and powerful incandescent light sources have been added to
the basic frame, can show substantial thermal expansion over
the temperature range typically encountered in the operating
environment. If this factor is not controlled, then the distance
between the specimen on a stage and the objective can change
by up to 20 µmover time in larger formatmicroscopes, simply
due to expansion of the microscope frame, as illustrated in
Fig. 4.2. The most advanced microscopes now compensate
for this thermal expansion and remain stable during an
imaging session, but analysts need to be aware that not all
motorised microscopes have successfully controlled this
problem. High-intensity LED lamps are now appearing that
greatly reduce the amount of heat generated close to the
microscope and also have the advantage of exhibiting a con-
stant colour temperature over their entire power range, giving
a constant white-balance in the captured images.

In addition to motorised control of the microscope itself,
there have been key improvements in digital cameras for
microscope use over the last few years. Most microscope
cameras over the past decade have used CCD sensors that
produced images of excellent quality and resolution, but had
very slow frame rates of only a few frames per second. This
has been an important limitation on the speed at which
functions such as autofocus and digital imaging could be
carried out, and has been the rate-limiting step in autono-
mous image capture for FT analysis. In the last few years,
however, this has changed significantly with the emergence
of a new generation of CMOS sensors with similar image
quality and resolution, but very high frame rates of tens to
even hundreds of frames per second, and making use of
faster data transfer protocols, such as USB3 and GigE. This
technological advance has greatly reduced the time required
for digital image acquisition in FT analysis.

4.5 Automation in FT Analysis

The goal of automating FT analysis has had an enduring
appeal, and the highly labour-intensive and
operator-dependent nature of the required microscopy makes
the automation of routine tasks particularly desirable. The
potential benefits of an automated system, in addition to
relieving the operator of the need for long periods at the
microscope, include advantages in providing more consis-
tent data collection, in reducing the dependence on operator

experience, and accelerated training for new practitioners.
Another factor driving the need for change is that micro-
scope drawing tubes, a key hardware component for con-
ventional track length measurements, are now obsolete and
no longer available. Ultimately, the goal of any automated
system must be to significantly increase the efficiency of
analysis and improve the quality of the data obtained. Many
thermochronology studies are also demanding larger quan-
tities of data than can easily be met with traditional analyt-
ical approaches.
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Fig. 4.2 Thermal expansion in three motor-driven, large-format
research microscopes that have been used for FT analysis. The upper
group of square symbols shows how the temperature of the microscope
stand, measured using an infrared non-contact thermometer, is observed
to change as a function of elapsed time since the microscope was
switched on. Perhaps surprisingly, all three microscopes follow a very
similar temperature increase from a room temperature of *20 °C to
eventually reach a stable operating temperature of nearly 30 °C after
about 4 h. For each of the three microscopes, a specimen was set in
focus at the start and then the z-axis adjustment in µm required to bring
the specimen back into focus was recorded at different times up to 300–
550 min. The lower three curves show the amount of adjustment
required due to this thermal expansion of the microscope stand. The
early 1990s Axiotron microscope shows an expansion of over 20 µm,
consistent with the thermal expansion expected in the aluminium
microscope body over this temperature range. In contrast, the two
modern motorised microscopes (DM6000 and Axio Imager) show only
a small, or negligible degree of expansion as temperature increases,
although both have some initial instability, before stabilizing. This,
along with vibrational stability, is an important consideration for reliably
capturing image stacks at sub-micron spacing for automated FT analysis
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Until recently, however, the goal of comprehensive
automation of FT analysis has remained difficult and
impractical, not least because the necessary hardware was
not yet available. Early attempts at developing automated
systems therefore required specially constructed hardware
for the task (e.g. Wadatsumi et al. 1988; Wadatsumi and
Masumoto 1990) and principally for this reason have had
very little subsequent impact on the field. This situation has
now changed with new digital microscopes and computing
resources, leading to significant progress in the development
of automated analysis systems over the past decade.
Important conceptual and software advances are now also
being made (e.g. Gleadow et al. 2009a, 2015) that allow
these hardware developments to be fully utilised. Impor-
tantly, both hardware and software continue to develop
rapidly and it is almost certain that automated FT analysis
will play a major role in the future of the field.

Several research groups are now pursuing the goal of FT
automation including automatic track counting (Gleadow
et al. 2009a, 2015; Kumar 2015), automatic or assisted
location of suitable grains for counting (Gleadow et al.
2009b; Booth et al. 2015), determination of crystallographic
orientation of grains (Peternell et al. 2009; Gleadow et al.
2009b, 2015) and the characterisation of fission track etch
pits (Reed et al. 2014; Gleadow et al. 2015). A novel
alternative to these automated methods (Vermeesch and He
2016) seeks to use crowdsourcing for counting tracks in
captured digital images to average interpersonal differences
in fission track counts, while also generating larger data sets
than would be possible by a single analyst alone. Many of
these approaches are still at an early, experimental stage of
development, and the only one now fully operational as an
integrated FT analytical system is that developed at the
University of Melbourne, which will be detailed here as a
case study.

The approach developed in Melbourne is divided into two
components. The first is a microscope control system
(TrackWorks) that autonomously captures a comprehensive
set of digital images on previously marked mineral grains,
and the second is an image analysis and review system
(FastTracks) that processes the captured and stored images
offline on a computer. The operator is required mainly to
supervise a brief setting up routine at the microscope, and
finally to review the results obtained from the image analysis
on a computer and make any corrections or adjustments
required.

In this system, the automated track counting is achieved
by an image analysis routine called ‘coincidence mapping’,
described in detail by Gleadow et al. (2009a), based on a
digital superimposition of transmitted and reflected light
images. After applying a fast Fourier transform bandpass
filter to flatten background variations, the two images are
segmented by applying an automatic threshold value to

produce a binary image separating ‘features’ from ‘back-
ground’. These images include both track and non-track
features, but the ‘coincidence’ between the transmitted and
reflected images, derived by extracting only those elements
that are common to both, is almost entirely fission tracks.
Spurious non-track features, such as dust particles, polishing
scratches and inclusions, are rarely observed equally in both
reflected and transmitted light images, and the few that may
be erroneously counted can easily be removed during a rapid
manual review of the results.

The best results are obtained with this image analysis
technique when careful attention is given to consistent sam-
ple preparation. The most suitable mounts have flat polished
surfaces with little grain relief, obtained by using diamond,
rather than alumina, polishing compounds. A more signifi-
cant factor is that polished apatite grains commonly show
strong internal reflections when observed in incident light,
due to their very low surface reflectivity, which degrades the
reflected light image required for coincidence mapping.
Applying a thin metal coating, typically by depositing a thin
(*10 nm) layer of gold onto the etched surface, eliminates
these internal reflections. This coating step is most important
for apatite, but reflected light imaging of zircon, titanite and
muscovite external detectors, are all improved by a reflective
coating. Applying the metal coating is easily implemented
using either a sputter coater or vacuum-evaporation unit and
greatly improves automatic track counting without being
dependent on operator skill or experience.

The current Melbourne system is designed to work with
either the conventional EDM or the LA-ICP-MS methods,
but has particular advantages when coupled with laser
ablation because it produces a permanent digital replica of
the etched grain surfaces, which are otherwise partially
destroyed at the ablation step. The optical information in
both transmitted and reflected light, previously accessible
only in real time at the microscope, is still available for later
observation and analysis through the stored images. The
locations of coordination markers and analysed grains can
also be exported to a laser ablation or electron microprobe
stage, so that further geochemical analysis is streamlined.

As was typical in earlier microscope stage systems
(Gleadow et al. 1982; Smith and Leigh-Jones 1985; Dumitru
1993), grain coordinates need to be related to an internal
reference frame defined by coordination markers attached to
or engraved in the surface of each slide or grain mount. In the
Melbourne system, three Cu electron microscope grids are
usually attached to each slide for this purpose. The process of
locating and accurately centring these markers can itself be
automated, so that multiple slides can be loaded on the
microscope stage and coordinated automatically (Fig. 4.3).

The task of locating optimally oriented grains (c-axis
parallel) of a suitable size for FT analysis can be automated
using digital imaging of grains under circular polarised light
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(Gleadow et al. 2009b) where the brightness of similarly
sized grains is controlled by their orientation. In this obser-
vation mode, the brightest grains will be those with their c-
axes parallel to the polished surface. A particular advantage
of automatic grain detection is that it provides an unbiased
selection of grains for analysis, independent of where tracks
are located, or whether a particular grain contains any tracks
at all. This factor is especially important for low track den-
sities where inappropriate grain selection can significantly
bias an age determination. Once a suitable set of grains have
been selected for analysis, an automatic image capture
sequence can be run autonomously over perhaps 40–80
grains with no further need for operator supervision. The
digital image sets captured over a batch of several slides can
then be then archived to disc for later retrieval and image
analysis.

4.5.1 Automatic FT Counting

Anadvantage of any automated image analysis systemworking
on captured images is that the processing can be done inde-
pendently of the microscope on a different computer. In the
Melbourne system, image analysis is typically an interactive
process that starts with running the automatic coincidence
mapping routine for track counts, adjusting measurement
parameters and filter settings as necessary, and reviewing the
results. A typical workflow involved in using the FastTracks
system for a complete analysis of all parameters is shown
schematically in Fig. 4.4, and representative results are shown

Fig. 4.3 Upper image a shows a microscope stage with multiple slide
insert from Autoscan Systems to carry three fission track mounts for
automatic slide coordination, automatic grain detection and autono-
mous grain imaging. This insert is fitted to a piezo-motor stage on a
Zeiss Axio Imager microscope. b is an enlarged view of the same three
apatite grain mounts showing the three Cu electron microscope grids
attached to each that are used as coordination markers. The grey band
across each is a thin (*10 nm) gold coating deposited on the surface
using a sputter coater to enhance the surface reflectivity, while still
allowing for observation and imaging in transmitted light (Gleadow
et al. 2009a). These custom microscope slides have dimensions of
25 � 30 mm, a size that better allows for multiple slide handling and
imaging on a normal sized stage. Later versions of this stage insert will
carry six slides of this size at one time

Fig. 4.4 Flow chart showing the sequence of steps involved in
conducting a typical automatic FT analysis session using the FastTracks
image processing system. The system operates on a set of images
captured autonomously using a motorised digital microscope in trans-
mitted and reflected light using the TrackWorks control package. Even
though most of the analysis is made automatically, some input or review
from the operator is usually required at various steps, as indicated in the
left side column. Outputs are shown on the right, and a–d correspond to
results in the image overlays in Fig. 4.5. The procedure is essentially the
same if the EDM is used, with the addition that tracks are also counted
over the paired mica external detector images. Confined FT lengths can
be measured at any time though this sequence using 3D measurement
tools but are usually measured on a separate set of captured images, either
with or without implantation of 252Cf fission tracks to enhance the yield
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overlaid on some transmitted light images for a Durango apatite
sample in Fig. 4.5.

In this sequence, the first step would involve setting a
region of interest (ROI) on each grain (Fig. 4.5a), to define
the area for analysis and exclude areas that are unsuitable for
counting such as regions outside the grain boundary, areas

that are poorly illuminated, or with fractures, inclusions, etc.
In a departure from the simple rectangular shapes dictated by
eyepiece grids used in conventional microscopy, an auto-
mated system can use a ROI of any arbitrary size or shape, or
even multiple ROIs within a particular field of view to avoid
interference from features such as fractures or inclusions.

Fig. 4.5 Typical sequence of images with overlaid results obtained
using the automated steps in Fig. 4.4. Each image shows a different
step in the procedure and the enlarged circle in each frame shows more
detail of the lower right area. a shows etched spontaneous fission tracks
in a surface transmitted light image in a sample of Durango apatite. The
white box is the region of interest (ROI) that defines the area within
which the analysis is carried out. b shows the automatically counted
tracks from the coincidence mapping algorithm with their surface
intersections highlighted. c shows the automatically detected c-axis
azimuth direction highlighted by the dark blue parallel lines, and a
small bar on each track etch pit shows the automatically determined
Dpar values. d shows the results of a prototype automated semi-track

length measurement tool, the overlaid lines being the surface projection
of the semi-track lengths that are determined in 3D. For each of these
semi-tracks, the system determines the true length from the centroid of
the surface etch pit to the end of the track, the true angle to the c-axis,
the projected length, the depth to the end and the true dip angle below
the surface (corrected for refractive index). This image also shows the
length of a single horizontal confined track near the centre that has been
manually measured by clicking on each end of the track at high
magnification. None of the automated measurements in b–d have had
any manual correction, although this is often required for a small
fraction of the tracks

4 The Future of Fission-Track Thermochronology 85



The area of the ROI can be simply determined from the
number of pixels contained so that an accurate track density
can be calculated for each grain.

Once image analysis for automatic track counting is
complete (Fig. 4.5b), typically taking less than one minute
for 30–40 grains using FastTracks, the results may be
reviewed and corrected if necessary by the operator for any
misidentified features or uncounted tracks (Gleadow et al.
2009a). Such features typically make up only a few per cent
of the total, and the manual review can be carried out quite
quickly. A worthwhile focus for future research will be to
develop additional image analysis routines to correctly
identify the small proportion of tracks, mostly very shallow
dipping tracks, which may be overlooked or misidentified.
Machine learning techniques (Kumar 2015, Donelick and
Donelick 2015) may be useful in this regard. After an
automatic count has been completed, further automatic
image analysis routines can be used to determine other
parameters from the stored image sets, such as the c-axis
direction and Dpar values (Fig. 4.5c). This secondary anal-
ysis typically takes only seconds once the initial image
processing has been carried out, and, since the c-axis
direction is known within the selected prismatic grain sur-
faces, the orientation of all other features can be automati-
cally referred to that direction.

4.5.2 Confined FT Length Measurements

The most time-consuming part of measuring the lengths of
confined tracks is not actually the length measurement as
such, but the location of suitable horizontal confined tracks.
It is this location task that makes automation of length
measurements significantly more difficult than automatic
counting. Measuring the positions of track ends is relatively
trivial to do manually, but can be carried out much more
precisely on greatly enlarged digital images than on a live
microscope image using a drawing tube and digitiser. An
automated microscopy system can greatly assist in this
process, but so far no fully automated system has emerged.
One partial solution is for the operator to locate suitable
confined tracks for length measurement and simply mark
their positions during inspection of the grain mount. It is
then straightforward to autonomously capture cropped image
stacks locally around these locations for later measurement
by manually clicking the cursor on each end of the confined
track in the on-screen 3D image stack (Gleadow et al. 2015).
The length, angle to the c-axis and dip angle can then be
automatically recorded (Fig. 4.5d). Although not completely
automated, such an image-based system has advantages in
that a permanent record is made of the tracks measured, and
much greater precision and consistency are possible, relative
to a manual measurement under the microscope.

With this system, length measurements can be made
accurately over a greater range of dip angles, compared to
traditional ‘horizontal’ confined tracks, by recording both
the position and the depth plane of the track ends in a
transmitted light image stack. The depth component of the
true length may be automatically corrected for the refractive
index of apatite (Laslett et al. 1982; Gleadow et al. 2015).
Such 3D lengths potentially introduce an additional source
of sampling bias that still needs further investigation,
because dipping tracks are more likely to intersect the sur-
face, and therefore become disqualified as confined tracks if
they are long than if they are short. However, the likely
increase in sample size from 3D measurements makes
understanding this potential bias a worthwhile objective.
Even restricting the true dip angles to the usual ‘horizontal’
criterion of <10–15° (Ketcham et al. 2009; Laslett et al.
1982) will make the measurements more precise by cor-
recting for that dip, thereby improving data quality and
consistency. Indeed, because the actual dips of conventional
‘horizontal’ track lengths are poorly constrained, and greater
than they appear due to the refractive index, the projected
lengths recorded without reference to dip may include errors
of up to several per cent, or even more.

An important goal for the future of track length mea-
surements will be to find ways to automatically locate con-
fined tracks for measurement, and to develop fully
automated measurement tools. This is certainly the most
challenging image analysis problem encountered in the
automation of FT analysis so far, but there are no funda-
mental reasons why a solution should not be found.

4.5.3 Automated Semi-track Length
Measurements

Recently, a possible alternative pathway to the automated
collection of track length data has emerged, building on the
theoretical understanding of the true lengths of ‘semi-tracks’
developed by Laslett and Galbraith (1996) and Galbraith
(2005). Semi-tracks are those tracks intersecting the etched
surface, the same features that are counted for the sponta-
neous track density measurement (Chap. 1, Hurford 2018).
These tracks have the great advantage that, unlike confined
tracks, their locations are already known from the automatic
counting result, and the etch pit marking the counted feature
also precisely defines the surface end of the track. The ter-
mination of the track can then be located by digital analysis
of the captured image stack starting from the surface etch pit
and tracing the feature until the end of the track is reached.
Current attempts at automating this procedure are extremely
promising (Fig. 4.5d). The number of semi-tracks available
for measurement vastly exceeds the number of the inherently
rare confined tracks by a factor of about 50–100, so that
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much larger length data sets could be collected automati-
cally. Another advantage of semi-tracks is that they are all
etched to the same degree, unlike confined tracks that usu-
ally show significant variation in the degree of etching
because of the variable geometry of their etching access
pathways.

Laslett and Galbraith (1996) have shown that, although
semi-track lengths are less useful than confined track
lengths, they nonetheless show distinctly different length
distributions for different thermal history styles and are
significantly more informative than ‘projected’ track lengths.
This new source of track length information could therefore
potentially be used for thermal history modelling. The sta-
tistical assessment of Laslett and Galbraith (1996) and
Galbraith (2005) allows the semi-track length distribution
corresponding to any particular confined length distribution
to be calculated, opening the possibility that the inverse
procedure can also be achieved by a Monte Carlo modelling
approach. The ability to model the underlying confined track
length distribution would also mean that, in principle, the
results of both confined and semi-track length measurements
could be combined in reconstructing a thermal history.

4.5.4 Other Benefits of Automated FT Analysis

So far, this discussion has been concerned with automation
of measurements that have previously been made manually,
albeit in a much less convenient way. Other measurements
could be made by an automated system, however, that go
beyond what has been done before. One such possibility
would be the routine assessment of the widths and other
dimensions of confined tracks and the semi-tracks from
which they are etched. In principle, this might allow for a
correction to be applied for the degree of etching of each
individual track, and then calculating the etchable range of
the latent track before etching began. Such ‘unetched’
lengths of confined tracks might give a more precise repre-
sentation of the true underlying track length distribution and
remove the effects of variable degrees of etching that cur-
rently blur the detail of confined track length distributions,
and by implication the thermal histories derived from them.

Other significant benefits flow from a digital image-based
system, most importantly in the area of training. Previously
processed image sets provide a novel and highly efficient
way for new analysts to be exposed to the detailed results
from an experienced observer. The latest release of the
FastTracks system, for example, includes a ‘Training
Extension’ that allows a new analyst to import and overlay
the results of a previous analysis of the same image set. This
system makes a digital comparison with the previous results
and highlights any discrepancies for consideration, correc-
tion or discussion. Experience in the Melbourne laboratory

has shown that this image-based automated system sub-
stantially reduces the training time for new students and
other novice analysts to a matter of just weeks. Previously,
using manual methods, it took many months for a new
analyst to achieve a similar level of competence. Widespread
sharing of such processed digital image sets between labo-
ratories could therefore play a key role in training a new
generation of FT analysts and, importantly, in standardisa-
tion between individuals and groups. Indeed, common
measurements on the same track length images could pro-
vide widely distributed standard reference materials for track
lengths that have so far been so conspicuously lacking in FT
measurements (Ketcham et al. 2015).

The ability to rapidly transfer digital FT image sets over
the Internet also means that completely new modes of dis-
tributed analysis can be imagined. In this way, a single
centralised digital microscopic imaging facility could sup-
port a number of different analysts dispersed at remote
locations. One well-equipped laboratory could thus poten-
tially support a number of individual researchers and groups
around the world who would only need an Internet con-
nection and a computer with the appropriate software tools
to undertake FT analysis on the downloaded image sets. The
size of the comprehensive digital image packages currently
in use is quite large, typically 5–10 GB per sample, which
has implications for how easily these can be transferred.
However, files of comparable size are already routinely
downloaded today, so such transfers are unlikely to be a
significant problem. Some image compression techniques
are available to reduce the file sizes, and future implemen-
tation of high efficiency ‘lossless’ image compression tech-
niques might further reduce the size of files for transfer. The
so-called lossy compression formats, such as jpeg, are best
avoided as they can introduce image artefacts and loss of
detail during image processing. Of course, continuing
improvements in network bandwidth will also assist in the
process of efficient transfer of large files.

4.6 Future Technological Developments

New approaches in FT thermochronology such as those
described here have often followed or coincided with the
arrival of significant new technologies. Important ongoing
developments can be anticipated in all the hardware compo-
nents relevant to FT analysis, including digital microscopy,
imaging systems, computational power, communications, and
mass spectrometry for trace element and isotopic analysis.
Such ongoing technological advances are likely to signifi-
cantly influence the future evolution of FT analysis.

Continuing developments in automated digital microscopy
are moving rapidly at the present time and likely to lead to a
new generation of powerful autonomous instruments that will

4 The Future of Fission-Track Thermochronology 87



require less and less supervision by a human operator. One
important trend already underway is the emergence of a new
generation of ‘headless’ microscopes that are designed for
fully automated scanning of large numbers of slides for later
offline inspection and analysis. Several major microscope
manufacturers are already producing digital microscopy sys-
tems that are entirely directed at on-screen examination and
image capture. Some are designed to automatically scan up to
100 slides at a time and capture high-resolution digital images
for biomedical and even petrographic applications. These
systems are designed to operate without human intervention
and therefore make no provision for a binocular head and
eyepieces, greatly simplifying the design. The microscope
systems of the future are likely to look very different to those
now in use, and one can imagine a dedicated digital micro-
scopic imaging system constructed specifically for the
requirements of FT analysis. Such a system would need many
fewer components and options compared to the general pur-
pose instruments of today, potentially reducing costs and
increasing the imaging capacity.

An intermediate step with current generation digital
microscopes is the ability to automatically scan and image
apatite grains over multiple slides, with substantial savings
in operator time. Once set up, the present TrackWorks
microscope control system can automatically locate slide
coordination markers, detect suitable grains and autono-
mously capture image sets over three FT slides at a time.
Increasing camera speeds, however, have meant that this
capture time is now reduced from several hours, previously
run overnight, to less than one hour for such a batch. A new
generation of larger format motorised stages mean it should
soon be possible to increase this autonomous capture
capacity to six slides at a time, and further increases can be
foreseen beyond that.

One other area where new developments in microscopy
could have an impact on FT analysis is the emergence of
various so-called super-resolution imaging techniques. These
techniques are able to exceed the normal diffraction-limited
resolution of conventional optics and could potentially pro-
vide more sharply resolved images for FT analysis. There are
several such systems currently available, directed almost
exclusively at biomedical applications and particularly
fluorescence microscopy. None of these appear at present to
be suitable for imaging fission tracks, but this is a very active
area of innovation at present, and it is possible that a suitable
technology might appear in future.

Developments in computing power and display tech-
nologies continue at a rapid pace so that even greater
computational capacity will be available to replace current
desktop and laptop computers, allowing ever more powerful
image analysis procedures. Other opportunities for advanced
image analysis could arise by utilising the massively parallel
processing power of graphics processor cards to greatly

accelerate performance, and also from unconventional
computing architectures, such as neural networks and even
quantum computing. The point here is not so much that
greater speed of analysis is urgently needed, as it is already
very fast, but these new technologies are likely to sub-
stantially expand the kinds and quality of data that can be
collected and processed automatically. For example,
higher-resolution imagery and more closely spaced image
stacks could be captured and analysed. This has significant
implications for the necessary image storage, but the
capacity of computer storage is also continually increasing
and becoming cheaper—essentially following ‘Moore’s
Law’. Similarly, the capacity and speed of global commu-
nications capable of transferring very large data sets
between laboratories will continue to increase. These
developments will accelerate the opportunities for
inter-laboratory collaboration, standardisation, training and
distributed analysis.

The accuracy of uranium concentration measurements
with current generation laser ablation ICP-MS instruments is
typically limited to a few per cent. However, looking at the
rapid development of this technology over the last 20 years
gives confidence that it, and potentially other kinds of mass
spectrometry systems, such as ICP time-of-flight (TOF) mass
spectrometers, will continue to evolve, leading to increased
precision and sensitivity for future applications in FT anal-
ysis. Such methods for the direct, rapid measurement of 238U
for FT analysis is also likely to be accompanied by greater
levels of automation, faster analysis, better software inte-
gration, simultaneous multi-element capabilities and
multi-system dating, all with many fewer demands on oper-
ator time.

One final comment here is that all of these developments
at the most advanced level of FT analysis still depend on the
basic requirement of crushing rock samples and separating
their constituent minerals. These are still mostly carried out
using quite primitive mechanical crushing, heavy liquid and
magnetic separation techniques that are dirty, slow and
potentially dangerous. Despite some developments in the
emergence of non-toxic heavy liquids, these methods for the
most part have changed little over the last century. One
important new technology is the electrodynamic disaggre-
gation of rocks with the Selfrag devices (Giese et al. 2010),
which are starting to appear in some larger groups, but at a
cost that puts them well out of reach for most laboratories. It
is possible that this kind of disaggregation device could find
a more widespread application as part of a centralised FT
sample preparation and digital imaging facility as discussed
above. Even so, the ongoing necessity of large-scale mineral
separation suggests that a substantial research effort to
develop new, innovative and highly automated approaches
to this laborious task would surely be of great benefit to the
analytical community.
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4.7 Other Trends in FT Analysis

A number of other important trends can be discerned in the
wider field of FT thermochronology that go beyond the
technical data acquisition advances that have been the main
emphasis here. An example is the increasing integration of
FT analysis of apatite and zircon in thermochronology
studies with other systems such as 40Ar/39Ar dating of
co-genetic mineral phases (e.g. Carrapa et al. 2009; see
Chap. 5, Danišík 2018). Another is the simultaneous mod-
elling of multiple FT samples that have a known spatial
relationship to each other, such as in a borehole or in a ver-
tical sampling profile across topographic relief. The thermal
history inversion will be much more powerfully constrained
in such cases, and this approach is now being facilitated by
the addition of multi-sample capabilities to modelling codes
(e.g. Gallagher 2012). Beyond this, there are many exciting
applications for thermochronology emerging through the
integration of thermal history modelling with thermokine-
matic and surface process models through software such as
PECUBE (Braun et al. 2012) to provide better-constrained
and mutually consistent solutions to geological problems.

Similarly, FT analysis can be combined with other
U-decay schemes applied to the same mineral grains in the
so-called double dating (e.g. FT and U–Pb, or (U–Th)/He and
U–Pb) or ‘triple dating’ (e.g. FT, (U–Th)/He and U–Pb) (see
Chap. 5, Danišík 2018). This is another important trend that
is likely to accelerate in coming years with the wider adoption
of LA-ICP-MS techniques, which allows the measurement of
multiple isotopic systems simultaneously with the measure-
ment of 238U for FT analysis (e.g. Carrapa et al. 2009; Shen
et al. 2012). With advances in mass spectrometry, it is even
possible to imagine a system that could simultaneously, or
sequentially make in situ measurements of FT, (U–Th)/He,
U–Th–Pb and even U–Xe ages in a single grain.

Within FT thermochronology itself, another trend is
towards analysis of significantly larger numbers of grains in
a sample, particularly for detrital applications (*100 grains,
Bernet and Garver 2005; Carrapa et al. 2009). For this trend
to continue requires greater analytical efficiency and sample
throughput which would be greatly facilitated by the appli-
cation of automation. Automatic grain detection, in partic-
ular, might help to ensure representative sampling of
different age populations in a detrital suite and reduce the
potential for operator bias in grain selection. The adoption of
LA-ICP-MS for uranium measurements also gives the
opportunity to analyse for a range of additional trace ele-
ments simultaneously, such as the REEs, which could help
in fingerprinting different detrital sources and characterising
their petrogenetic origins. Another possible trend, after
several decades where FT analysis has been dominated by
apatite, is an renewed interest in multi-mineral FT studies,

including titanite, zircon and other previously studied min-
erals, and exploration of the potential of additional minerals,
such as monazite which has potential for ultra-low temper-
ature thermochronometry (Gleadow et al. 2002, 2005).

The development of new approaches and new technolo-
gies gives an opportunity for many fundamental issues in FT
analysis to be revisited, new calibrations undertaken and
new modelling strategies developed to take advantage of
alternative kinds of data. New measurements of the track
detection efficiency of apatite and other minerals are needed
if FT analysis is to move away from a purely empirical
calibration and become an independent absolute dating
method (e.g. Jonckheere and van den Haute 2002; Soares
et al. 2014). New statistical studies are needed to fully
understand the implications of 3D track length measure-
ments. If automated measurements of semi-track lengths
become a routine option, as is highly likely, then new FT
annealing models based directly on such measurements need
to be developed, or alternatively, robust inversion methods
to derive confined track length distributions from semi-track
data. The influence of radiation damage on the annealing
properties of zircon, titanite and other minerals is another
area that requires further study. While this factor is
increasingly being recognised as a significant influence in
thermochronology, it is nonetheless very poorly understood.

There are also many aspects of the effects of mineral
composition on FT annealing that have received almost no
attention, and are worthy of further exploration. These
include the potential influence of OH substitution in fluora-
patites. The difficulty in measuring this anion has meant that
it has been largely ignored to date, and the annealing prop-
erties of hydroxyapatites are almost unknown. One important
observation, however, is that etching rates in diagenetic
hydroxyapatites are comparable to those in chlorapatites, so it
may be that some OH substitution could be responsible for
the observed tendency for Dpar values to increase towards
the fluorapatite end of the compositional spectrum (Green
et al. 2005; Spiegel et al. 2007). Although anion substitu-
tions, especially Cl, in apatite clearly have a dominant control
on the annealing properties, various cation substitutions
might also have an influence, such as REE, Sr and Mn
(Carlson et al. 1999; Barbarand et al. 2003), which need to be
investigated further. In other minerals, such as zircon and
titanite we have scarcely begun to assess the influence of
compositional factors on their annealing properties, and how
these might interact with accumulating radiation damage.
Some studies (Haack 1972; Dahl 1997; Carlson et al. 1999)
have provided evidence of a systematic relationship between
annealing properties and the underlying crystal chemistry of
FT minerals reflected in such parameters as the ionic poros-
ity. In principle, such relationships, if adequately understood,
could allow the annealing properties of an unknown mineral
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to be predicted from its composition, which would be of great
benefit. Current knowledge of the underlying mechanisms
falls far short of such a capability, but further research into
some of these fundamental questions is clearly warranted and
could significantly influence the future of FT studies.

Another area that remains poorly understood is the rela-
tionship between the fundamental mechanisms of FT
annealing at the atomic scale and the empirically observed
behaviour of etched tracks. Several recent investigations are
providing important new insights into the annealing beha-
viour of unetched fission tracks (Li et al. 2011, 2012; Afra
et al. 2011) that are now starting to close this gap in our
understanding. A complete convergence between studies of
the properties of latent fission tracks and the properties of
etched tracks is still some way off, but must surely be an
important research goal for the future of FT
thermochronology.

4.8 Conclusions

After a long period of relative stability in the widely used
methods of FT thermochronology, a number of disruptive
developments are now occurring that will have a formative
effect on future practice in this field. Importantly, these have
the potential for much more rapid analysis and improved data
quality, which should in turn propagate through to more
reliable thermal history reconstructions. These changes
include the gradual adoption of LA-ICP-MS analysis for the
direct determination of 238U concentrations in mineral grains,
rather than using induced 235U fission tracks as a proxy, and
the adoption of automated analytical methods based on dig-
ital images captured with a new generation of
computer-controlled, motor-driven microscopes. Image
analysis of captured image sets can provide automatic
counting of fission tracks and a range of support features
including automatic slide coordination, automatic grain
detection and batch processing of multiple grain mounts at
one time. The c-axis direction in uniaxial minerals such as
apatite and zircon can also be determined automatically, as
can the track etch pit size parameters Dpar and Dper. 3D
confined track length measurements can then be automati-
cally related to crystallographic orientation. New approaches
to the automatic measurement of track lengths are now under
development that will complete the analytical sequence
required for automatic FT analysis. Significant improvements
in all these methods can be anticipated, as is the involvement
of an increasing number of groups in their development. This
trend towards increasingly effective automation is likely to be
a major component of future developments in FT analysis.

Importantly, these new approaches are not simply new
ways of doing the same thing as before, but include
opportunities for obtaining new and much richer data sets

that were not previously practical to measure manually. This
is likely to lead to more robust, consistent and
better-standardised analyses than were previously possible,
and much improved training procedures for new analysts.
Sharing of digital image sets also means that much greater
inter-laboratory standardisation will be possible, as will new
distributed modes of analysis where one well-equipped
laboratory could provide captured images for a number of
other analysts in different places. Working with captured
digital images of etched mineral grains has particular
advantages when combined with laser ablation analysis,
which is destructive of the grain surfaces on a micro-scale.
LA-ICP-MS also enables a range of other isotopes to be
analysed simultaneously with 238U, including 232Th, Pb
isotopes and potentially 35Cl as a kinetic parameter in apa-
tite, which allows not only for more rapid and streamlined
analytical methods, but also for multiple dating systems to
be applied to single grains at the same time. Thus, the cur-
rent trend towards so-called double and triple dating in
apatite and zircon is likely to become a major part of the
future of FT thermochronology.

Continued technical development in instrumentation,
computational power and software can be expected to lead to
further enhancements and new opportunities across all of
these current trends in FT thermochronology. The outcome
is expected to be a future FT analysis based on more com-
prehensive data sets, better standardisation and more robust
thermal history inversions, as part of a broader
multi-mineral, multi-system approach to thermochronology.
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5Integration of Fission-Track
Thermochronology with Other
Geochronologic Methods on Single Crystals

Martin Danišík

Abstract
Fission-track (FT) thermochronology can be integrated
with the U–Pb and (U–Th)/He dating methods. All three
radiometric dating methods can be applied to single
crystals (hereafter referred to as “triple-dating”), allowing
more complete and more precise thermal histories to be
constrained from single grains. Such an approach is useful
across a myriad of geological applications. Triple-dating
has been successfully applied to zircon and apatite.
However, other U-bearing minerals such as titanite and
monazite, which are routinely dated by single methods, are
also candidates for this approach. Several analytical
procedures can be used to generate U–Pb—FT—(U–
Th)/He age triples on single grains. The procedure
introduced here combines FT dating by LA-ICPMS and
in situ (U–Th)/He dating approach, whereby the U–Pb age
is obtained as a by-product of U–Th analysis by
LA-ICPMS. In this case, U–Pb, trace element and REE
data can be collected simultaneously and used as anneal-
ing kinetics parameter or as provenance and petrogenetic
indicators. This novel procedure avoids time-consuming
irradiation in a nuclear reactor, reduces multiple sample
handling steps and allows high sample throughput (pre-
dictably on the order of 100 triple-dated crystals in
2 weeks). These attributes and the increasing number of
facilities capable of conducting triple-dating indicate that
this approach may become more routine in the near future.

5.1 Introduction

The FT method is a powerful dating technique that can be
used to constrain the timing and rates of a wide range of
geological processes occurring in the uppermost kilometres

of Earth’s crust in the temperature range of *60–350 °C.
The major applications of the method include delineating the
timing of rock exhumation (central for understanding the
dynamics of orogenic systems and cratonic area), basin
studies (revealing provenance of the material and
burial/exhumation history), dating of volcanic eruptions,
fault activity, genesis and preservation potential of economic
mineralisations and many others (see Part II of this book,
review books by Wagner and van den Haute (1992), Bernet
and Spiegel (2004), Reiners and Ehlers (2005), Lisker et al.
(2009), and some classic papers, e.g. (Wagner and Reimer
1972; Gleadow et al. 1983; Hurford 1986; Gleadow and
Fitzgerald 1987; Green et al. 1989a, b; Gallagher et al. 1998;
Ketcham et al. 1999; Kohn and Green 2002).

The FT method is based on the spontaneous fission of
238U (Price and Walker 1963; Fleischer et al. 1975) in
minerals like zircon, apatite and titanite (see Chap. 1 Hur-
ford 2018). Spontaneous fission is only one of several decay
mechanisms (e.g. U–Pb, (U–Th)/He, Lu/Hf, and Sm/Nd)
that can be applied as geochronometers to these minerals and
which provide complementary information on the cooling
history. Until the late 1990s, the combined application of FT
and other geochronometer(s) to the same crystals was not
feasible due to technical limitations, although minerals from
the same rock were often analysed using different techniques
to constrain a time–temperature history. Thus in the majority
of studies, the FT method was applied as a stand-alone
technique focused solely on low-temperature geological
processes. In the years to follow, technical and method-
ological advances paved the way for development of
so-called in situ multi-dating. These include the ability to
analyse smaller sample volumes, advances in in situ ana-
lytical techniques (e.g. laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS), ion microprobe
dating by secondary ion mass spectrometry (SIMS) or sen-
sitive high-resolution ion microprobe (SHRIMP) instru-
ments), the introduction of a complementary FT dating
methodology utilising LA-ICPMS (Cox et al. 2000; Svojtka
and Košler 2002; Hasebe et al. 2004) and the emergence of

M. Danišík (&)
John de Laeter Centre, School of Earth and Planetary Sciences,
Curtin University, Perth, Australia
e-mail: m.danisik@curtin.edu.au

© Springer International Publishing AG, part of Springer Nature 2019
M. G. Malusà and P. G. Fitzgerald (eds.), Fission-Track Thermochronology and its Application to Geology,
Springer Textbooks in Earth Sciences, Geography and Environment, https://doi.org/10.1007/978-3-319-89421-8_5

93

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89421-8_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89421-8_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89421-8_5&amp;domain=pdf


the (U–Th)/He method as an additional and complementary
low-temperature method (Zeitler et al. 1987; Farley 2002).
In the in situ multi-dating approach, single minerals are
analysed by FT method in combination with U–Pb or
(U–Th)/He methods (hereafter termed double-dating; Carter
and Moss 1999; Carter and Bristow 2003; Donelick et al.
2005; Chew and Donelick 2012) or by all three methods
together (hereafter termed triple-dating; Reiners et al. 2004a;
Carrapa et al. 2009; Danišík et al. 2010a; Zattin et al. 2012).

Multi-dating offers several advantages over the single
method approach. For instance, it allows unprecedented,
detailed reconstruction of thermal histories on single grains.
These histories may cover the full spectrum of geological
processes from crystal formation, through metamorphic
overprint to final exhumation. This has an enormous appli-
cation potential in Earth Sciences, in particular for detrital
geochronology. However, this multi-dating approach on a
single crystal has been only rarely applied and is still rela-
tively new. For this reason, in this chapter a brief review of
the history of multi-dating involving the FT method will be
provided, along with a description of the rationale and the-
oretical background, and potential and limitations. Existing
triple-dating analytical procedures will be described, and a
brief introduction given to a new triple-dating approach that
is currently being developed at Curtin University. The
chapter will close with some applications and proposals for
future directions.

5.2 Historical Perspective

Double-dating (FT and U–Pb methods applied to the same
crystal) was first introduced by Carter and Moss (1999).
These authors analysed detrital zircons from the Khorat Basin
(Thailand) by FT using the external detector method (EDM,
e.g. Gleadow 1981) to unravel the low-temperature thermo-
tectonic evolution of the source terrains. Then, the same
grains were U–Pb dated using SHRIMP to identify their
crystallisation age. In addition to introducing the
double-dating concept, this study highlighted that without
complementary U–Pb data, the FT data alone would lead to
misinterpretation of the source area and other erroneous
conclusions (Carter and Moss 1999; Carter and Bristow
2000). Despite the demonstrated potential for provenance
studies and exhumation studies (Chap. 14; Carter 2018;
Chap. 15; Bernet 2018), the combined SIMS/SHRIMP U–Pb
and EDM FT double-dating approach was subsequently
used only twice (Carter and Bristow 2003; Bernet et al.
2006), likely because U–Pb dating by ion microprobe is
a time-consuming and expensive technique, and more
appropriate for other applications. Soon after, zircon U–Pb—
(U–Th)/He double-dating (Rahl et al. 2003; Campbell et al.
2005; Reiners et al. 2005; McInnes et al. 2009; Evans et al.

2013) was also introduced, in which the zircon FT method is
replaced by the (U–Th)/He thermochronometer that has a
similar temperature sensitivity range and offers a less
labour-intensive, higher sample throughput approach.

The renewed interest in U–Pb—FT double-dating started
in the mid-2000s and was associated with the advent of
LA-ICPMS into the field of thermochronology. First, a new
methodology of FT dating employing LA-ICPMS to measure
238U directly, replacing the conventional thermal neutron
irradiation approach, was introduced (Cox et al. 2000; Svo-
jtka and Košler 2002; Hasebe et al. 2004), dramatically
increasing the speed of FT analysis and sample throughput.
Soon after, LA-ICPMS methodology for FT dating of zircon
was enhanced by adding the capability to determine the U–Pb
age for each FT dated zircon grain by default (Donelick et al.
2005). In addition, the relatively recent introduction of new
matrix-matched reference materials and new approaches to
the common Pb correction allowed combined FT and U–Pb
dating by LA-ICPMS to be routinely applied on apatite
(Chew et al. 2011; Chew and Donelick 2012; Thomson et al.
2012). LA-ICPMS thus provided a more convenient, faster,
less expensive but sufficiently precise and accurate means for
routine U–Pb dating (e.g. Košler and Sylvester 2003).
Nowadays, in FT studies using the LA-ICPMS approach,
the provision of both FT and U–Pb ages on single grains
is routine and an increased application of FT—U–Pb
double-dating is noticeable in the literature (e.g. Shen et al.
2012; Liu et al. 2014; Moore et al. 2015).

At the time of writing, only one conference abstract and
three research papers on triple-dating involving the FT
method have been published (Reiners et al. 2004a; Carrapa
et al. 2009; Danišík et al. 2010a; Zattin et al. 2012). The
concept of zircon triple-dating was first introduced by Reiners
et al. (2004a). The authors applied a combination of EDMFT,
LA-ICPMS U–Pb and conventional (U–Th)/He dating to
detrital zircon grains. Assuming that the measured ages
record the time of cooling through the closure temperature
(Dodson 1973; cf. Chap. 10; Malusà and Fitzgerald 2018a,
b), they reconstructed cooling trajectories constrained by
crystallisation ages, and cooling ages marking the passage
through the *240 and *180 °C isotherms (i.e. nominal
closure temperatures for zircon FT and zircon (U–Th)/He
systems, respectively; Hurford 1986; Reiners et al. 2004b)
for single zircon crystals. This demonstrated the potential of
triple-dating to provide more information than double-dating
approaches (both U–Pb—FT and U–Pb—(U–Th)/He).
A similar concept utilising EDM FT, multi-collector
LA-ICPMS (LA-MC-ICPMS) U–Pb and conventional (U–
Th)/He dating was applied to detrital apatite by Carrapa et al.
(2009) and Zattin et al. (2012). Both studies demonstrated the
capability of this approach to obtain ages that were interpreted
by the authors to represent cooling through the *500, *110
and *65 °C isotherms (i.e. nominal closure temperatures for
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U–Pb, FT and (U–Th)/He systems in apatite, respectively;
Cherniak et al. 1991;Wagner and van den Haute 1992; Farley
2000). Using the triple-ages, the authors elucidate the
provenance of the grains and their thermal history at higher
temporal and spatial resolution than would be possible by
using single-dating methods. An alternative approach to, and
application of, apatite triple-dating was presented by Danišík
et al. (2010a) who applied ID-TIMS U–Pb, EDM FT and
conventional (U–Th)/He dating to a hydrothermal apatite
aggregate in an attempt to constrain the thermotectonic evo-
lution of basement rocks and investigate apparent discrep-
ancies between FT and (U–Th)/He data obtained by single
methods.

Currently, the major obstacle of the triple-dating
approaches described above relates to the relatively com-
plicated, time-consuming, labour-intensive analytical pro-
cedures with multiple handling steps and to accessibility of
the analytical instruments. There are only a few institutions
pursuing research directions both in high-temperature and
low-temperature geochronology and which are accordingly
equipped with a FT laboratory, and LA-ICPMS and noble
gas mass spectrometer instruments. However, recent pro-
gress in the automation of FT counting and offsite data
processing (Gleadow et al. 2009), together with increasing
numbers of accessible LA-ICPMS laboratories and the
development of fast throughput in situ (U–Th)/He dating
techniques (Boyce et al. 2006; van Soest et al. 2011; Ver-
meesch et al. 2012; Tripathy-Lang et al. 2013; Evans et al.
2015; Horne et al. 2016) may help to overcome at least some
of these limitations and holds great promise for triple-dating
in the future.

5.3 Rationale of Multi-dating

The rationale of the double- and triple-dating approaches is
in the combined application of dating methods with different
temperature sensitivities to the same crystals, which enables
geoscientists to extract a more complete and more detailed
picture of the cooling history. Principles of the radiometric
dating techniques complementing FT in double- and
triple-dating approaches have been described in several
comprehensive review books and papers (e.g. Farley 2002;
Reiners 2005 for (U–Th)/He dating; Hanchar and Hoskin
2003; Schaltegger et al. 2015 for U–Pb dating), and there-
fore are not detailed here. In brief, the FT method is based on
the accumulation (and annealing) of linear damage (fission
tracks) produced by spontaneous fission of 238U; the U–Pb
method is based on the accumulation of Pb produced by a
series of alpha and beta decays of U; and the (U–Th)/He
method is based on the accumulation of 4He produced by
alpha decay of U, Th and Sm.

Temperature sensitivity ranges for the U–Pb, FT and
(U–Th)/He systems in most common mineral phases suitable
for double- and triple-dating are illustrated in Fig. 5.1. In
general, the U–Pb system is sensitive to higher temperatures
(i.e. 350–1000 °C) than the FT and (U–Th)/He systems and
typically records process occurring in upper-mantle to
mid-crustal levels (e.g. Chew et al. 2011; Cochrane et al.
2014; Schaltegger et al. 2015). FT and (U–Th)/He systems,
in contrast, are sensitive to lower temperatures (40–350 °C)
and typically record upper crustal processes (e.g. Ehlers and
Farley 2003; Danišík et al. 2007; Malusà et al. 2016).

It should be noted that the concept of applying a range of
methods to different aliquots of the same mineral from the
same rock is not new (see, e.g., McInnes et al. 2005; Ver-
meesch et al. 2006; Siebel et al. 2009). So, the question to be
asked is—what is the advantage of combining FT dating
with U–Pb and/or (U–Th)/He methods and applying these to
a single crystal? To answer this question, it is worthwhile to
consider the strengths and limitations of the FT method and
appreciate possible ambiguity in some FT data. Even though
U–Pb and (U–Th)/He methods have also strengths and
limitations to be aware of that discussion is beyond the scope
of this chapter.

Fig. 5.1 Characteristic temperature sensitivity ranges for U–Pb, FT
and (U–Th)/He radiometric systems in most common minerals suitable
for triple-dating. Partial annealing/retention zones were calculated with
closure software (Brandon et al. 1998) using the data for apatite after
Cherniak et al. (1991), Ketcham et al. (1999), Chamberlain and
Bowring (2001), Farley (2000); for zircon after Brandon et al. (1998),
Cherniak and Watson (2001, 2003), Cherniak (2010), Rahn et al.
(2004), Guenthner et al. (2013); for titanite after Cherniak (1993, 2010),
Coyle and Wagner (1998), Hawkins and Bowring (1999), Reiners and
Farley (1999); for monazite after Cherniak et al. (2004), Gardés et al.
(2006), Boyce et al. (2005), Weise et al. (2009)
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The major strength of the FT method is in its ability to
discriminate not only the timing of cooling, but also the style
of cooling within the partial annealing zone (PAZ), as
recorded by the track length distribution (e.g. Gleadow et al.
1986a). FT age and track length data in apatite often enable
robust reconstructions of best-fit time–temperature envelopes
via forward and/or inverse modelling (Ketcham 2005; Gal-
lagher 2012), i.e. whether they record a distinct geologic event
or they are the result of a more complex path (see Chap. 3;
Ketcham 2018; Chap. 8; Malusà and Fitzgerald 2018a, b).
Despite the possibility of Californium irradiation technique
that allows etchant to reach confined tracks (Donelick and
Miller 1991; Chap. 2; Kohn et al. 2018), measurement of
statistically robust track length distributions (typically 100
track length per sample or per significant age population) may
not always be feasible, in particular in samples with young
(Late Cenozoic) FT ages and/or low uranium concentration.
A poorly defined confined track length distribution makes it
difficult to interpret non-reset detrital samples that have
multiple age populations. Whether track length data can be
obtained or not, the addition of U–Pb and/or (U–Th)/He ages
provides additional higher- and lower-temperature constraints
to cooling trajectories that can greatly improve the under-
standing and interpretation of FT ages.When track length data
are available, the addition of U–Pb and/or (U–Th)/He data can
still greatly benefit the interpretation by permitting more
accurate reconstruction of the time–temperature history,
whereby U–Pb age constrains the high-temperature part of the
cooling trajectory and (U–Th)/He data provide additional
constraints for low-temperature processes (e.g. Stockli 2005;
Green et al. 2006; Emmel et al. 2007).

Because of the relatively low number of fission tracks
counted in each grain, the FT method yields relatively low
precision on single-grain ages. For example, standard errors in
young samples are commonly >20% at 1r compared with <2
and 2–5% errors for the U–Pb by LA-ICPMS and conven-
tional (U–Th)/He methods, respectively. In addition, disper-
sion of single-grain FT ages is common, even in apatites from
rapidly cooled rocks. For example, a typical range of 25–50
single shard/grain EDM FT ages obtained on age standards
regularly measured for zeta-calibration is commonly
from *17 to *55 Ma (on Durango apatite) and from *15
to *50 Ma (on Fish Canyon zircons) (M. Danišík, unpub-
lished data). Dispersion is due to the relatively few numbers of
tracks counted as mentioned above, as well as compositional
and structural variation of individual crystals, and thermal
evolution in which slow or complex cooling through or into
and out of the PAZ causes increased scatter of single-grain
ages (e.g. Gleadow et al. 1986b). In the FT applications where
single-grain FT ages are expected to form single age popu-
lation (e.g. quickly cooled igneous rocks or quickly cooled,
fully reset sediments), these problems are mitigated by

analysing >20 crystals and calculating a population geomet-
ric mean age (a.k.a. central age, see Chap. 6; Vermeesch
2018) with corresponding standard error, which is com-
monly *3–5% at 1r (Galbraith and Laslett 1993). However,
in applications such as detrital dating studies, where crystals
are derived from multiple sources and commonly produce
complex FT age distributions, dispersion of single-grain FT
ages will be greater. In detrital studies, confined track length
distributions are typically not representative of the collective
cooling history, because of different grain populations from
different provenances, thus making interpretation of data sets
challenging. Complementing FT ages with U–Pb and/or
(U–Th)/He ages from the same grains is, therefore, invaluable
in this respect, and triple-dating offers several advantages to
overcome these issues:

• First, the combination of three ages allows a direct internal
data quality check, where ages for apatite, zircon and
titanite should follow the general trend of U–Pb age �
FT age � (U–Th)/He age (e.g. Hendriks 2003; Lorencak
2003; Belton et al. 2004; Hendriks and Redfield 2005;
Green et al. 2006; Ksienzyk et al. 2014), as dictated by the
closure temperature concept (Dodson 1973), although
there are exceptions. For example in old, slowly cooled
terrains, an apatite FT age may be < (U–Th)/He age, as
discussed in Chap. 21 (Kohn and Gleadow 2018). The
multi-method approach therefore allows identification of
analytical outliers (improving data set robustness), and of
contaminant, diagenetic or authigenic grains that may
present important geological information but that would
not be otherwise detected using the FT method alone.

• Second, a lack of geological context can hamper accurate
interpretation of single ages whereas multiple ages on the
same crystal may mitigate this. For instance, without the
prior knowledge of U–Pb and FT data, it is not possible to
discriminate between “apparent” (U–Th)/He ages result-
ing from complex thermal histories causing partial reset-
ting of the (U–Th)/He system and “cooling” (U–Th)/He
ages resulting from simple cooling paths where the
closure temperature concept applies (e.g. Stockli et al.
2000; Danišík et al. 2015).

• Third, the combination of the three ages may better
constrain the cooling trajectories for single crystals—
from crystallisation (or high-grade metamorphism) to
final cooling. Detailed cooling histories may provide
diagnostic fingerprints of the source terrain, allowing a
more robust interpretation of detrital data than could be
achieved by using one method alone.

Finally, it may be argued that single-grain multi-dating,
notably for detrital studies should be pursued because it is
technologically possible and markedly more efficient. When
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compared to traditional FT dating protocols, modern
LA-ICPMS U–Pb and (U–Th)/He dating procedures are
largely automatised and do not require permanent attendance
of an operator. Given recent technological and method-
ological innovations (e.g. FT dating by using LA-ICPMS
providing U–Pb dating as a by-product (Donelick et al.
2005; Chew and Donelick 2012), the automation of FT
counting (Gleadow et al. 2012), developments of
high-throughput in situ U–Pb and (U–Th)/He dating tech-
niques (Boyce et al. 2006, 2009; van Soest et al. 2011;
Vermeesch et al. 2012; Tripathy-Lang et al. 2013; Evans
et al. 2015) and the improved accessibility of the required
instruments (e.g. growing number of LA-ICPMS, FT and He
laboratories, the possibility of remotely controlled analytical
measurements, offsite data reduction, etc.), the acquisition of
double- and triple-age data on single crystals are now
practical and may soon become the norm.

5.4 Analytical Procedures for Combined FT,
U–Pb and (U–Th)/He Dating

Analytical protocols for triple-dating using combined U–Pb,
FT and (U–Th)/He methods involve measurements of parent
nuclides (U, Th, ±Sm) and their daughter products (Pb
isotopes, spontaneous fission tracks and He, respectively) in
the same crystals. Published and newly proposed workflows
for triple-dating are summarised in Fig. 5.2.

Selection of the analytical procedure depends on several
factors such as size and quantity of minerals, accessibility
of analytical instruments, time available for analytical work
and desired data quality with regard to precision and
accuracy. Large, (>*2 mm) single crystals or crystal
aggregate(s) (with identical magmatic and cooling history)
can be crushed or disaggregated in a mortar in order to
obtain small shards (preferably >50 µm), and these can be
dated separately using fully destructive (e.g. ID-TIMS
U–Pb, conventional (U–Th)/He dating) or semi-destructive
methods (U–Pb by SIMS or LA-(MC)-ICPMS, in situ
(U–Th)/He, FT dating by EDM or LA-ICPMS). The main
advantage of this approach is in the possibility of obtaining
high-precision U–Pb data when using ID-TIMS (Parrish
and Noble 2003) and more accurate and precise conven-
tional (U–Th)/He ages by eliminating the need for alpha
ejection correction (Farley et al. 1996) when analysing
shards from grain interiors or applying mechanical abrasion
removing the outer *20 lm of grain surface (Krogh 1982;
Danišík et al. 2008). The primary limitation of this
approach is that large U-bearing crystals suitable for
triple-dating are rare in the nature. An example of the
combined TIMS U–Pb, EDM FT and conventional (U–Th)/
He dating of a cm-size, hydrothermal apatite can be found
in Danišík et al. (2010a).

Accessory heavy minerals that are typically found in
the <250 µm size fraction need to be analysed using
semi-destructive techniques during intermediate dating
stages. The three studies reporting triple-dating of apatite
(Carrapa et al. 2009; Zattin et al. 2012) and zircon (Reiners
et al. 2004a), followed an almost identical protocol in which
crystals were first dated by conventional EDM FT methods
involving embedding, grinding, polishing, etching of spon-
taneous fission tracks, irradiation in a nuclear reactor, etch-
ing of induced tracks in the mica external detector and track
counting allowing the age calculation. Then, the FT dated
grains were dated by U–Pb method using LA-(MC)-ICPMS,
and finally, the FT + U–Pb dated grains were extracted from
the FT mounts and dated by a conventional (U–Th)/He
method that involved determination of bulk He content using
noble gas mass spectrometry, dissolution of crystals in acids
and U–Th analysis by solution isotope dilution ICPMS

Fig. 5.2 Flow charts summarising feasible methodologies for
triple-dating
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(Reiners et al. 2004a; Carrapa et al. 2009; Zattin et al. 2012).
This approach suits detrital crystals of common size (typi-
cally >50 µm) and has the added advantage of providing the
opportunity to simultaneously collect geochemical data
during LA-(MC)-ICPMS analysis (e.g. Cl, F, trace elements,
REE or Hf isotopes). These data can be very useful for
characterising annealing kinetics in apatite for thermal
modelling purposes (Barbarand et al. 2003; Ketcham et al.
2007a, b), as indicators of source rock lithology (e.g. trace
elements in apatite; Morton and Yaxley 2007; Malusà et al.
2017), as petrogenetic tracers (e.g. REE in zircon; Schoene
et al. 2010; Jennings et al. 2011), or as tracers of host rock
origin (Hf in zircon; Kinny and Maas 2003; Flowerdew et al.
2007). The major limitations of this approach relate to
sample irradiation in a nuclear reactor, which in some cases
can be time-consuming, and in certain countries can some-
times take up to three months. There are also more sample
handling steps when dealing with irradiated samples and
then there is also a risk of crystal loss during the extraction
from the FT mount (crystals are typically plucked out from
the FT mount submerged in ethanol by using a sharp needle
or tweezers with sharp ends) and loading into micro-tubes
prior to He analysis. In addition, correction for the high
common Pb content in young, low-U apatites can be difficult
when using a quadrupole ICPMS for U–Pb dating (Chew
et al. 2011; Thomson et al. 2012).

Some of these issues can be circumvented using a new
triple-dating approach that is currently being developed in
the GeoHistory Facility at the John de Laeter Centre (Curtin
University). This approach combines FT dating by
LA-ICPMS (Hasebe et al. 2004; Donelick et al. 2005; Chew
and Donelick 2012) and in situ (U–Th)/He dating (Evans
et al. 2015), with the LA-(MC)-ICPMS U–Pb age obtained
as a by-product of either of the two methods. Preliminary
results obtained on Durango apatite (Fig. 5.3) are in excel-
lent agreement with the expected value, which holds a great
promise for the future. This new approach can be briefly
described as follows:

Crystals of interest (both apatite and zircon) are embedded
into Teflon (DuPont PFA, Type 6000LP) as it, unlike epoxy,
does not excessively degas and allows the desired pressure in
the UHV cell to be obtained. Crystals are then ground to 4p
geometry and sequentially polished using 9-, 3-, 1-
µm-diamond and 0.3-µm-colloidal silica suspensions. After a
thorough cleaning of the mounts, spontaneous fission tracks
in polished crystals are revealed by etching using standard
etching protocols. Spontaneous track density (i.e. number of
tracks per known area), confined track lengths and Dpar
values (Burtner et al. 1994) are then measured for selected
grains under an optical microscope equipped with a
high-resolution camera. The concentration of 238U in the
grains is then directly determined by LA-(MC)-ICPMS
(Agilent 7700 s or NU Plasma II ICPMS both connected to

193 nm ArF RESOlution COMPexPro 102 excimer laser
with S155 Laurin Technic laser ablation flow-through cell)
and the FT age for each grain is determined following the
protocols described by Hasebe et al. (2004), Donelick et al.
(2005) and Chew and Donelick (2012). In addition to 238U,
the LA-(MC)-ICPMS permits measurement of Pb content (as
well as a range of trace elements and REE, if desired),
permitting calculation of a U–Pb age as a by-product
(Donelick et al. 2005; Chew and Donelick 2012). Almost
non-destructive FT analysis by LA-ICPMS utilising
*23 to 50 µm circular laser spots preserves enough space on
the polished crystal surfaces for in situ (U–Th)/He analysis.
Analytical procedures for in situ (U–Th)/He dating follow the
protocols of Evans et al. (2015). The Teflon mount with
target crystals is loaded into the UHV cell of the RESOchron
instrument, and He is extracted from intact polished surfaces
by laser ablation (using 33 or 50 µm spots). He content is
determined on a quadrupole mass spectrometer (Pfeiffer
PrismaPlusTM) by isotope dilution using a known volume of

Fig. 5.3 3D scatter plot showing initial results of the newly proposed
triple-dating methodology applied to shards of Durango apatite age
standard (Ar–Ar reference age: 31.44 ± 0.18 Ma (2r); McDowell et al.
2005). The procedure employed FT dating by LA-ICPMS (Chew and
Donelick 2012) and in situ (U–Th)/He dating (Evans et al. 2015);
spontaneous fission tracks were counted under a Zeiss Axioskop 2
microscope; isotopic data were collected on quadrupole noble gas mass
spectrometer (Pfeiffer PrismaPlus) and an Agilent 7700 s single
quadrupole ICPMS both connected to 193 nm ArF RESOlution
COMPexPro 102 excimer laser. U–Pb ages are 207Pb corrected
238U/206Pb ages calculated as Tera–Wasserburg concordia
lower-intercept ages anchored through common Pb (after Stacy and
Kramer 1975); FT ages were calculated using the scheme presented by
Donelick et al. (2005) and Chew and Donelick (2012); in situ (U–Th)/
He ages were calculated by using the first principle approach (Boyce
et al. 2006). Uncertainties on U–Pb, FT and (U–Th)/He ages are
reported at 1r level
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3He spike. The mount is then retrieved from the UHV cell,
and the volume of the He ablation pits is measured using an
atomic force microscope (although a confocal laser scanning
microscope could also be employed; Boyce et al. 2006). This
allows the He concentration to be determined which is
required for the in situ (U–Th)/He age calculation (Boyce
et al. 2006; Vermeesch et al. 2012). The mount is then
reloaded into the flow-through cell (S155) for a third ablation
to determine U, Th and Sm contents by LA-(MC)-ICPMS,
allowing the final calculation of (U–Th)/He age. Similar to
the first laser ablation for FT dating, this stage of LA-(MC)-
ICPMS analysis permits determination of the U–Pb age as
by-product (Boyce et al. 2006; Vermeesch et al. 2012; Evans
et al. 2015).

The major advantages of such approach are in the sig-
nificantly shorter analytical time and higher sample
throughput achieved by an overall simplification of sample
handling procedures for what is essentially three methods.
There is no need to extract dated grains from the FT mounts
and load them into micro-tubes for conventional He
extraction, most of the analytical steps are automated and
samples do not require irradiation for FT analyses. A realis-
tic workflow suggests that *100 crystals may be
triple-dated in 2 weeks. Further advantages include the
ability to date “problematic” crystals, not suitable for con-
ventional (U–Th)/He analysis (e.g. crystals with extreme
zonation of parent nuclides, structural inhomogeneities
caused by radiation damage, mineral and/or fluid inclusions),
and circumvention of an alpha ejection correction both
achieved by targeting grain interiors (Boyce et al. 2006), and
improved worker safety is that there is no need for grain
dissolution for (U–Th)/He dating, thereby avoiding the use
of hydrofluoric, nitric or perchloric acids, and there is no
need for irradiation and training of workers in use of
radioactive samples. However, at least four limitations to
this approach should be considered:

• First, although FT dating by LA-ICPMS provides higher
precision on relative uranium concentrations compared to
the conventional EDM method (Donelick et al. 2006),
this approach may not be suitable for strongly zoned
crystals (Hasebe et al. 2004; Donelick et al. 2005).

• Second, the precision and accuracy of in situ (U–Th)/He
ages may not be as good as conventional (U–Th)/He ages
(Horne et al. 2016) due to the simplified assumption of
the homogeneity in distribution of parent nuclides in
dated minerals, inherited lower analytical precision of
LA-ICPMS data in comparison to isotope dilution
ICPMS data, and an additional source of uncertainty
related to the pit volume measurements.

• Third, as in the previous EDM FT + LA-ICPMS
U–Pb + conventional (U–Th)/He approach, triple-dating
of young, low-U apatite can be problematic due to the
high amount of common Pb and low abundance of
radiogenic Pb and He.

• Fourth, currently there are only four laboratories pub-
lishing in situ (U–Th)/He data so the accessibility to this
methodology is currently limited.

However, the advantages of triple-dating using this
approach outweigh the limitations for many applications,
such as, a case where large numbers of grains need to be
analysed. In the future, it is anticipated that the number of
laboratories with similar in situ capabilities will increase;
thus, triple-dating is likely to become much more widely
used in coming years.

The effect of chemical etching on (U–Th)/He system-
atics One of the critical requirements for successful
triple-dating is that all radiometric decay schemes used are
undisturbed during the multiple analytical steps. While
sample embedding, grinding, polishing, FT counting and
“cold” ablation by excimer laser should not alter the parent–
daughter systems, the effect of chemical etching (required to
reveal spontaneous fission tracks) on (U–Th)/He systematics
may be a concern. The etching of apatite, titanite and mon-
azite is safe in this regard as it is carried out at temperatures
well below the temperature sensitivity of the (U–Th)/He
system in these minerals. Routine procedures include etching
in 5 or 5.5 M HNO3 solution at 21 °C for 20 s for apatite
(e.g. Donelick et al. 1999), HF–HNO3–HCl–H2O solution at
23 °C for 6–30 min for titanite (e.g. Gleadow and Lovering
1974) and in boiling (*50 °C) 37% HCl for 45 min for
monazite (Fayon 2011). However, the effect of long and
aggressive etching of fission tracks in zircon (10–100 h at
215–230 °C in a eutectic KOH–NaOH mixture; Zaun and
Wagner 1985; Garver 2003; Bernet and Garver 2005) on He
diffusion may be of concern as the etching temperatures are
above the lower limit of the zircon He partial retention zone
(*150 °C; Guenthner et al. 2013). To test this hypothesis, an
experiment was conducted in which 15 zircon crystals from
the Fish Canyon Tuff were etched in a eutectic KOH–NaOH
mixture at 215 °C for 100 h, at which point the spontaneous
fission tracks were revealed in all crystals. The etched crys-
tals were then analysed, together with 15 unetched Fish
Canyon Tuff zircons by conventional (U–Th)/He method.
Comparison of the results (Fig. 5.4) shows no significant
difference in (U–Th)/He ages of etched and unetched crys-
tals, suggesting that the long and aggressive etching of
spontaneous fission tracks in zircon is not an issue for sub-
sequent (U–Th)/He dating and the triple-dating approach.
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5.5 Applications

Triple-dating of single crystals yields an unprecedented
amount of chronological information and is ideally suited to
detrital dating studies (e.g. Carrapa 2010) where a large
number of crystals need to be analysed in order to identify
statistically significant age components with confidence (e.g.
Vermeesch 2004). Depending on the dated mineral, single
crystal triple-dating can resolve the magmatic, metamorphic
and exhumation history of source terrains, establish maxi-
mum depositional ages and detect post-depositional heating
events. Hypothetically, the combination of (tectono-)thermal
events experienced by detrital grains should result in a
unique combination of U–Pb, FT and (U–Th)/He ages for
each grain (Fig. 5.5).

As discussed above, triple-dating provides significant
advantages over single-dating methods in several aspects.
The studies of Carrapa et al. (2009) and Zattin et al. (2012)
show that triple-ages obtained on a relatively low number of
grains allowed to derive more geological conclusions than
those resolvable from 100 grains (the commonly adopted
number in detrital studies) dated by a single method. Eval-
uation of the robustness of triple-dating with regard to
identifying age components is beyond the scope of this
study and needs to be further tested in future. However, it is

likely that fewer grains will provide at least as much (and
likely more) detailed provenance information than
single-dating method approaches, applied to a high number
of grains.

In addition to its application to zircon and apatite,
triple-dating should be applicable to other common detrital
minerals such as titanite and monazite that are (with some
limitations) datable by U–Pb, FT and (U–Th)/He methods
(e.g. Reiners and Farley 1999; Stockli and Farley 2004;
Boyce et al. 2005; Siebel et al. 2009; Fayon 2011; Weisheit
et al. 2014; Kirkland et al. 2016a, b). In addition to different
closure temperatures for given radiometric systems
(Fig. 5.1), each of these minerals may be representative of
different source lithologies and also have different mechan-
ical and chemical properties that translate to different sta-
bility during sedimentary transport (Chap. 7; Malusà and
Garzanti 2018). Triple-dating applied to different minerals
can therefore potentially enable more reliable identification
of source areas and reconstruction of their individual thermal
histories and can provide critical information on thermal
events during different stages of the mineral recycling pro-
cesses. For instance, while highly refractory zircons can
survive multiple orogenic and sedimentary cycles and
transport over extremely long distances, less durable apatites
are more likely to represent first cycle detritus and will likely
record the thermal history of relatively proximal sources.

In addition to detrital studies aimed at provenance dis-
crimination, multi-dating may be also useful for tectonic
studies since it permits more complete and more accurate
reconstruction of thermal histories for different minerals and
thus provides a potentially powerful tool for exploring the
link between deep and shallow processes. The combined
application of FT and (U–Th)/He may allow a more robust
and more detailed reconstruction of thermal histories within
the corresponding partial annealing/retention zones. This is
usually achieved using thermal modelling packages like
HeFTy or QTQt (Ketcham 2005; Gallagher 2012), which
offer a wide range of options and parameters to be defined in
order to achieve reliable results. Even though the models
have proved viable for reconstructing thermal histories in
many studies, caution is recommended when attempting to
model a combination of only FT and (U–Th)/He data. In
particular, in some situations it is challenging and sometimes
even impossible to obtain satisfactory and geologically
reasonable results even where the model is constrained by
both FT data (age and length) and (U–Th)/He data (i.e. age,
size, zonation of parent nuclides, diffusion parameters) (e.g.
Danišík et al. 2010b, 2012). While application of inverse
thermal modelling often produces geologically reasonable
best-fit time–temperature envelopes and paths, there are still
challenges and improvements to be made. For example,
testing the reliability and reproducibility of modelling results
obtained by the combined modelling approach on natural

Fig. 5.4 Comparison of conventional (U–Th)/He ages obtained on
chemically untreated and etched zircon crystals from Fish Canyon Tuff
(reference (U–Th)/He age: 28.3 ± 1.3 Ma; Reiners 2005). Weighted
averages of unetched and etched zircon are similar, demonstrating no
significant effect of etching on (U–Th)/He system in the investigated
sample. Etching conditions uses: NaOH–KOH eutectic melt, 215 °C,
100 h (Zaun and Wagner 1985; Garver 2003; Bernet and Garver 2005)
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calibration sites or well-characterised samples with a known
thermal history (e.g. House et al. 2002).

Finally, triple-dating can help to improve the under-
standing of FT and (U–Th)/He data and both methods in
general. With exception of monazite, the temperature sen-
sitivity of the (U–Th)/He method is generally slightly lower
than the sensitivity of the FT method for similar minerals
(Fig. 5.1). Therefore, (U–Th)/He ages should ideally be
identical or younger than the FT ages obtained on the same
mineral. With the exception of correlations between grain
size and (U–Th)/He age that are sometimes observed (e.g.
Reiners and Farley 2001), (U–Th)/He ages usually do not
provide information on the style of cooling through the He
partial retention zone. Therefore, in the absence of additional
information, it is not evident whether the (U–Th)/He ages

are related to a distinct, geologically significant cooling
event (and hence can be termed as “cooling” ages), or “ap-
parent” ages without direct geological meaning (e.g. Stockli
et al. 2000; Danišík et al. 2015; see Chap. 8 Malusà and
Fitzgerald 2018a, b). In addition, single-grain (U–Th)/He
ages often show high dispersion that may reflect a number of
conditions—a protracted cooling through the He partial
retention zone (Fitzgerald et al. 2006), inaccurate alpha
ejection correction (Farley et al. 1996; Hourigan et al. 2005),
radiation damage affecting He retentivity and closure tem-
perature (Hurley 1952; Flowers et al. 2009; Guenthner et al.
2013; Danišík et al. 2017) or imperfection of dated crystals
(e.g. undetected inclusions causing older than expected ages;
Farley 2002; Ehlers and Farley 2003; Danišík et al. 2017).
Some of these conditions reflect geologically meaningful

Fig. 5.5 U–Pb, FT and (U–Th)/
He data potentially recovered in
detritus derived from erosion of a
hypothetical geologic landscape
shown in (a). Detrital apatite and
zircon grains eroded from
different subareas (A to F) will
yield distinct combinations of U–
Pb—FT—(U–Th)/He ages (b),
that can be plotted on a
three-dimensional bubble chart
(c). AFT (ZFT) and AHe
(ZHe) indicate FT and (U–Th)/He
ages on apatite (and zircon),
respectively; PAZ, partial
annealing zone; PRZ, partial
retention zone
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processes while others result in data that should be evaluated
carefully and perhaps disregarded. In this case, provision of
U–Pb and FT ages on (U–Th)/He dated crystals provide
further constraints on the cooling style and the origin of
dispersion.

One of the challenges for modern low-temperature ther-
mochronology remains the issue of “inverted” FT and
(U–Th)/He ages (i.e. FT age < (U–Th)/He age) that have
been reported from old, slowly cooled terrains (e.g. Hendriks
2003; Lorencak 2003; Belton et al. 2004; Hendriks and
Redfield 2005; Green et al. 2006; Danišík et al. 2008;
Ksienzyk et al. 2014). This “inverted” relationship, seem-
ingly contradicting the closure temperature concept (Dodson
1973), called into question fundamental concepts of FT
annealing and He diffusion, and the reliability of the meth-
ods, and prompted renewed interest in methodological
research attempting to explain this discrepancy. Due to these
apparently younger apatite FT ages versus (U–Th)/He ages,
as well as the often large variation of (U–Th)/He single-grain
ages from the same sample, enormous progress in the
understanding of (U–Th)/He systematics has been achieved.
Such work has revealed the importance of phenomena such
as radiation damage (Reiners 2005; Shuster et al. 2006;
Shuster and Farley 2009; Flowers 2009; Flowers et al. 2007,
2009; Guenthner et al. 2013; Danišík et al. 2017), zonation
of parent nuclides (e.g. Meesters and Dunai 2002a, b;
Hourigan et al. 2005; Fitzgerald et al. 2006; Danišík et al.
2017) or chemical composition (Djimbi et al. 2015). At the
same time, there have also been considerable advances in FT
thermochronology, both in methodology and modelling (e.g.
Donelick et al. 2005; Enkelmann et al. 2005; Ketcham 2005;
Ketcham et al. 2007a, b, 2009; Zattin et al. 2008; Jonckheere
and Ratschbacher 2015, and Chap. 4; Gleadow et al. 2018).
As a result, many of the (U–Th)/He data sets previously
considered as discrepant could be explained. For example, it
was shown that the accumulation of radiation damage can
increase the closure temperature of the (U–Th)/He system to
levels higher than the closure temperature of the FT system
(e.g. Shuster et al. 2006; Guenthner et al. 2013; Gautheron
and Tassan-Got 2010; Ketcham et al. 2013). Additionally, it
was shown that, due to the faster response of the FT system
to temperature change, the inverse FT—(U–Th)/He rela-
tionship could be a diagnostic indication of short duration
heating events such as shear heating along faults (e.g.
Tagami 2005) or wildfires (Reiners 2004) (see Chap. 8;
Malusà and Fitzgerald 2018a, b). However, there are still
situations where FT—(U–Th)/He age relationships are still a
matter of ongoing discussion (see Chap 3, Ketcham 2018,
Chap. 21, Kohn and Gleadow 2018, and also Hendriks and
Redfield 2005, 2006; Söderlund et al. 2005; Green and
Duddy 2006; Green et al. 2006; Shuster et al. 2006; Hansen
and Reiners 2006; Flowers and Kelley 2011; Flowers and
Farley 2012, 2013; Lee et al. 2013; Karlstrom et al. 2013;

Fox and Shuster 2014; Flowers et al. 2015, 2016; Gallagher
2016; Danišík et al. 2017). Several examples exist where the
“inverted” FT and (U–Th)/He ages have not been satisfac-
torily explained, and it is not always straightforward whether
the discrepancy arises from insufficient understanding of FT
annealing, He diffusion or insufficient data quality (e.g.
Hendriks and Redfield 2005, 2006; Green and Duddy 2006;
Green et al. 2006; Kohn et al. 2009; Danišík et al. 2017). It
should be noted that these studies reporting “inverted” FT
and (U–Th)/He ages employed a single method or two
methods applied to different grains, and this may introduce
some bias into the results. In other cases, it was apparent that
where (U–Th)/He ages were calculated as “mean ages” they
were older than central apatite FT ages, rather than the
totality of single-grain (U–Th)/He age data being evaluated
in context of various factors such as grain size [eU] and a
prolonged cooling history. Application of the in situ
triple-dating approach has shown that apparent discrepancies
between FT and (U–Th)/He ages do arise simply from such
statistical misconceptions in conventional data treatment,
where mean or single-grain (U–Th)/He ages were compared
with the central apatite FT age, and not with the range of
single-grain FT ages (e.g. Danišík et al. 2010a).

In addition to enhancing data interpretation, the routines
used in FT dating can be applied to improve the quality of
(U–Th)/He dating results. In some FT laboratories, it is
common practice to evaluate the suitability of crystals for (U–
Th)/He and U–Pb dating based on the sample quality as seen
in the FT mounts at high-resolution (*1250�). The
high-resolution FT images provide information on crystal
size, morphology, appearance and composition of inclusions,
degree of radiation damage (e.g. Garver and Kamp 2002)
and, perhaps most importantly, the distribution of U (Jolivet
et al. 2003; Meesters and Dunai 2002a; Fitzgerald et al. 2006;
Danišík et al. 2010a), which is critical for robust alpha
ejection corrections (Farley et al. 1996; Hourigan et al. 2005).
Although for apatite, U zonation is usually better revealed in
induced tracks on mica external detectors, rather than spon-
taneous fission tracks in apatite grains. Instead of a random
selection of grains for further geochronological analysis, such
information can be utilised for a targeted grain selection
strategy, aiming to represent all sub-populations present in
the sample, which should lead to more realistic representation
despite fewer grains being dated. Finally, long-term experi-
ence has shown that the quality of (U–Th)/He data obtained
on samples previously dated by FT methods is better than
the quality of data obtained on crystals handpicked and
examined under a binocular or a low-magnification petro-
graphic microscope.

Another practical application of FT imaging that simpli-
fies a double-dating approach was reported by Evans et al.
(2013). These authors applied SHRIMP U–Pb and conven-
tional (U–Th)/He double-dating to zircons from a

102 M. Danišík



diamondiferous lamproite pipe and to detrital zircons from
surrounding country rocks, in an attempt to test whether the
lamproitic zircon crystals could be identified in detrital
population based on their distinctive U–Pb/(U–Th)/He age
pattern. The successful outcome of this experiment proved
that the double-dating approach is a viable diamond explo-
ration tool, the only practical limitation being the time and
labour required to double-date a sufficient number of detrital
grains. However, these authors showed that the analytical
time of this approach could be dramatically reduced by
employing chemical etching of fission tracks in zircon as a
pre-screening procedure. Based on their different etching
characteristics, this process distinguished lamproitic zircon
from the majority of country rock zircons, making the pro-
cedure more time- and cost-efficient.

5.6 Concluding Remarks and Future
Perspective

This chapter has described the principles, methodologies,
applications and advantages of an in situ multi-dating
approach in single crystals where the FT method is applied
in combination with the U–Pb and/or (U–Th)/He methods.
Notably for detrital samples, the first major advantage of
multi-dating within a single crystal, as compared to applying
a single method, is that data from multiple techniques pro-
vides more constraints on the thermal history. The
high-temperature U–Pb geochronometer typically records
processes at higher temperatures and at greater lithospheric
depths, whereas lower-temperature FT and (U–Th)/He
thermochronometers are sensitive to thermal changes in
upper crust. The second major advantage is that the default
provision of three ages from independent radiometric sys-
tems on single grains permits a direct internal consistency
check of the results, which allows the researcher to identify
analytical outliers and thus significantly improve the quality
of data for geological interpretation.

Multi-dating has already proven to be a feasible and
extremely powerful tool in detrital dating studies, as when
detrital crystal geochronological data is obtained by
single-dating methods, there may be some inherent ambi-
guities associated with a lack of geological context.
Multi-dating may overcome this limitation by providing
critical information about provenance, exhumation, deposi-
tion and post-depositional thermal history of source rocks.
Finally, the triple-dating approach can be beneficial in
solving apparent “inverted” FT and (U–Th)/He age relation
issues and therefore offers a useful tool to address the
occasional inconsistencies between FT and (U–Th)/He data,
which can help to improve the understanding of FT and
(U–Th)/He methods in general.

Several analytical procedures can used to obtain combined
U–Pb, FT and (U–Th)/He ages on single grains. The most
commonly applied approach employs EDM FT dating, U–Pb
dating by LA-(MC)-ICPMS and conventional (U–Th)/He
dating. This procedure is more efficient when employing FT
dating using the LA-ICPMS instead of the EDM FT method
where samples are irradiated in a nuclear reactor. An even
more efficient approach with higher sample throughput
combines FT dating by LA-ICPMS and in situ (U–Th)/He
dating, whereby the U–Pb age is obtained as a by-product of
LA-ICPMS analysis. Development of this promising concept
is currently underway and initial results on the Durango
apatite standard are encouraging, which suggests that this
approach will be feasible in the future.

Future directions for the triple-dating approach should
include the development and optimisation of methodologies
and analytical instruments allowing rapid production of
high-quality data. Thus far, the triple-dating approach has
been successfully applied to zircon and apatite; however,
multi-dating methodologies for other minerals (e.g. titanite,
monazite, allanite) are yet to be developed and tested. The
expected increase of triple-dating studies for detrital sample
suites may call for development of new statistical approa-
ches to data deconvolution and identification of principal
components in multidimensional space. Last but not least,
the reliability of triple-dating data sets and the capability to
recover desired age information from detrital grains should
be rigorously tested on synthetic samples or
well-characterised natural test sites, before triple-dating is
applied more broadly.
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6Statistics for Fission-Track
Thermochronology

Pieter Vermeesch

Abstract
This chapter introduces statistical tools to extract geolog-
ically meaningful information from fission-track
(FT) data using both the external detector and
LA-ICP-MS methods. The spontaneous fission of 238U
is a Poisson process resulting in large single-grain age
uncertainties. To overcome this imprecision, it is nearly
always necessary to analyse multiple grains per sample.
The degree to which the analytical uncertainties can
explain the observed scatter of the single-grain data can
be visually assessed on a radial plot and objectively
quantified by a chi-square test. For sufficiently low values
of the chi-square statistic (or sufficiently high p values),
the pooled age of all the grains gives a suitable
description of the underlying ‘true’ age population.
Samples may fail the chi-square test for several reasons.
A first possibility is that the true age population does not
consist of a single discrete age component, but is
characterised by a continuous range of ages. In this case,
a ‘random effects’ model can constrain the true age
distribution using two parameters: the ‘central age’ and
the ‘(over)dispersion’. A second reason why FT data sets
might fail the chi-square test is if they are underlain by
multimodal age distributions. Such distributions may
consist of discrete age components, continuous age
distributions, or a combination of the two. Formalised
statistical tests such as chi-square can be useful in
preventing overfitting of relatively small data sets.
However, they should be used with caution when applied
to large data sets (including length measurements) which
generate sufficient statistical ‘power’ to reject any simple
yet geologically plausible hypothesis.

6.1 Introduction

238U is the heaviest naturally occurring nuclide in the solar
system. Like all nuclides heavier than 208Pb, it is physically
unstable and undergoes radioactive decay to smaller, more
stable nuclides. 99.9998% of the 238U nuclei shed weight by
disintegrating into eight He-nuclei (a-particles) and a 206Pb
atom, forming the basis of the U–Pb and (U–Th)/He clocks.
The remaining 0.0002% of the 238U undergoes spontaneous
fission, forming the basis of FT geochronology (Price and
Walker 1963; Fleischer et al. 1965). Because spontaneous
fission of 238U is such a rare event, the surface density of
fission tracks (in counts per unit area) is 10–11 orders of
magnitude lower than the atomic abundances of 238U and
4He, respectively. So whereas the U–Pb and (U–Th)/He
methods are based on mass spectrometric analyses of bil-
lions of Pb and He atoms, FT ages are commonly based on
manual counts of at most a few dozen features. Due to these
low numbers, the FT method is a low precision technique.
Whereas the analytical uncertainty of U–Pb and (U–Th)/He
ages is expressed in % or ‰-units, it is not uncommon for
single-grain FT age uncertainties to exceed 10% or even
100% (Sect. 6.2). Early attempts to quantify these uncer-
tainties (McGee and Johnson 1979; Johnson et al. 1979)
were criticised by Green (1981a, b), who subsequently
engaged in a fruitful collaboration with two statisticians—
Geoff Laslett and Rex Galbraith—to eventually solve the
problem. Thanks to the combined efforts of the latter two
people, it is fair to say that the statistics of the FT method are
better developed than those of any other geochronological
technique. Several statistical tools that were originally
developed for the FT method have subsequently found
applications in other dating methods. Examples of this are
the radial plot (Sect. 6.3), which is routinely used in lumi-
nescence dating (Galbraith 2010b), random effects models
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(Sect. 6.4.2), which have been generalised to (U–Th)/He
(Vermeesch 2010) and U–Pb dating (Rioux et al. 2012), and
finite mixture models (Sect. 6.5), which were adapted for
detrital U–Pb geochronology (Sambridge and Compston 1994).

The statistical analysis of fission tracks is a rich and
diverse field of research, and this short chapter cannot pos-
sibly cover all its intricacies. Numerate readers are referred
to the book by Galbraith (2005), which provides a com-
prehensive, detailed and self-contained review of the subject,
from which the present chapter heavily borrows. The chapter
comprises five sections, which address statistical issues of
progressively higher order. Section 6.2 introduces the FT
age equation using the external detector method (EDM),
which offers the most straightforward and elegant way to
estimate single-grain age uncertainties, even in grains
without spontaneous fission tracks. Section 6.3 compares
and contrasts different ways to visually represent multi-grain
assemblages of FT data, including kernel density estimates,
cumulative age distributions and radial plots. Section 6.4
reviews the various ways to estimate the ‘average’ age of
such multi-grain assemblages, including the arithmetic mean
age, the pooled age and the central age. This section will also
introduce a chi-square test for age homogeneity, which is
used to assess the extent to which the scatter of the
single-grain ages exceeds the formal analytical uncertainties
obtained from Sect. 6.2. This leads to the concept of
‘overdispersion’ (Sect. 6.4.2) and more complex distribu-
tions consisting of one or several continuous and/or discrete
age components. Section 6.5 discusses three classes of
mixed effects models to resolve discrete mixtures, continu-
ous mixtures and minimum ages, respectively. It will show
that these models obey the classic bias–variance trade-off,
which will lead to a cautionary note regarding the use of
formalised statistical hypothesis tests for FT interpretation.
Finally, Sect. 6.6 will give the briefest of introductions to
some statistical aspects of thermal history modelling, a more
comprehensive discussion of which is provided in Chap. 3,
(Ketcham 2018). In recent years, several fission-track labo-
ratories around the world have abandoned the elegance and
robustness of the EDM for the convenience of
ICP-MS-based measurements. Unfortunately, the statistics
of the latter is less straightforward and less well developed
than that of the EDM. Section 6.7 presents an attempt to
address this problem.

6.2 The Age Equation

The fundamental FT age equation is given by:

t ¼ 1
kD

ln 1þ kD
kf

qs
½238U�R

 !
ð6:1Þ

where kD is the total decay constant of 238U
(1.55125 � 10−10 year−1; Jaffey et al. 1971), kf is the fission
decay constant (7.9–8.7 � 10−17 year−1; Holden and Hoff-
man 2000)1, qs is the density (tracks per unit area) of the
spontaneous fission tracks on an internal crystal surface,

½238U� is the current number of 238U atoms per unit volume,
and R is etchable range of the fission tracks, which is half the

equivalent isotropic FT length. ½238U� can be determined by
irradiating the (etched) sample with thermal neutrons in a
reactor. This irradiation induces synthetic fission of 235U in
the mineral, producing tracks that can be monitored by
attaching a mica detector to the polished mineral surface and
etching this monitor subsequent to irradiation. Using
this external detector method (EDM), Eq. 6.1 can be
rewritten as:

t ¼ 1
kD

ln 1þ 1
2
kDfqd

qs
qi

� �
ð6:2Þ

where f is a calibration factor (Hurford and Green 1983), qi
is the surface density of the induced fission tracks in the
mica detector and qd is the surface density of the induced
fission tracks in a dosimeter glass of known (and constant)
U-concentration. The latter value is needed to ‘recycle’ the
calibration constant from one irradiation batch to the next, as
neutron fluences might vary through time, or within a sample
stack. qs, qi and qd are unknown but can be estimated by
counting the number of tracks N* over a given area A*

(where ‘*’ is either ‘s’ for ‘spontaneous’, ‘i’ for ‘induced’ or
‘d’ for ‘dosimeter’):

q̂s ¼
Ns

As
; q̂i ¼

Ni

Ai
and q̂d ¼

Nd

Ad
ð6:3Þ

It is customary for the spontaneous and induced fission
tracks to be counted over the same area (i.e. As ¼ Ai), either
using an automated microscope stage (Smith and
Leigh-Jones 1985; Dumitru 1993) or by simply reposition-
ing the mica detector on the grain mount after etching
(Jonckheere et al. 2003). Using these measurements, the
estimated FT age (̂t) is given by

t̂ ¼ 1
kD

ln 1þ 1
2
kDf̂q̂d

Ns

Ni

� �
ð6:4Þ

where f̂ is obtained by applying Eq. 6.4 to an age standard
and rearranging. Equations 6.2 and 6.4 assume that the ratio
of the etchable range (R) between the grain and the mica
detector is the same for the sample and the standard.

1The uncertainty associated with the fission decay constant vanishes
when kf is folded into the f-calibration constant. This is one of the
main reasons why the f-method was developed (see Chap. 1, Hurford
2018).
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Violation of this assumption leads to apparent FT ages of
unclear geological significance. This is an important caveat
as samples with shortened tracks are very common. See
Sect. 6.6 and Chap. 3 (Ketcham 2018) for further details on
how to deal with this situation. The standard error s½̂t� of the
single-grain age estimate is given by standard first-order
Taylor expansion:

s½̂t�2 � @ t̂

@f̂

� �2

s½f̂�2 þ @ t̂

@Ns

� �2

s½Ns�2þ @ t̂

@Ni

� �2

s½Ni�2 þ @ t̂

@Nd

� �2

s½Nd�2

ð6:5Þ
where it is important to point out that all covariance terms

are zero because f̂, Ns, Ni and Nd are independent variables.
2

To simplify the calculation of the partial derivatives, we note
that lnð1þ xÞ � x if x � 1 so that, for reasonably low Ns=Ni

values, Eq. 6.4 reduces to

t̂ � 1
2
f̂q̂d

Ns

Ni
ð6:6Þ

Using this linear approximation, it is easy to show that
Eq. 6.5 becomes:

s½̂t�
t̂

� �2

� s½f̂�
f̂

 !2

þ s½Ns�
Ns

� �2

þ s½Ni�
Ni

� �2

þ s½Nd�
Nd

� �2

ð6:7Þ

The standard error of the calibration constant f̂ is obtained
by repeated measurements of the age standard and will not be
discussed further. The standard errors of Ns, Ni and Nd are
governed by the Poisson distribution, whose mean equals its
variance. This crucial property can be illustrated with a
physical example inwhich amica print attached to a dosimeter
glass is subdivided into a number of equally sized squares
(Fig. 6.1, left). Counting the number of induced fission tracks
Nd in each square yields a skewed frequency distribution
whose mean indeed equals its variance (Fig. 6.1, right).

Applying this fact to Eq. 6.7, we can replace s½Ns�2 with Ns,

s½Ni�2 with Ni and s½Nd�2 with Nd to obtain the following
expression for the standard error of the estimated FT age:

s½̂t� � t̂

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s½f̂�
f̂

 !2

þ 1
Ns

þ 1
Ni

þ 1
Nd

vuut ð6:8Þ

Note that this equation breaks down if Ns ¼ 0. There are
two solutions to this problem. The easiest of these is to
replace Ns and Ni with Ns þ 1=2 and Ni þ 1=2, respectively
(Galbraith 2005, p. 80). A second (and preferred) approach
is to calculate exact (and asymmetric) confidence intervals.
See Galbraith (2005, p. 50) for further details about this
procedure.

6.3 Fission-Track Plots

The single-grain uncertainties given by Eq. 6.8 tend to be
very large. For example, a grain containing just four spon-
taneous fission tracks (i.e. Ns = 4) is associated with an
analytical uncertainty of

ffiffiffi
4

p
=4 ¼ 50% even ignoring the

analytical uncertainty associated with the f-calibration con-
stant, the dosimeter glass, or the induced FT count. The
single-grain age precision of the FT method, then, is orders
of magnitude lower than that of other established
geochronometers such as 40Ar/39Ar or 206Pb/238U, which
achieve percent or permil level uncertainties. To overcome
this limitation and ‘beat down the noise’, it is important that
multiple grains are analysed from a sample and averaged
using methods described in Sect. 6.4. Multi-grain assem-
blages of FT data are also very useful for sedimentary
provenance analysis and form the basis of a new field of
research called ‘detrital thermochronology’ (Bernet 2018;
Carter 2018). Irrespective of the application, it is useful for
any multi-grain FT data set to first be assessed visually. This
section will introduce three graphical devices to do this:
cumulative age distributions, (kernel) density estimates and
radial plots. To illustrate these graphical devices as well as
the different summary statistics of Sect. 6.4, consider the
four different geological scenarios shown in Fig. 6.2:

I. A rapidly cooled volcanic rock extruded at 15 Ma.
II. A slowly cooled intrusive rock exhibiting a range of

Cl/F ratios resulting in a 150 Ma ± 20% range of
apparent FT ages.

III. A detrital sample collected from a river draining two
volcanic layers extruded at 15 and 75 Ma, respectively.

IV. A detrital sample collected from a river draining
lithologies I and II.

6.3.1 The Cumulative Age Distribution (CAD)

The cumulative distribution function cdf(x) describes the
fraction of the detrital age population whose age is less than
or equal to x:

cdfðxÞ ¼ Pðt� xÞ ð6:9Þ

2Ns, Ni are independent within a single grain, but of course not
between different grains of the same sample, as the spontaneous and
induced track counts both depend on the U-concentration, which
tends to vary significantly from grain to grain (McGee and Johnson
1979; Johnson et al. 1979; Green 1981b; Galbraith 1981; Carter
1990).
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Under Scenario I, the cdf consists of a simple step
function, indicating that 0% of the grains are younger, and
100% are older than the extrusive age (Fig. 6.2, I-a). Under
Scenario II, the cdf is spread out over a wider range, so that
90% of the ages are between 90 and 210 Ma (Fig. 6.2, II-a).
Under Scenario III (Fig. 6.2, III-a), the cdf consists of two
discrete steps at 15 and 75 Ma, the relative heights of which
depend on the hypsometry of the river catchment and the
spatial distribution of erosion (Vermeesch 2007). Finally,
under Scenario IV, the cdf consists of a discrete step from 0
to 50% at 15 Ma, followed by a sigmoidal rise to 100% at
75 Ma (Fig. 6.2, IV-a).

In reality, the cdfs of Scenarios I–IV are, of course,
unknown and must be estimated from sample data, by means
of an empirical cumulative distribution function (ecdf), which
may be referred to as a cumulative age distribution (CAD) in a
geochronological context (Vermeesch 2007). A CAD is
simply a step function in which the single-grain age estimates
(̂tj, for j = 1 ! n) are plotted against their rank order:

CADðxÞ ¼
Xn
j¼1

1ð̂tj � xÞ=n ð6:10Þ

where 1(TRUE) = 1 and 1(FALSE) = 0. In contrast with the
true cdfs, the measured CADs are invariably smoother, as the
analytical uncertainties spread the dates out over a greater
range. Because the uncertainties of FT ages are so large, the
difference between the measured CADs and the true cdfs is
very significant. Sections 6.4 and 6.5 of this chapter present
several algorithms to extract the key parameters of the true

age distribution (i.e. the cdfs) from the measurement distri-
bution (CADs).

6.3.2 (Kernel) Density Estimates (KDEs)

A probability density function (pdf) is defined as the first
derivative of the cdf:

pdfðxÞ ¼ d½cdfðyÞ�
dy

����
x

, cdfðxÞ ¼
Zx
�1

pdfðyÞdy ð6:11Þ

Under Scenario I, the pdf is a discrete peak of zero width
and infinite height, marking the timing of the volcanic
eruption (Fig. 6.2, I-b). In contrast, under Scenario II, the
pdf is a smooth (a)symmetric bell curve reflecting the spread
in closing temperatures and, hence, ages, associated with the
range of Cl/F-ratios present in apatites of this slowly cooled
pluton (Fig. 6.2, II-b). Under Scenario III, the pdf consists of
two discrete spikes corresponding to the two volcanic events
(Fig. 6.2, III-b). Finally, under Scenario IV, the pdf effec-
tively combines those of Scenarios I and II (Fig. 6.2, IV-b).
The pdfs, like the cdfs discussed before, are unknown but
can be estimated from sample data.

There are several ways to do this. Arguably the simplest of
these is the histogram, in which the observations are grouped
into a number of discrete bins. Kernel density estimates
(KDEs) are a continuous alternative to the histogram, which
are constructed by arranging the measurements from young

Fig. 6.1 Left: induced fission tracks recorded in a mica detector
attached to a dosimeter glass. Numbers indicate the number of tracks
counted in 48 150 � 150 lm-sized areas. Colours indicate single
(yellow), double (blue) and triple (red) etch pits. Dosimeter glasses
exhibit a uniform U-concentration so that the observed variation in the

number of tracks is only due to Poisson statistics. Fission tracks were
counted with FastTracks image recognition software (see Chap. 4,
Gleadow 2018). Right: the frequency distribution of the FT counts,
which has a mean of 3.7 and a variance of 3.5 counts per graticule,
consistent with a Poisson distribution
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to old along the time axis, adding a Gaussian ‘bell curve’ (or
any other symmetric shape) on top of them and then summing
those to create one continuous curve (Silverman 1986; Ver-
meesch 2012). The standard deviation of the Gaussian ‘ker-
nel’ is called the ‘bandwidth’ of the estimator and may be
chosen through a host of different approaches, a proper dis-
cussion of which falls outside the scope of this review
(Abramson 1982; Silverman 1986; Botev et al. 2010; Ver-
meesch 2012). An important feature of all these algorithms is
that the bandwidth monotonically decreases with increasing
sample size. Please note that the so-called probability density
plot (PDP, not to be confused with pdf!), in which the ana-
lytical uncertainty (or 0.6 times the analytical uncertainty,
Brandon 1996) is used as a ‘bandwidth’ does not possess this
feature. Therefore, PDPs are not proper density estimates,
and consequently, their use is not recommended (Galbraith
1998; Vermeesch 2012). Like the CAD, which is a smooth
version of the cdf, KDEs (and histograms) are smooth ver-
sions of the pdf. But whereas the CAD has only been
smoothed once, histograms and KDEs are smoothed twice,
once by the analytical uncertainties, and once by the width of
the bins or kernels. Because the analytical uncertainties of FT
data are so big, the components of FT age distributions are
often spread out very widely, resulting in poorly resolved
KDEs (blue curves in Figs. 6.2b).

6.3.3 Radial Plots

Single-grain fission-track age uncertainties are not only
large, but generally also variable (‘heteroscedastic’). Due to
a combination of Poisson sampling statistics and variable
U-concentrations, the analytical uncertainties propagated
using Eq. 6.8 may vary over an order of magnitude within
the same sample. Neither CADs nor KDEs (let alone PDPs)
are able to capture this uncertainty. The radial plot is a
graphical device that was specifically designed to address
this issue (Galbraith 1988, 1990; Dunkl 2002; Vermeesch
2009). Given j = 1 … n numerical values zj and their
analytical uncertainties rj, the radial plot is a bivariate
ðxj; yjÞ scatterplot setting out a standardised estimate
ðyj ¼ ½zj � z0�=rjÞ, where z0 is some reference value) against
the single-grain precision (xj ¼ 1=rj). For FT data using the
EDM,3 it is convenient to use the following definitions for zj
and rj (Galbraith 1990):

zj ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsj þ 3=8

Nsj þNij þ 3=4

s
ð6:12Þ

and

rj ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsj þNij þ 1=2

p ð6:13Þ

Precise measurements plot towards the right-hand side of
the radial plot while imprecise measurements plot closer to the
origin. A single-grain age may be read off by extrapolating a
line from the origin (0,0) of the radial plot through the sample
point (xj, yj) to a radial scale plotted at some convenient dis-
tance. Similarly, the analytical uncertainty can be obtained by
extrapolating lines from the origin to the radial scale through
the top and the bottom of an imaginary 2 r-error bar added to
each sample point. Finally, drawing two parallel lines at 2r
distances from either side of the origin allow the analyst to
visually assess whether all the single-grain ages within a
sample agree within the analytical uncertainties.

Revisiting Scenario I of Fig. 6.2, the data points plot within
a 2r band on the radial plot, consistent with a single discrete
age component (Fig. 6.2, I-c). Under Scenario II, the data are
more dispersed and scatter beyond the 2r band, reflecting the
dispersion of the underlying geological ages (Fig. 6.2, II-c).
Under Scenario III, the data are randomly scattered along two
linear trajectories which represent the two volcanic events
(Fig. 6.2, III-c). Finally, Scenario IV combines the radial
patterns of Scenarios I and II, as expected (Fig. 6.2, IV-c). Of
all the summary plots in Fig. 6.2, the radial plot contains the
largest amount of quantitative information about the age
measurements and about the underlying geological ages.
Using the graphical design principles of Tufte (1983), the
radial plot exhibits a far higher ‘ink-to-information ratio’ than
the CAD, KDE or histogram.Wewill therefore use it as a basis
from which to introduce the summary statistics discussed in
the next section of this chapter.

6.4 Summary Statistics

The previous sections have shown that the presence of large
and highly variable analytical uncertainties can easily
obscure the underlying age distribution and all the geologi-
cally meaningful information encoded by it. The next two
sections will introduce some useful summary statistics which
can be used to disentangle that geologically meaningful
information from the random noise produced by the Poisson
counting uncertainties.

6.4.1 The Pooled Age

Let us begin with the single discrete age component in
Scenario I of the previous section. Several approaches can be

3The remainder of this and the next three sections of this chapter will
focus on the EDM. Alternative equations for ICP-MS-based
fission-track data are provided in Sect. 6.7.
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used to estimate this age from a set of noisy sample data.
Panels I-a, I-b and I-c of Fig. 6.2 show that the single-grain
age estimates follow an asymmetric probability distribution
(symmetric when plotted on a logarithmic scale) which is
skewed towards older ages. This is a consequence of the fact
that, if Nsj and Nij are sampled from two independent
Poisson distributions with expected values qs and qi,
respectively, then the conditional probability of Nsj on
Nsj þNij follows a binomial distribution:

PðNsjjNsj þNijÞ ¼ Nsj þNij

Nsj

� �
hNsjð1� hÞNij � fjðhÞ

ð6:14Þ

where h � qs=ðqs þ qiÞ and
a
b

� �
is the binomial coeffi-

cient. Given a sample of n sets of FT counts, this leads to the
following (log-)likelihood function for h:

LðhÞ ¼
Xn
j¼1

ln fjðhÞ ð6:15Þ

where fjðhÞ is the probability mass function for the jth grain
defined in Eq. 6.14. As a first approach to obtaining an
‘average’ age, one might be tempted to simply take the
arithmetic mean of the single-grain age estimates. Unfortu-
nately, the arithmetic mean does not cope well with outliers
and asymmetric distributions and therefore yields poor
estimates of the geological age. The geometric mean fares
much better. It is closely related to the ‘central age’, which is
discussed in Sect. 6.4.2. The ‘pooled age’ is obtained by
maximising Eq. 6.15 to obtain a ‘maximum likelihood’

estimate (ĥ), and substituting eĥ for Ns=Ni in Eq. 6.2, where
Ns ¼

Pn
j¼1 Nsj and Ni ¼

Pn
j¼1 Nij. This is equivalent to

taking the sum of all the spontaneous and induced tracks,
respectively, and treating these as if they belonged to a
single crystal. This procedure yields the correct age if the
true ages are indeed derived from a single discrete age
component (i.e. Scenario I). However, if there is any dis-
persion of the true FT ages, as is the case under Scenario II,
then the pooled age will be biased towards values that are far
too old. Whether this is the case or not can be verified using
a formalised statistical hypothesis test. Galbraith (2005,
p. 46) shows that in the absence of excess dispersion, the
following statistic:

c2 ¼ 1
NsNi

Xn
j¼1

ðNsjNi � NijNsÞ2
Nsj þNij

ð6:16Þ

follows a chi-square distribution with n − 1 degrees of
freedom. The probability of observing a value greater than c2

under this distribution is called the p value and can be used
to formally test the assumption of zero dispersion.
A 0.05 cut-off is often used as a criterion to abandon the
single-grain age model of Scenario I and, hence, the pooled
age.

6.4.2 Central Ages and ‘Overdispersion’

A more meaningful age estimate for Scenario II is obtained
using a two-parameter ‘random effects’ model, in which the
true qs=qi-ratio is assumed to follow a log-normal distribu-
tion with location parameter µ and scale parameter r (Gal-
braith and Laslett 1993):

lnðqs=qiÞ	N ðl; r2Þ ð6:17Þ
This model gives rise to a two-parameter log-likelihood

function:

Lðl;r2Þ ¼
Xn
j¼1

ln fjðl; r2Þ ð6:18Þ

where the probability mass function fjðl; r2Þ is defined as:

fjðl; r2Þ ¼ Nsj þNij

Nsj

� � Z1
�1

ebNsj 1þ eb
� ��Nsj�Nij

r
ffiffiffiffiffiffi
2p

p
eðb�lÞ2=ð2r2Þ db

ð6:19Þ
in which the FT ratios are subject to two sources of varia-
tion: the Poisson uncertainty described by Eq. 6.15 and an
‘(over)dispersion’ factor r. Maximising Eq. 6.18 results in
two estimates l̂ and r̂ and their respective standard errors.
Substituting el̂ for Ns=Ni in Eq. 6.2 produces the so-called
central age. r̂ quantifies the excess scatter of the single-grain
ages that cannot be explained by the Poisson counting
statistics alone. This dispersion can be just as informative as
the central age itself, as it encodes geologically meaningful
information about the compositional heterogeneity and
cooling history of the sample. In the absence of excess
dispersion (i.e. if r̂ ¼ 0) the central age equals the pooled
age.

6.5 Mixture Models

A FT data set may fail the chi-square test introduced in the
previous section for different reasons. The true ages may
exhibit excess scatter according to Eq. 6.18. Or it may be so
that there are more than one age component (Galbraith and
Green 1990; Galbraith and Laslett 1993). These components
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could either be discrete age peaks (Scenario III) or they
could be any combination of discrete and continuous age
components (Scenario IV).

6.5.1 Finite Mixtures

Finite mixture models are a generalisation of the discrete age
model of Scenario I in which the true ages are not derived
from a single, but from multiple age populations (Galbraith
and Green 1990). Scenario III is an example of this with two
such components. In contrast with the common age model of
Scenario I, which is completely described by a single
parameter (h, or the pooled age), and the random effects
model, which comprises two parameters (µ and r, or the
central age and overdispersion), the finite mixture of Sce-
nario III requires three parameters. These are the age of the
first component, the age of the second component and the
proportion of the grains belonging to the first component.
The proportion belonging to the second component is simply
the complement of the latter value. Generalising to N com-
ponents, the log-likelihood function becomes:

Lðpk; hk; k ¼ 1. . .NÞ ¼
Xn
j¼1

ln
XN
k¼1

pkfjðhkÞ
" #

with pN ¼ 1�
XN�1

k¼1

pk

ð6:20Þ

where fjðhkÞ is given by Eq. 6.14. Equation 6.20 can be
solved numerically. Applying it to the single component data
set of Scenario I again yields the pooled age as a special
case. The detrital FT ages in Scenario III clearly fall into two
groups so it is quite evident that there are two age compo-
nents. Unfortunately, the situation is not always this clear.
Due to the large single-grain age uncertainties discussed in
Sect. 6.2, the boundaries between adjacent age components
are often blurred, making it difficult to decide how many
‘peaks’ to fit. Several statistical approaches may be used to
answer this question. One possibility is to use a
log-likelihood ratio test. Suppose that we have solved
Eq. 6.20 for the case of N = 2 age components and denote
the corresponding maximum log-likelihood value as L2. We
then consider an alternative model with N = 3 components.
This results in two additional parameters (p2 and h3) and a
new maximum log-likelihood value, L3. We can assess
whether the three-component model is a significant
improvement over the two-component fit by comparing
twice the difference between L3 and L2 to a chi-square
distribution with two degrees of freedom (because we have
added two additional parameters) and calculating the corre-
sponding p value like before. An illustration of the

log-likelihood ratio test is provided in Sect. 6.5.2. An
alternative approach is to maximise the so-called Bayes
Information Criterion (BIC), which is defined as

BIC ¼ �2Lmax þ p lnðnÞ ð6:21Þ
where Lmax is the maximum log-likelihood of a model
comprising p parameters and n grains. A worked example of
this method is omitted for brevity, and the reader is referred
to Galbraith (2005, p. 91) for further details.

6.5.2 Continuous Mixtures

So far we have considered pdfs consisting of a single dis-
crete age peak (Scenario I), a single continuous age distri-
bution (Scenario II) and multiple discrete age peaks
(Scenario III). The logical next step is to consider multiple
continuous age distributions (Jasra et al. 2006). In principle
such models can be obtained by maximising the following
likelihood function

Lðpk; lk; r2k ; k ¼ 1. . .NÞ ¼
Xn
j¼1

ln
XN
k¼1

pkfjðlk; r2kÞ
" #

with pN ¼ 1�
XN�1

k¼1

pk

ð6:22Þ

where fjðlk; r2kÞ is given by Eq. 6.19. However, in reality
this is often impractical due to the high number of param-
eters involved, which require exceedingly large data sets. In
detrital geochronology, the analyst rarely knows that the data
are underlain by a continuous mixture and so it is tempting
to reduce the number of unknown parameters by simply
assuming a discrete mixture. Unfortunately, this is fraught
with problems as well since there is no upper bound on the
number of discrete age components to fit to a continuous
data set. To illustrate this point, let us reconsider the data set
of Scenario II, this time applying a finite mixture model
rather than the random effects model of Sect. 6.4.2.

For a small sample of n = 10 grains, the chi-square test for
age homogeneity yields a p value of 0.47, which is above the
0.05 cut-off and thus provides insufficient evidence to reject
the common age model (Table 6.1; Fig. 6.3a). Increasing the
sample size to n = 25 results in a p value of 0.03, justifying
the addition of extra model parameters (Fig. 6.2, I-c). Further
increasing the sample size to n = 100 reduces the likelihood
of the common age model (Eq. 6.15) and results in a p value
of 0.0027, well below the 0.05 cut-off. Let us now replace the
common age model with a two-component finite mixture
model. For the same 100-grain sample, this increases the

116 P. Vermeesch



log-likelihood from −4598.3 to −4591.4 (Table 6.1). Using
the log-likelihood ratio test introduced in Sect. 6.5.1, that
corresponds to a chi-square value of
2 � (4598.3 − 4591.4) = 13.8 and a p value of 0.001,
lending support to the abandonment of the single age model
in favour of the two-parameter model (Fig. 6.3b). However,
doing the same calculation for a three-component model
yields a log-likelihood of −4590.6 and a chi-square value of
2 � (4591.4 − 4590.6) = 1.6, resulting in an insignificant
p value of 0.45 (Table 6.1). Thus, the 100-grain sample does
not support the three-component model. It is only when the
sample size is increased from 100 to 1000 grains that the
chi-square test gains enough ‘power’ to justify the
three-component finite mixture model (Fig. 6.3c). It is easy
to see that this trend continues ad infinitum: with increasing
sample size, it is possible to add ever larger numbers of
components (Fig. 6.3).

One might object to this hypothetical example by noting
that the finite mixture model is clearly inappropriate for a data
set that is derived from a continuous mixture. But the key
point is that all statistical models are inappropriate to some
degree. Even the random effects model is a mathematical
abstraction that does not exist in the real world. True age

distributions (pdfs) may be approximately (log)normal as in
Scenario I, but they are never exactly so. Given a sufficiently
large sample, formalised statistical hypothesis tests such as
chi-square are always able to detect even the most minute
deviation from any hypothetical age model and thereby
provide statistical justification to add further parameters. This
is important in the common situation where one is interested
in the youngest age component of a fission-track age distri-
bution, for example when one aims to calculate ‘lag times’
and estimate exhumation rates (Garver et al. 1999; Bernet
2018). It would be imprudent to estimate the lag-time by
applying a general purpose multi-component mixture model
and simply picking the youngest age component. This would
provide a biased estimate of the minimum age, which would
steadily drift towards younger values with increasing sample
size (Fig. 6.3). Instead, it is better to use a simpler but more
stable and robust model employing three4 or four parameters
to explicitly determine the minimum age component:

Table 6.1 Application of the log-likelihood ratio test to a finite mixture fitting experiment shown in Fig. 6.3. Rows mark different sample sizes
(with n marking the number of grains) drawn from Scenario II. Columns labelled as LN show the log-likelihood of different model fits, where
N marks the number of components. Columns labelled as pðv22Þ list the p values of a chi-square test with two degrees of freedom, which can be
used to assess whether it is statistically justified to increment the number of fitting parameters (N) by one

L1 pðv22Þ L2 pðv22Þ L3 pðv22Þ L4

n = 10 −422.4 0.67 −422.0 1.00 −422.0 1.00 −422.0

n = 100 −4598.3 0.001 −4591.4 0.45 −4590.6 1.00 −4590.6

n = 1000 −45,030.7 0.00 −44,966.5 0.00003 −44,956.1 0.67 −44,955.7

Fig. 6.3 Application of finite mixture modelling to the continuous
mixture of Scenario II (Fig. 6.2). Increasing sample size from left (a) to
right (c) provides statistical justification to fit more components using
the log-likelihood ratio approach of Table 6.1. Note that the age of the
youngest age component gets progressively younger with increasing

sample size, from 150 Ma for sample (a) to 94 Ma for sample (c), and
is therefore not a reliable estimator of the minimum age. pðv2Þ marks
the p value of the chi-square test for age homogeneity and not the
log-likelihood ratio tests of Table 6.1

4Eq. 6.23 may be simplified by imposing the requirement that l ¼ eh,
which significantly benefits numerical stability, while having only a
minor effect on the accuracy of h.
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Lðp; h; l; r2Þ ¼
Xn
j¼1

ln pfjðhÞþ ð1� pÞf 0j ðl; r2Þ
h i

ð6:23Þ

where fjðhÞ is given by Eq. 6.14 and f 0j ðl; r2Þ is a truncated
version of Eq. 6.19 (Galbraith and Laslett 1993). Applying
this model to the synthetic example of Scenario IV correctly
yields the age of the youngest volcanic unit regardless of
sample size (Fig. 6.2, IV-c). In conclusion, statistical
hypothesis tests such as chi-square can be used to prevent
overinterpreting perceived ‘clusters’ of data that may arise
from random statistical sampling fluctuations. But they must
be used with caution, bearing in mind the simplifying
assumptions which all mathematical models inevitably make
and the dependence of test statistics and p values on sample
size. Ignoring this dependence may lead to statistical models
that might make sense in a mathematical sense, but have
little or no geological relevance. This note of caution applies
not only to mixture modelling but even more so to thermal
history modelling, as will be discussed next.

6.6 Thermal History Modelling

So far in this chapter, we have made the implicit assumption
(in Eq. 6.2) that all fission tracks have the same length. In
reality, however, this is not the case and the length of (ap-
atite) fission tracks varies anywhere between 0 and 16 lm as
a function of the thermal history and chemical composition
of a sample (Gleadow et al. 1986). If the compositional
effects (notably the Cl/F ratio, Green et al. 1986) are well
characterised, then the measured length distribution of hor-
izontally confined fission tracks can be used to reconstruct
the thermal history of a sample. Laboratory experiments
show that the thermal annealing of fission tracks in apatite
obeys a so-called fanning Arrhenius relationship, in which
the degree of shortening logarithmically depends on both the
amount and duration of heating (Green et al. 1985; Laslett
et al. 1987; Laslett and Galbraith 1996; Ketcham et al. 1999,
2007):

ln 1�
ffiffiffiffiffiffiffiffiffiffi
L=L0

K
p� 	

¼ c0 � c1
lnðtÞ � lnðtcÞ
1=T � 1=Tc

ð6:24Þ

where L0 and L are the initial and measured track length,
t and T are time and absolute temperature, respectively, and
c0, c1, K, tc and Tc are fitting parameters (Laslett and Gal-
braith 1996; Ketcham et al. 1999). Using these laboratory
results, thermal history reconstructions are a two-step pro-
cess. First, a large number of random thermal histories are
generated, and for each of these, the fanning Arrhenius
relationship is used to predict the corresponding FT length

distribution (Corrigan 1991; Lutz and Omar 1991; Gallagher
1995; Willett 1997; Ketcham et al. 2000; Ketcham 2005;
Gallagher 2012). Then, these ‘forward model’ predictions
are compared with the measured values and the ‘best’ mat-
ches are retained for geological interpretation. All the ‘in-
verse modelling’ software that has been developed over the
years for the purpose of thermal history reconstructions
essentially follows this same recipe. The most important
difference between these algorithms is how they assess the
goodness of fit and decide which candidate t–T paths to
retain and which to reject.

One class of software, including the popular HeFTy
program and its predecessor AFTSolve (Ketcham et al.
2000; Ketcham 2005), uses the p value of formalised
hypothesis tests like the chi-square test described in the
previous sections, to decide whether the measured FT length
distribution is a ‘good’ (p > 0.5), ‘acceptable’
(0.5 > p > 0.05) or ‘poor’ (p < 0.05) fit. The problem with
this approach is that, due to the dependence of p values on
sample size, it inevitably breaks down for large data sets.
This is because the statistical ‘power’ of statistical hypoth-
esis test to resolve even the tiniest disagreement between the
measured and the predicted length distribution, monotoni-
cally increases with increasing sample size (Vermeesch and
Tian 2014).

A second class of inverse modelling algorithms (includ-
ing QTQt, Gallagher 2012) does not employ formalised
hypothesis tests or p values, but aims to extract the ‘most
likely’ thermal history models among all possible t–T paths
(Gallagher 1995; Willett 1997). These methods do not
‘break down’ when they are applied to large data sets. On
the contrary, large data sets are ‘rewarded’ in the form of
tighter ‘credibility intervals’ and higher resolution t–T paths.
Furthermore, they are easily extended to multi-sample and
multi-method data sets. However, with great power also
comes great responsibility. Vermeesch and Tian (2014)
show that QTQt always produces a ‘best fitting’ thermal
history even for physically impossible data sets. To avoid
this potential problem, it is of paramount importance that the
model predictions are shown alongside the FT data (Gal-
lagher 2012, 2016, Vermeesch and Tian 2014).

6.7 LA-ICP-MS-Based FT Dating

The EDM outlined in Sect. 6.2 continues to be the most
widely used analytical protocol in FT dating. However, over
the past decade, an increasing number of laboratories have
abandoned it and switched to LA-ICP-MS as a means of
determining the uranium concentration of datable minerals,
thus reducing sample turnover time and removing the need
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to handle radioactive materials (Hasebe et al. 2004, 2009;
Chew and Donelick 2012; Soares et al. 2014; Abdullin et al.
2016; Vermeesch 2017). The statistical analysis of
ICP-MS-based FT data is less straightforward and less well
developed than that of the EDM. As described in Sect. 6.2,
the latter is based on simple ratios of Poisson variables, and
forms the basis of a large edifice of statistical methods which
cannot be directly applied to ICP-MS-based data. This sec-
tion provides an attempt to address this issue.

6.7.1 Age Equation

The FT age equation for ICP-MS-based data is based on
Eq. 6.1:

t̂ ¼ 1
kD

ln 1þ kD
kf

Ns

½Û�AsR q

� �
ð6:25Þ

where Ns is the number of spontaneous tracks counted over
an area As, q is an ‘efficiency factor’ (*0.93 for apatite and
*1 for zircon, Iwano and Danhara 1998; Enkelmann and
Jonckheere 2003; Jonckheere 2003; Soares et al. 2013) and
½Û� is the 238U-concentration (in atoms per unit volume)
measured by LA-ICP-MS. Equation 6.25 requires an explicit
value for kf and assumes that the etchable range (R) is
accurately known (Soares et al. 2014). Alternatively, these
factors may be folded into a calibration factor akin to the
EDM (Eq. 6.4):

t̂ ¼ 1
kD

ln 1þ 1
2
kDf̂

Ns

As½Û�

� �
ð6:26Þ

in which f̂ is determined by analysing a standard of known
FT age (Hasebe et al. 2004). Note that, in contrast with the
‘absolute’ dating method of Eq. 6.25, the f-calibration
method of Eq. 6.26 allows ½Û� to be expressed in any con-
centration units (e.g. ppm or wt% of total U) or could even
be replaced with the measured U/Ca-, U/Si- or U/Zr-ratios
produced by the ICP-MS instrument. The standard error of
the estimated age is given by

s½̂t� � t̂

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s½f̂�
f̂

 !2

þ s½Û�
Û

� �2

þ 1
Ns

vuut ð6:27Þ

for the f-calibration approach (Eq. 6.26), where s½Û� is the
standard error of the uranium concentration measurement (or

the U/Ca-ratio measurement, say), which can be estimated
using two alternative approaches as discussed in Sect. 6.7.2.
Equation 6.27 can also be applied to the ‘absolute’ dating

method (Eq. 6.25) by simply setting s½f̂�=f̂ ¼ 0.

6.7.2 Error Propagation of LA-ICP-MS-Based
Uranium Concentrations

Uranium-bearing minerals such as apatite and zircon often
exhibit compositional zoning, which must either be removed
or quantified in order to ensure unbiased ages.

1. The effect of compositional zoning can be removed by
covering the entire counting area with one large laser
spot (Soares et al. 2014) or a raster (Hasebe et al. 2004).
s½Û� is then simply given by the analytical uncertainty of
the LA-ICP-MS instrument, which typically is an order
of magnitude lower than the standard errors of induced
track counts in the EDM.

2. Alternatively, the uranium heterogeneity can be quanti-
fied by analysing multiple spots per analysed grain
(Hasebe et al. 2009). In this case, it is commonly found
that the variance of the different uranium measurements
within each grain far exceeds the formal analytical
uncertainty of each spot measurement. The following
paragraphs will outline a method to measure that dis-
persion, even if some of the grains in a sample were only
visited by the laser once.

The true statistical distribution of the U-concentrations
within each grain is unknown but is likely to be log-normal:

ln½Ûjk� 	N ðlj; r2j Þ ð6:28Þ

where Ûjk is the kth out of nj uranium concentration mea-
surements, and lj and r2j are the (unknown) mean and
variance of a normal distribution. Unfortunately, it is diffi-
cult to accurately estimate these two parameters from just a
handful of spot measurements and it is downright impossible
if nj ¼ 1. This problem requires a simplifying assumption
such as rj ¼ r 8 j. In that case, we can estimate the param-
eters of Eq. 6.28 as follows:

l̂j ¼
Xnj
k¼1

ln½Ûjk�=nj ð6:29Þ
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and

r̂2 ¼
Xn
j¼1

Xnj
k¼1

ln½Ûjk� � l̂j
� �2

=
Xn
j¼1

ðnj � 1Þ: ð6:30Þ

The (geometric) mean uranium concentration and stan-
dard error of the jth grain are then given by

Ûj ¼ exp ½l̂j� ð6:31Þ

and

s½Ûj� ¼ Ûjr̂ ð6:32Þ
which may be directly plugged into Eqs. 6.25–6.27 to cal-
culate FT ages and uncertainties. Note that this procedure
ignores the analytical uncertainty of the individual
U-measurements. A more sophisticated approach that com-
bines the analytical uncertainties of the U-measurements
with the dispersion of multiple spot measurements is pro-
vided by Vermeesch (2017).

6.7.3 Zero Track Counts

In contrast with the EDM, ICP-MS-based FT data do not
offer an easy way to deal with zero track counts. One
pragmatic solution to this problem is to approximate the
ICP-MS-based uranium concentration measurement with an
‘equivalent induced track density’, using the following linear
transformation:

N̂ij ¼ qjAsj½Ûj� ð6:33Þ

where Asj is the area over which the spontaneous tracks of
the jth grain have been counted and qj plays a similar role as
qd in Eq. 6.2. From the requirement that the variance of a
Poisson-distributed variable equals its mean (Sect. 6.2), it
follows that:

N̂ij ¼ q2j A
2
sjs½Ûj�2 ð6:34Þ

from which it is easy to determine qj. The analytical
uncertainty for the jth single-grain age is then given by:

s½̂tj� � t̂j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Nsj

þ 1

N̂ij
þ s½f̂�

f

 !2
vuut ð6:35Þ

where Nsj indicates the number of spontaneous tracks mea-

sured in the jth grain, and s½f̂�=f ¼ 0 for the ‘absolute’ dating
approach (Eq. 6.25). The zero track problem can then be
solved using the methods mentioned in Sect. 6.2.

6.7.4 Plots and Models

To plot ICP-MS-based fission-track data on a radial plot, we
can replace Eqs. 6.12 and 6.13 with

zj ¼ ln ð̂tjÞ; ð6:36Þ

and rj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s½f̂�
f̂

 !2

þ s½Û�
Û

� �2

þ 1
Ns

vuut ð6:37Þ

respectively (Galbraith 2010a). Alternatively, a square root
transformation may be more appropriate for young and/or
U-poor samples (Galbraith, pers. commun.):

zj ¼
ffiffiffî
tj

q
; ð6:38Þ

and rj ¼ s½̂tj�= 2
ffiffiffî
tj

q� �
ð6:39Þ

The binomial likelihood function of Sect. 6.4.2 may be
replaced with an alternative form assuming normal errors.
Thus, Eq. 6.15 becomes:

LðhÞ ¼
Xn
j¼1

ln Nðzjjh; r02
j Þ

h i
ð6:40Þ

where NðAjB;CÞ stands for ‘the probability density of
observing a value A from a normal distribution with mean
B and variance C’, zj is defined by Eq. 6.36 and r0j is given by

r0j ¼ s½̂tj�=̂tj ð6:41Þ
The chi-square statistic (Eq. 6.16) may be redefined as

c2 ¼
Xn
j¼1

zj=r
0
j

� 	2
�

Xn
j¼1

zj=r
02
j

 !2

=
Xn
j¼1

1=r02j ð6:42Þ

(Galbraith 2010a). Finally, the random effects model of
Eq. 6.18 can be replaced with:

Lðl; r2Þ ¼
Xn
j¼1

ln Nðzjjl;r2 þ r
02
j Þ

h i
ð6:43Þ

Equations 6.40 and 6.43 can be readily plugged into
Eqs. 6.20, 6.22 and 6.23 to constrain finite mixtures, con-
tinuous mixtures and minimum age models for ICP-MS-
based data, respectively.
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7The Sedimentology of Detrital
Thermochronology

Marco G. Malusà and Eduardo Garzanti

Abstract
Detrital thermochronology is based on the radiometric
dating of apatite, zircon and other minerals in sediments
and sedimentary rocks. The objective of detrital ther-
mochronology is to obtain quantitative information on
sediment provenance and on the geologic evolution of the
area from whence the sediment was generated. This
chapter describes how the full potential of the detrital
thermochronology approach can be exploited by applying
simple sedimentology principles, in order to obtain
provenance information that is largely independent from
the physical and chemical modifications affecting sedi-
ment during transport, deposition and burial diagenesis.
Simple strategies can be used to detect the effects of
selective entrainment, which form placer and antiplacer
deposits, and test the vulnerability of grain-age distribu-
tions to hydraulic sorting effects. The mineral fertility of
eroded bedrock, which varies over orders of magnitude
thus representing the largest source of potential bias in
detrital thermochronology, can be readily measured by
simple modifications to the standard procedures of
mineral concentration. Multi-method studies are poten-
tially biased by grain rounding and abrasion, as the
removal of grain rims may lead to an incorrect interpre-
tation of grain ages yielded by low-temperature ther-
mochronometers. Bedload and suspended load have
different transport time, and the instantaneous-
transport-time assumption of exhumation studies based
on the lag-time approach is not necessarily met.

7.1 Introduction

The detrital approach to geologic investigations utilises
characteristics of sediments to obtain information on the area
where the sediments were generated. Detrital studies include
bulk sediment methods (e.g. the classic studies based on the
modal composition of sand and sandstones—Zuffa 1985),
multi-mineral methods (e.g. studies based on the interpre-
tation of heavy mineral assemblages—Mange and Wright
2007) and single-mineral methods, which are based on the
analysis of one mineral species displaying measurable vari-
ations in specific parameters (e.g. trace elements, isotopic
ratios, etc.—Fedo et al. 2003; von Eynatten and Dunkl
2012). Single-mineral studies also include detrital ther-
mochronology, which is based on the radiometric dating of
apatite, zircon and other minerals.

This chapter illustrates the basic sedimentology principles
that can be applied in detrital thermochronology to fully
exploit the potentials of the single-mineral approach. It
describes simple strategies to get the least biased information
on the area from whence the sediment was generated, and to
mitigate the risk of circular reasoning that vitiates detrital
studies when based on untestable assumptions, leading to
potentially incorrect geologic interpretations. Section 7.2
discusses the main variables controlling the detrital record in
natural environments, and the potentials of the detrital
thermochronology approach in providing provenance infor-
mation that is largely unaffected by physical and chemical
modifications during the sedimentary cycle (e.g. Komar
2007; Morton and Hallsworth 2007). Section 7.3 illustrates
the basic principles of hydraulic sorting, how these princi-
ples can be used to improve mineral separation procedures in
the laboratory, and describes strategies apt to evaluate the
vulnerability of grain-age distributions to potential modifi-
cations induced by selective entrainment. Section 7.4
examines the potential implications of mechanical breakage
and abrasion of mineral grains on multi-dating studies (e.g.
Carter and Moss 1999), and the effects of metamictisation
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for the preservation of detrital zircon. Section 7.5 sum-
marises the information available on bedload and suspended
load transfer time (e.g. Granet et al. 2010; Wittmann et al.
2011), and the implications for stratigraphic correlations and
exhumation studies based on the analysis of the lag time
between cooling and depositional ages (e.g. Garver et al.
1999). Section 7.6 evaluates the effects of mineral dissolu-
tion during weathering and diagenesis (e.g. Morton 2012),
with particular emphasis on apatite and metamict zircon.
Section 7.7 illustrates the mineral fertility bias, i.e. potential
impact of the variable propensity of different parent bed-
rocks to yield detrital grains of specific minerals when
exposed to erosion (Moecher and Samson 2006), and
describes a simple approach for measuring the mineral fer-
tility in bedrock starting from the analysis of modern sedi-
ment. Simple strategies to be applied from the early steps of
sample processing to final data interpretation are sum-
marised in Sect. 7.8 and in Table 7.1.

7.2 The Variables Controlling the Detrital
Record

Clastic detritus generated by bedrock erosion, and eventually
preserved in the stratigraphic record (Fig. 7.1), has generally
experienced a long transport (commonly thousands of km),
either as bedload or as suspended load, to finally reach a
deep-sea sink (Graham et al. 1975; Ingersoll et al. 2003;
Anfinson et al. 2016). During the sedimentary cycle of
weathering and erosion, transport, deposition and burial, the
detrital signature originally acquired in the source area (X in
Fig. 7.1) may undergo relevant modifications by physical
and chemical processes. Detrital grains are sorted during
erosion, transport and deposition according to their size,
density and shape (Y in Fig. 7.1), leading to major changes
in the original compositional signature (Schuiling et al.
1985; Garzanti et al. 2009). Detrital grains also suffer
abrasion and mechanical breakdown, and drastic modifica-
tions are induced by the different chemical stability of
detrital minerals during weathering and burial diagenesis
(Z in Fig. 7.1) (Johnsson 1993; Worden and Burley 2003).
Physical modifications in sediments can be detected and
modelled mathematically, but chemical modifications are
much more difficult to deal with. Because solving for three
variables (X, Y and Z in Fig. 7.1) requires an equal number
of independent simultaneous equations, using the detrital
record to obtain information on the source area (X) requires
that both potential physical (Y) and chemical (Z) modifica-
tions to the original detrital signature are independently
constrained.

Detrital thermochronology, when correctly applied, can
be successfully employed to get unbiased information on the
source area (see Table 7.1). Like other single-mineral

methods, detrital thermochronology minimises both the
impact of differential mineral density during transport and
deposition, and the impact of differential dissolution of
minerals during weathering and diagenesis. If the ther-
mochronologic fingerprint of mineral grains is independent
from grain size, which can be easily tested, then the ther-
mochronologic signal acquired in the source area is intrin-
sically robust with respect to hydrodynamic effects that sort
detrital grains as a function of their size and density. If
grain-age distributions are not independent from the grain
size, then the effect of hydraulic sorting can be detected by
using parameters (e.g. bulk grain density) that are fully
independent from those used for provenance discrimination
(i.e. the cooling age). Therefore, a correct detrital ther-
mochronology approach provides information on the source
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Long-term
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Burial
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Fig. 7.1 Main variables of the detrital record: the detrital signature
acquired in the source area (X) is modified by physical (Y) and chemical
(Z) processes during sediment transport towards the final sink and
subsequent burial diagenesis. Because solving for three variables
requires an equal number of independent equations, using the detrital
record to obtain provenance information (X) requires that both physical
and chemical modifications (Y and Z) are constrained independently
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area that is largely independent from physical and chemical
modifications taking place during transport, deposition and
diagenesis.

Single-mineral (and multi-mineral) studies are notably
influenced by the variable mineral fertility of bedrock
(Dickinson 2008). This issue does not affect the bulk

sediment approach, although bulk sediment mineralogy may
substantially differ even in sediments derived from the same
bedrock lithology, when eroded under different climatic and
geomorphic conditions (Johnsson 1993; Morton 2012). The
mineral fertility in bedrock can be effectively measured by
applying the basic principles of hydraulic sorting to the

Table 7.1 Summary of the main natural processes and factors that may modify the original fingerprint of detritus

Contributing
factor

Effect Impact on detrital
thermochronology

How to monitor or avoid References This
work

Mineral
fertility of
parent bedrock

Controls the original
mineral concentration in
detritus

Source areas with high (or
low) mineral fertility are
overrepresented (or
underrepresented) in the
detrital thermochronology
record

Measure the mineral fertility
of eroded bedrock starting
from the analysis of mineral
concentration in modern
sediment samples

Moecher
and Samson
(2006)
Malusà
et al.
(2016a)

Sect. 7.7

Selective
entrainment of
mineral grains

Produces placer (and
antiplacer) deposits with
anomalous enrichment
(and depletion) in denser
mineral grains

May introduce a bias
whenever a relationship exists
between grain age and grain
size

Record size and shape of
dated mineral grains to test
the vulnerability of age
distributions to hydraulic
sorting; detect placer
deposits by measuring their
bulk grain density

Komar
(2007)
Slingerland
and Smith
(1986)

Sect. 7.3

Mechanical
grain
breakdown
during
transport

Produces new mineral
grains when inclusions
are set free by the
breakdown of their host
mineral

Negligible Measure, e.g. the
downstream change in
[zircon]/[Zr]

Dickinson
(2008)
Malusà
et al.
(2016a)

Sect. 7.4

Abrasion and
rounding of
grains during
transport

May selectively remove
grain rims in minerals
with poor mechanical
properties (e.g. in
metamict zircon)

In multi-method studies may
lead to an incorrect
interpretation of ages yielded
by low-temperature
thermochronometers

Evaluate the downstream
changes in grain shape
parameters; compare
double-dating results for
euhedral and rounded grains

Kuenen
(1959)
Carter and
Moss
(1999)

Sect. 7.4

Temporary
storage and
reworking of
sediment

Determines the
incorporation of older
sediment and a temporal
delay between erosion
and deposition especially
in bedload

Limits the time resolution of
stratigraphic correlations
based on detrital minerals;
may lead to underestimate
exhumation rates based on
lag-time analysis

Evaluate the sediment
transport time and the impact
of sediment recycling (e.g.
by using the ratio of
cosmogenic 26Al and 10Be)

Granet et al.
(2010)
Wittmann
et al. (2011)

Sect. 7.5

Size-density
sorting of
grains during
deposition

Causes an intrasample
modal variability (i.e.
different composition of
different size classes of a
sample)

Target minerals are
potentially lost during mineral
separation, if the size window
for processing is not chosen
correctly

Retrieve the grain-size
parameters of the bulk
sediment sample and model
the sediment composition in
different grain-size classes

Rubey
(1933)
Resentini
et al. (2013)

Sect. 7.3

Chemical
weathering

Determines the selective
dissolution of unstable
minerals in soils

Negligible. Apatite is
unstable in acidic weathering
environments, but
fission-track ages are
generally unaffected even in
weathered samples

No specific strategy is
required in detrital studies
based on single-mineral
methods

Gleadow
and
Lovering
(1974)
Morton
(2012)

Sect. 7.6

Chemical
dissolution
during burial
diagenesis
and
metamorphism

Determines the intrastratal
dissolution of unstable
mineral species and the
growth of authigenic
minerals

Precludes the measurement of
mineral fertility starting from
the analysis of ancient
sandstones; may determine
the selective dissolution of
metamict zircon grains

No specific strategy is
required in detrital studies
based on single-mineral
methods

Morton and
Hallsworth
(2007)
Malusà
et al. (2013)

Sect. 7.6
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analysis of modern sediments (Malusà et al. 2016a).
Parameters employed for mineral fertility measurements are
independent from the cooling age of the provenance area.
This prevents the common risk of circular reasoning (i.e.
trying to solve a single equation for several variables) that
typically characterises provenance studies whenever physi-
cal and chemical modifications to the original detrital sig-
natures are not independently assessed.

7.3 Hydraulic Sorting and Sediment
Composition

7.3.1 Settling Velocity and Size Shift

Dense minerals commonly used in detrital thermochronol-
ogy (e.g. apatite, zircon and monazite) are usually associated
in sorted sediments with coarser lower-density lithic grains
and framework minerals (e.g. quartz and feldspars),
according to the principle of hydraulic equivalence (Rubey
1933; Garzanti et al. 2008) (Fig. 7.2a). During settling in a
fluid, grains with the same settling velocity are deposited
together. The settling velocity reflects the balance between
drag resistance and gravitational force, and thus depends on
the density (dm) and size (D) of settling grains (Schuiling
et al. 1985, Komar 2007) (Fig. 7.2b, c). The greater the
difference in density between settling-equivalent grains
and/or minerals, the greater is their difference in size, which
is also referred to as the size shift (Fig. 7.2a) (Rittenhouse
1943). The size shift of apatite grains (dm = 3.20 kg/dm3)
relative to quartz (dm = 2.65 kg/dm3) is much smaller than
the size shift for zircon (dm = 4.65 kg/dm3) and monazite
(dm = 5.15 kg/dm3) relative to quartz. Metamict zircon
grains, due to their lower density (Ewing et al. 2003), show
smaller size shifts relative to quartz than hydraulically
equivalent non-metamict zircon grains (see Sect. 7.4.2 for
further information on metamict zircon). Size shifts relative
to quartz of feldspars and lithic grains, representing the main
detrital components of siliciclastic sediments usually plotted
on QFL ternary diagrams for provenance discrimination (e.g.
Dickinson 1985), are minor and generally negligible
(Fig. 7.2a).

Turbulence and viscosity have a variable impact on grain
settling in water depending on the particle size (Fig. 7.2b).
Drag resistance and settling velocity of pebbles are con-
trolled by turbulence according to the Impact law. In clay
and silt-sized grains, settling velocity is controlled by vis-
cosity, according to the Stokes’ law. In sand-sized grains,
settling velocity is controlled by both viscosity and turbu-
lence. Empirical formulas predicting size-shift values in
water-laid sand (e.g. Cheng 1997, 2009) show that size shifts
increase with grain size, from those predicted by the Stokes’

law to those predicted by the Impact law, according to a
sigmoidal function (Fig. 7.2b).

Because grain-size distributions can be generally
approximated by a log-normal function, size shifts can be
effectively expressed using the / scale derived from a log-
arithmic transformation of the Udden-Wentworth grain-size
scale. The Udden-Wentworth grain-size scale divides sedi-
ments into different classes based on a constant ratio of 2
between successive class boundaries. When used with mil-
limetres or microns, this scale is geometric, but after a log-
arithmic transformation (/ = −log2d, where d is the grain
size in millimetres), the resulting / scale is arithmetic
(Fig. 7.2b). The negative sign is conventional and allows to
avoid negative numbers in the sand range. Size shifts pre-
dicted by Cheng (1997)’s formula range from 0.2 to 0.35/
for apatite, to 0.55–1.0/ for zircon and 0.65–1.2/ for
monazite, with wider ranges possibly expected for zircon
grains depending on the degree of metamictisation (white
belt in Fig. 7.2b). In wind-laid sand, the impact of viscosity
on settling velocity becomes negligible, and size shifts are
not dependent on grain size (Resentini et al. 2013). Beside
density and size, grain shape also plays a major role in
controlling settling of phyllosilicates, and micas settle slower
than quartz in spite of their higher densities, just because of
their platy shape (Doyle et al. 1983; Komar and Wang 1984;
Le Roux 2005). The behaviour of micas, often employed in
detrital thermochronology studies (e.g. Najman et al. 1997;
Carrapa et al. 2004; Hodges et al. 2005) and largely trans-
ported as suspended load, is therefore more difficult to
predict.

7.3.2 Grain-Size Parameters and Modelling
of Compositional Variability

As an effect of size-density sorting during settling, different
grain-size classes in a single bedload sample invariably
display strongly different modal compositions. Such in-
trasample compositional variability in sediment can be
modelled mathematically using specific numerical tools (e.g.
MinSORTING; Resentini et al. 2013). MinSORTING is an
Excel worksheet that calculates the size shift predicted for
each mineral, by the Stokes’ law for silt, Cheng (1997)’s
formula for sand and the Impact law for gravel, and its
distribution in different grain-size classes. The fundamental
input parameters for this calculation are the fluid type
(freshwater, sea water or air), which is supposedly known,
and the mean grain size and sorting values of the bulk
sediment. The procedure for measuring the grain-size
parameters required for such a modelling is quite simple in
loose sediment (Fig. 7.3a). After sieving the bulk sample,
sediment trapped in each sieve is weighed (step 1), and the
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weight of different size classes is visualised as an histogram
(step 2) or as a smoothed frequency curve, with the grain
size decreasing along the x-axis away from the origin.
Results are then converted into a smoothed cumulative fre-
quency curve showing the percentage frequency of grains
coarser than a particular value (step 3). The precision of this
curve (calculated for sieving at 1/ intervals in Fig. 7.3a) can
be improved by sieving the sample at 1/2 / or 1/4 / inter-
vals. The smoothed cumulative frequency curve is the
starting point to determine the relevant distribution per-
centiles (/n) (step 4) to be used as input parameters for the
calculation of the mean grain size (Dm), sorting (r) and
skewness (Sk) of the bulk sediment, according to the for-
mulas of Folk and Ward (1957) (step 5). Sorting is a mea-
sure of the spread of the grain-size distribution, i.e. of its
standard deviation. Sorting is poor in the case of deposition
by viscous flows, and best for deposits from tractive cur-
rents. Skewness is a measure of the symmetry of the dis-
tribution, which is best evaluated in smoothed frequency
curves (Fig. 7.3b, c). Asymmetrical (skewed) distributions
may show either a fine tail (positive skew) in the case of

excess fine material, or a coarse tail (negative skew) in the
case of excess coarse material. In sorted sediments, denser
minerals are concentrated in the finer tail of the size distri-
bution, whereas the modal value of the distribution (i.e. the
value of the mid-point of the most abundant size class) is
largely controlled by low-density minerals such as quartz
(Fig. 7.3b). Symmetrical distributions have indistinguishable
mean grain size (Dm), median (/50) and modal values.

Starting from the mean grain size and sorting values of
the bulk sediment measured by sieving, MinSORTING
predicts the distribution of specific minerals in different
grain-size classes of the sample. This information can be
used to choose the most suitable size windows to maximise
mineral recovery during separation in the laboratory, and to
evaluate the fraction of the target mineral potentially falling
outside of the chosen grain-size range. An example of this
application is illustrated in Fig. 7.3d. In this figure, his-
tograms show the distribution of apatite, zircon and mon-
azite calculated in sediment samples having the same
provenance (dissected continental block) but different mean
grain size and sorting values. The grey belt indicates a fixed
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Fig. 7.2 Settling equivalence
and size shift: a Size relationships
between quartz and
settling-equivalent minerals
having different densities (in
kg/dm3, all of these spheres settle
at 0.0267 m/s in freshwater); the
size shift is the difference in size
between settling-equivalent
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Resentini et al. 2013, Malusà
et al. 2016a); b Size shift relative
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Fig. 7.3 Modelling of
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parameters of a bulk sediment
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d Example of distribution of
apatite, zircon and monazite in
different grain-size classes as
modelled with MinSORTING
(Resentini et al. 2013) for detritus
derived from the erosion of a
dissected continental block; upper
row (Dm = 2.5 /, r = 0.2): all of
the target mineral is concentrated
in the size range (63–250 lm)
chosen for mineral separation (in
grey); intermediate row (Dm = 2.5
/, r = 1.5): nearly half of the
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completely lost during separation,
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size window (63–250 lm) that is often chosen for apatite
and zircon separation in many laboratories. In the case of a
fine-grained and very well-sorted sand (Dm = 2.5/; r = 0.2),
all apatite, zircon and monazite grains are expected to be
concentrated in the 63–250 lm size window, and are
potentially recovered during mineral separation from these
size classes. However, these ideal conditions are not the rule.
In poorly sorted samples with the same mean grain size (Dm

= 2.5/; r = 1.5), apatite, zircon and monazite grains are
much more dispersed among size classes, if originally pre-
sent in any size fraction of the eroded source rocks. By using
the same fixed size window of 63–250 lm, half of the
mineral amount is thus predicted to be lost in finer or coarser
grain-size classes. The most relevant implications for min-
eral separation are shown in the third example, which con-
siders a coarse-grained and very well-sorted sand (Dm =
0.5/; r = 0.2). In this case, no target mineral grain, either
apatite, zircon or monazite, will be recovered in the 63–
250 lm size classes, despite its original presence in the
sediment sample. This example underlines the importance of
modelling intrasample compositional variability for a correct
approach to mineral separation in sedimentary rocks, in
order to avoid the risk associated with an incorrect choice of
the analysed size window with respect to both sample grain
size and mineral size shift. Modelling of compositional
variability is often more problematic when dealing with
cemented sandstones, because they may require either
electric-pulse disaggregation or jaw crushing and disc mil-
ling before processing. In the latter case, grain-size rela-
tionships are lost, and modelling with MinSORTING is
precluded.

7.3.3 Selective Entrainment and Generation
of Placer and Antiplacer Deposits

Particle size (D) and density (dm) play a major role not only
during grain settling, but also in controlling the process of
selective entrainment during sediment transport (Komar and
Li 1988; Komar 2007). In bedload sediment, coarser
low-density mineral grains (e.g. quartz) are more easily
entrained by tractive currents than smaller settling-equivalent
grains of denser minerals (e.g. zircon in Fig. 7.4a). Coarser
grains project higher above the bed, and thus experience
greater flow velocities (vD and vT in Fig. 7.4a) and drag forces
(FD in Fig. 7.4a) than smaller denser grains. Coarser grains
also have smaller pivoting angles (a in Fig. 7.4a), which
favour the action of the drag force FD compared to the coun-
teracting vertical force, given by the difference between the
submerged grain weight (FG in Fig. 7.4a) and the lift force (FL

in Fig. 7.4a). Entrainment of detrital grains occurs when:

FD [ FG � FLð Þ tan a ð7:1Þ

As a consequence of selective entrainment, the original
neutral bedload is separated into a lag fraction strongly
enriched in dense minerals, and entrained sediment that is
instead depleted in dense minerals (Reid and Frostick 1985,
Slingerland and Smith 1986). The former will be referred to
as placer lag hereafter, whereas the latter will be referred to
as antiplacer deposit (Fig. 7.4b). In placer lags, minerals
such as garnet, zircon, rutile, monazite and magnetite can be
enriched by orders of magnitude relative to the original
neutral bedload, leading to a remarkable change in colour
and density (>4.0 kg/dm3 in magnetite placers).

7.3.4 Detection of Placer and Antiplacer
Deposits

Different approaches can be used to detect placer and anti-
placer deposits in detrital thermochronology studies. They
are (i) the bulk grain density approach; (ii) the dense mineral
concentration approach; (iii) the geochemical approach.

The Bulk Grain Density Approach The bulk grain density
of a sediment sample can be measured to detect the
anomalous concentrations of dense mineral grains due to
selective entrainment processes. Bulk grain density can be
measured in the laboratory with the aid of a hydrostatic
balance. A quartered fraction of a bulk sediment sample is
weighed first in air and next immersed in water, taking care
to avoid floating due to surface tension. Grain density is
calculated as:

dsediment ¼ Win air= Win air �Winwaterð Þ � dwater ð7:2Þ
where dwater is 0.9982 kg/dm3 at 20 °C and W is the weight
of the sample (Pratten 1981). The density of upper crustal
rocks is generally in the range of 2.70 ± 0.05 kg/dm3, and
exceeds 2.80 kg/dm3 only for mafic and ultramafic igneous
and metamorphic rocks. Sediments derived from the erosion
of these rocks are expected to have the same grain density of
*2.7 kg/dm3 in the lack of hydraulic sorting effects. The
upper diagram of Fig. 7.4c shows reference bulk grain
density values expected in rocks found in different tectonic
settings. Higher values in sediment point to hydraulic con-
centration of denser mineral grains by selective entrainment.
The depletion of dense minerals in antiplacer deposits is
more difficult to detect, because their grain density cannot be
much lower than that of feldspar and quartz, i.e.
*2.65 kg/dm3 (Fig. 7.4b, c), and thus not much different
from the grain density of neutral bedload (Fig. 7.4c, upper
diagram).

The Dense Mineral Concentration Approach Because
the grain density of a sediment sample is controlled by the
abundance of dense minerals, also the concentration of dense
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minerals retrieved during mineral separation can be used to
detect selective entrainment effects, when compared to val-
ues typically observed in bedrock. In the lack of hydraulic
effects, dense mineral concentration in modern sediments is
generally <10%, but may reach values as high as 15–20% in
sediments derived from magmatic arcs and obducted ophi-
olites (Fig. 7.4c, lower diagram) (Garzanti and Andò 2007).

Higher values may thus reveal the anomalous concentration
of denser mineral grains by selective entrainment.

The Geochemical Approach Because chemical elements
are preferentially hosted in specific minerals having different
density and shape (McLennan et al. 1993), hydraulic sorting
has an even stronger impact on the chemical composition of
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Fig. 7.4 Approaches to selective entrainment: a Coarser quartz grains
are more easily entrained than smaller settling-equivalent zircon grains,
because they have a smaller pivoting angle (a), project higher above the
bed and experience greater flow velocities and drag forces (FD) (based on
Komar and Li 1988); v = current velocity (vT, at level of grain’s top; vD, at
level of effective drag force); w = sheltering factor (depending on the
percentage of grain area exposed to fluid drag);CL = lift coefficient; other
keys as in Fig. 7.2c; b Neutral bedload, placers and antiplacers, and
comparison between selective entrainment and weathering-diagenesis
trends in sand and sandstones; the ZTR index (Hubert 1962) is the
percentage of relatively durable zircon, tourmaline and rutile among
transparent heavy minerals; selective entrainment in sand produces a

progressive increase in dense mineral concentration in placers, and a
progressive decrease in antiplacers; diagenetic dissolution in ancient
sandstones produces a progressive decrease in dense mineral concentra-
tion and an increase in ZTR, which is not observed in antiplacer deposits
(after Malusà et al. 2016a, and references therein); c Reference
parameters for testing selective entrainment and anomalous concentra-
tions of dense mineral grains in bulk sediment samples (grey squares =
modal bulk grain density and dense mineral concentration values; grey
bars = value spread; 1 to 9 = provenance: 1-2, undissected and dissected
magmatic arc; 3, ophiolite; 4, recycled clastic; 5-6-7, undissected,
transitional and dissected continental block; 8-9, subcreted and sub-
ducted axial belt; based on Malusà et al. 2016a, and references therein)
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sediments than on its modal composition. In a sediment
sample, zircon grains typically contribute most of Zr, Hf and
a significant amount of Yb, Lu and U; monazite and allanite
much of LREE and Th; apatite much of P; xenotime and
garnet much of Y and HREE (Garzanti et al. 2010). The
anomalous concentrations of these elements in the bulk
sediment were employed to reveal anomalous concentrations
of apatite, zircon or monazite by selective entrainment (e.g.
Resentini and Malusà 2012). However, a large fraction (90%
or more) of apatite or zircon originally present in bedrock
may form inclusions in larger mineral grains, rather than
individual mineral grains in detritus (Malusà et al. 2016a),
and are thus selected by tractive currents according to the
hydraulic properties of the host mineral. This implies that the
concentrations of REE, Zr and Hf in bulk sediment are
controlled not only by the hydraulic behaviour of denser
minerals such as zircon and monazite, but also by the
hydraulic behaviour of larger and less dense mineral grains
(e.g. micas). Approaches based on grain density measure-
ments are thus to be preferred over approaches based on
geochemical analyses for the detection of placer deposits.

7.3.5 Selective Entrainment and Vulnerability
Tests for Grain-Age Distributions

In detrital thermochronology studies, selective entrainment
controlled by particle density and particle size may have a
large impact on the final grain-age distributions observed in
detritus. The single-mineral approach minimises the effect of
variable particle density, as minor density variations are
expected only for zircon grains with different levels of a-
damage. However, selective entrainment may introduce a
bias whenever a relationship exists between grain age and
grain size. Therefore, detrital grains should be carefully
tested for potential age-size relationships and, if any exists,
particular care should be used to detect any potential effect
of selective entrainment on the analysed samples. This can
be done by using the bulk grain density approach described
in Sect. 7.3.4.

The size and shape parameters of dated mineral grains
can be easily measured, and should thus be recorded during
thermochronologic analysis. Figure 7.5a shows a qualitative
assessment of the age-size relationships in the fission-track
(FT) datasets of two hypothetical sediment samples. For
each grain, ages are plotted versus the equivalent spherical
diameter (ESD), which is the cube root of the product of
lengths of the three axes. The shorter axis measured in thin
section is assumed to be equal to the intermediate axis for
the sake of simplicity. If the grain age is independent from
the ESD, i.e. from the grain size (upper diagram in
Fig. 7.5a), the grain-age distribution is not vulnerable to
hydraulic sorting effects.

Noteworthy, polymodal grain-age distributions cannot be
compared by using their mean or median values (Fig. 7.5b),
but require more specific statistic tests. An effective assess-
ment of the age-size relationships of a detrital geochronol-
ogy dataset, based on the Kolmogorov–Smirnov (K–S)
method (Smirnov 1939; Young 1977), is shown in Fig. 7.5c.
The K–S method considers the maximum distance Dn,n′

between the cumulative frequency curves (F1,n and F2,n′) of
two analysed samples

Dn;n0 ¼ supx F1;nðxÞ � F2;n0 ðxÞ
�
�

�
� ð7:3Þ

This distance is compared with the critical value Ka for a
significance level a = 0.05 (Eplett 1982; Hollander and
Wolfe 1999), which is equal, for large datasets, to

K0:05 ¼ 1:36 �
ffiffiffiffiffiffiffiffiffiffiffiffi

nþ n0

n � n0
r

ð7:4Þ

where n and n′ indicate the number of dated grains in the two
samples. Results are shown in Fig. 7.5c as the difference
between K0.05 and Dn,n′, referred to as VK-S. If VK-S > 0,
differences between distributions are statistically not signif-
icant (Malusà et al. 2013).

In the detrital zircon U–Pb dataset shown in Fig. 7.5c, the
grain-age distributions in different size classes (i.e. fine sand,
very fine sand and coarse silt) are not significantly different.
Therefore, this dataset is not vulnerable to hydraulic sorting
effects. The K–S test can be easily performed with the aid of
a general purpose spreadsheet, without the need of more
specific statistical software packages.

7.4 Mechanical Breakdown and Abrasion
of Mineral Grains

During transport, detrital minerals may undergo mechanical
breakage and progressive abrasion with the consequent
potential removal of their external rims. Grains with euhe-
dral shape may undergo progressive rounding, whereas
small mineral inclusions liberated by the breakdown of their
host grain may form new individual detrital grains, which
will start to be sorted during subsequent tractive transport
according to their size, density and shape. The potential
impact of these processes in detrital thermochronology
studies is discussed below.

7.4.1 Grain Rounding and Potential Impact
on Zircon Double Dating

Detrital mineral grains may experience progressive abrasion
and rounding during transport depending on their physical
and mechanical properties. Studies of natural systems and
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laboratory experiments show that mechanical wear is very
effective in the aeolian environment, but much less effective
during fluvial transport (Russell and Taylor 1937; Kuenen
1959, 1960; Garzanti et al. 2015). In modern river sands
shed from the European Alps, the relative abundance of
rounded zircon grains does not change from the Alpine
mountain tributaries to the Po delta (Fig. 7.6a). Moreover,
the percentage of rounded zircon grains systematically
increases in older U–Pb age populations. This suggests that
zircon rounding may reflect chemical abrasion by meta-
morphic fluids in the source rocks, possibly experienced
during multiple cycles of diagenesis and metamorphism,
rather than mechanical abrasion (Malusà et al. 2013).
However, for older terranes such as the Yilgarn Craton, a
weak positive correlation between zircon grain rounding and
transport distance has been described (Markwitz et al. 2017).

The removal of external rims by grain abrasion may play
a role in detrital thermochronology studies based on (U–Th)/
He dating (Tripathy-Lang et al. 2013), because the correc-
tion factor for a-ejection that must be applied to raw He ages
depends on grain size and U–Th heterogeneity (Reiners and
Farley 2001; Hourigan et al. 2005). The potential impact of
grain abrasion is particularly important in detrital ther-
mochronology studies based on the double dating approach
(e.g. U–Pb and FT dating on the same detrital grain)
(Fig. 7.6b). Double dating is often employed to distinguish
non-volcanic from volcanic zircon grains (e.g. Carter and

Moss 1999; Jourdan et al. 2013). Zircon grains derived from
volcanic or subvolcanic rocks will display identical U–Pb
and FT ages within error, because of rapid magma crys-
tallisation in the upper crust where country rocks are at
temperatures cooler than the partial annealing zone of the FT
system (Malusà et al. 2011). Non-volcanic zircon grains will
display instead FT ages that are younger than the corre-
sponding U–Pb age. U–Pb analysis for double dating is best
performed on zircon rims, because volcanic zircons com-
monly display inherited xenocrystic cores (e.g. Corfu et al.
2003), which crystallised well before the volcanic event
recorded by the FT system. Whenever such rims are
removed by abrasion, volcanic zircon grains will display
only the U–Pb ages of the inherited core, which are older
than the corresponding FT age. As a result, such FT ages
could be incorrectly interpreted in terms of exhumation (see
discussion in Chap. 8, Malusà and Fitzgerald 2018a), lead-
ing to incorrect geologic interpretations.

7.4.2 Preservation of Metamict Zircon During
River Transport

Recent work suggested that metamict zircon grains could be
selectively destroyed by abrasion during river transport (e.g.
Fedo et al. 2003; Hay and Dempster 2009; Markwitz et al.
2017). However, this statement is not supported by
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detritus; the lack of old U-rich grains suggests selective dissolution of
metamict zircon during diagenesis and metamorphism of source rocks

7 The Sedimentology of Detrital Thermochronology 133



observational evidence, and experimental studies aimed at
determining the relative mechanical stability of detrital
minerals (e.g. Thiel 1940; Dietz 1973; Afanas’ev et al. 2008)
are few and often led to contrasting results. Metamict zircon
undergoes a change in structure with consequent decrease in
density and hardness by a process of self-irradiation and
accumulation of a-damage over time, an effect of high
concentrations of radioactive elements such as U and Th in
the crystal lattice (Ewing et al. 2003). Accumulated
a-damage (Fig. 7.6c) is chiefly a function of U concentration
(an equal mass of Th contributes only*5%) and of effective
accumulation time (ta), reduced by the effects of thermal
annealing of a-damage at high temperature (Tagami et al.
1996; Nasdala et al. 2001). The ta isopleths in the diagram of
Fig. 7.6c are modelled as a function of the U–Pb and FT
ages of each zircon grain, assuming monotonic cooling
(concavity C = 0 in Fig. 7.6c) and a threshold temperature
of effective a-damage retention of 400 °C, which is consis-
tent with geologic evidence (Garver and Kamp 2002). As
shown in Fig. 7.6c, accumulated a-damage increases:
(i) along the z-axis of the diagram by increasing U con-
centration; (ii) in the basal plane of the diagram in any
direction crosscutting the ta isopleths towards higher ta
values; more in general (iii) for any suitable combination of
these parameters in the three-dimensional space displayed in
the diagram. Further variability is introduced by the diverse
shape of the thermal path experienced by each zircon grain,
which may imply a longer or shorter time interval for
a-damage accumulation (lower frame in Fig. 7.6c).

The variability in a-damage accumulation expected in
natural detrital zircon concentrates is therefore quite high.
Focusing on the parameters controlling a-damage accumu-
lation, Malusà et al. (2013) found that U-rich zircon grains
(more metamict, on average, than U-poor grains having the
same age) are present in all of the main U–Pb age popula-
tions detected in detritus of the Po river catchment
(Fig. 7.6d). However, their abundance does not decrease
downstream across the alluvial plain, which indicates that
lower-density metamict zircon may survive long-distance
river transport. In detrital zircon grains from the Murchison
River, Western Australia, Markwitz et al. (2017) describe a
trend of downstream increasing apparent mean density, but
this trend may reflect the progressive addition of detritus
from younger source terranes, rather than a progressive loss
of metamict zircon grains during transport.

7.4.3 Liberation of Inclusions by Mechanical
Breakdown

In natural sedimentary systems, the downstream grain-size
reduction of detritus primarily occurs in the uppermost and
higher relief parts of the catchment, and largely by selective

deposition as a response to decreasing topographic gradient
and competence of the fluvial current (e.g. Fedele and Paola
2007; Allen and Allen 2013). Gravel is generally deposited
by mountain rivers in large fans at the transition between the
mountainous hinterland and the floodplain lowlands,
whereas sand and mud are transported mainly as bedload
and suspended load, respectively, across the floodplain
towards the river delta and the final sediment sink (Fig. 7.1).
Mechanical breakdown of sand-sized grains during river
transport across the floodplain is generally minor (Russel
and Taylor 1937; Kuenen 1959), although it may liberate a
conspicuous number of zircon and apatite inclusions that
become individual grains.

The impact of this process may be quantified by com-
paring the concentration of individual zircon grains in bed-
load (measured according to the approach described in
Sect. 7.7) with the zirconium concentration in the same bulk
sediment sample as indicated by chemical analysis. The
zirconium concentration of a sediment sample provides an
upper threshold for its potential zircon concentration
(Malusà et al. 2016a). Assuming that zirconium is exclu-
sively hosted in zircon, and that the zirconium contributions
by other rare minerals (baddeleyite, xenotime) and rock
fragments (e.g. volcanic glass) are negligible, volume %
zircon � 1.15 wt% zirconium (Dickinson 2008). However,
the potential zircon concentration provided by chemical
analysis includes not only individual zircon grains, but also
smaller zircon inclusions in larger grains. If the production
of additional individual zircon grains by mechanical break-
down of the host mineral in the floodplain was relevant, then
the ratio between individual zircon grain concentration and
zirconium concentration should increase downstream along
the floodplain. In the Po river catchment, where both data-
sets are available, such an increase is not observed
(Fig. 7.6a).

7.5 Sediment Transfer Time
and Implications for Detrital
Thermochronology

Mineral grains used in detrital thermochronology may travel
either mainly as bedload (e.g. apatite, zircon and monazite)
or as suspended load (e.g. micas). Suspended load travels
faster than bedload across the alluvial plain (e.g. Granet et al.
2010). The minimum time required by suspended load to
reach the final sink is equal to the time needed by a flood
wave to reach the closure section of a basin during a major
flood event (i.e. hours to days depending on the size and
physiography of the basin). The actual time is generally
notably longer, because suspended load can be either tem-
porarily deposited on levees, crevasse splays or even far
from the active river channel, to be re-eroded and transported
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downstream during subsequent flood events. The transfer
time of bedload is generally longer than for suspended load
(Fig. 7.1), but for both bedload and suspended load even the
order of magnitude of transfer time is difficult to quantify.

Granet et al. (2010) analysed the 238U–234U–230Th
radioactive disequilibria in river sediments derived from the
Himalayas to infer that bedload transits slowly (i.e. >several
105 yr) in the plain, whereas the absence of significant
variations in Th isotope composition indicates that sus-
pended load travels much faster (<20–25 103 yr). There thus
appears to be an order of magnitude of difference, or more,
between the transfer time of suspended load and bedload.
Depending on the geologic conditions, the bedload transfer
time can be even much longer than observed in the Hima-
layan foreland basin, even in the lack of deep burial and
subsequent reworking of sediment due to subsidence fol-
lowed by basin inversion (Fig. 7.1). Wittmann et al. (2011)
used the ratio of in situ-produced cosmogenic 26Al and 10Be
in sediment of the Amazon cratonic basin to show that the
modern Amazon River and its tributaries carry substantial
amounts of sediment formerly stored for 1–3 Myr in the
floodplain, thus being partly shielded from cosmic rays. In
an active foreland basin, however, the incorporation of such
old sediment during fluvial avulsion might be limited by
rapid burial at depth (Wittmann et al. 2016). According to
these observations, a substantially longer delay can be
expected in the detrital thermochronology signals provided
by apatite and zircon, transported as bedload, relative to
mica entrained as suspended load. Moreover, the Amazon
example shows that the bedload transfer time from source to
sink can be relevant in detrital thermochronology studies
based on the lag-time approach (e.g. Garver et al. 1999;
Bernet et al. 2001), because the zero-transport-time
assumption is not necessarily met.

The analysis of detrital minerals is often employed for the
correlation of unfossiliferous clastic successions (Morton
2012). The grain-age distributions characterising different
tectonic domains within an orogen can be quite variable, but
they are progressively homogenised before reaching the final
sink during transport along the floodplain (e.g. Malusà et al.
2013), as shown in Fig. 7.7a. The occurrence of highly
variable grain-age fingerprints in modern river sediment (e.g.
Bonich et al. 2017) is good news for provenance discrimi-
nation on a geochronologic basis, but bad news for
long-distance correlation of continental clastic successions
(Fig. 7.7a). By contrast, deep-sea turbidites are expected to
display a homogeneous detrital signature over distances of
several hundreds of kilometres, with apparent provenance
changes only shown at different levels of the stratigraphic
successions (e.g. Malusà et al. 2016b). Noteworthy, the
transfer time of bedload sediment across the floodplain has
implications not only for lag-time analysis, but also for the
time resolution of correlations based on detrital minerals in

stratigraphic continental successions. The maximum time
resolution of such correlations is in fact limited by the time
required to transfer bedload sediment through all of the
sampling sites under consideration (Fig. 7.7b). Based on
available U-series isotope and cosmogenic data, the time
resolution for stratigraphic correlations based on detrital
minerals may thus be not much better than 1 Myr. This may
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be a problem for the analysis of Neogene or younger
stratigraphic successions, but also implies that the presence
of temporary or short-term sinks in a drainage basin (e.g.
dams) has a negligible impact on the detrital record observed
at the closure section of the river catchment.

7.6 Mineral Dissolution During Weathering
and Diagenesis

7.6.1 Stability to Weathering of Minerals
Relevant for Detrital Thermochronology

The original compositional fingerprint of a sediment is
modified substantially by selective dissolution of unstable
minerals during weathering and diagenesis. Dissolution of
unstable minerals by the action of fluids may occur: (i) in the
source rock and soils prior to erosion; (ii) during transient
sediment exposure on the floodplain during transport; or
(iii) after final deposition. Weathering prior to erosion has a
direct impact on the mineral fertility of the source rock, i.e.
on its propensity to yield a specific mineral when exposed to
erosion (e.g. Moecher and Samson 2006, see Sect. 7.7).
Depending on climatic and geomorphic conditions, minerals
either may be removed quickly from the parent rock, or may
instead be affected by prolonged chemical weathering in
soils (Johnsson 1993). The potential impact of weathering
prior to erosion is effectively taken into account when
measuring the mineral fertility of bedrock as illustrated in
Sect. 7.7.2.

In soil profiles developed at low latitudes (e.g. Thomas
et al. 1999; Horbe et al. 2004), severe dissolution affects not
only unstable minerals such as olivine or garnet, but also
tourmaline and even zircon and quartz (Cleary and Conolly
1972; Nickel 1973; Velbel 1999; Van Loon and Mange
2007), traditionally considered as stable or even “ultrastable”
(e.g. Pettijohn et al. 1972). In the strongly weathered
quartzose bedload sand carried by equatorial rivers, zirco-
nium concentration tends to be markedly lower than the
upper continental crust standard (e.g. Dupré et al. 1996;
Garzanti et al. 2013), which implies that metamict zircon
may undergo dissolution in lateritic soils (Carroll 1953;
Colin et al. 1993). Apatite is very soluble in acidic soils
(Lång 2000; Morton and Hallsworth 2007), and a few dec-
ades may be sufficient for complete apatite dissolution in
unfavourable conditions (e.g. in a peat bog, Le Roux et al.
2006). Apatite, when compared to much more stable species
in the alluvial plain (e.g. tourmaline), is thus a sensitive
indicator of weathering during alluvial storage (Morton and
Hallsworth 1994). Gleadow and Lovering (1974) determined
FT ages from apatite, titanite and zircon separated from fresh
and highly weathered rock samples. They found no effect on
thermochronologic ages even in extremely weathered

samples, apart from an apparent reduction in FT age in badly
corroded apatites isolated from a residual clay. This suggests
that the impact of chemical weathering on FT dating is
probably negligible.

7.6.2 Stability of Detrital Minerals During Burial
Diagenesis

The time and temperatures available for chemical reactions
during a typical post-depositional path of a buried sandstone
are incomparably longer and higher than during transit of
sand from source to sink at the Earth’s surface. Conse-
quently, diagenetic effects are generally much more drastic
than those of weathering (e.g. Andò et al. 2012; Morton
2012). More specifically, burial diagenesis is responsible for
decreasing mineral diversity with increasing burial depth
(Morton 1979; Cavazza and Gandolfi 1992; Milliken 2007).
Burial depth and heat flow control the temperature and
composition of the pore fluids, as well as the rate of pore
fluid movement, which influence reactions such as smectite
to illite transformation and the depth at which minerals
become unstable (Morton 2012). Slow chemical reactions
may proceed to completion if diagenesis is sufficiently long,
but early cementation inhibits pore fluid movements, thus
decreasing the rate of mineral dissolution (Bramlette 1941;
Walderhaug and Porten 2007). During burial diagenesis,
pyroxene, amphibole, epidote, titanite, staurolite and garnet
are typically dissolved extensively or even completely in
succession with increasing depth, and only zircon, tourma-
line, rutile, apatite and Cr-spinel have good chances to sur-
vive in sandstones buried deeper than 3–4 km (Morton and
Hallsworth 2007). In most ancient sandstones, heavy min-
eral assemblages only represent the strongly depleted dur-
able residue of the much richer and more varied original
detrital population (McBride 1985).

Dense minerals used routinely in detrital ther-
mochronology, such as zircon, apatite, monazite and rutile,
are among those relatively stable in burial conditions
(Morton and Hallsworth 2007). Even though burial diagen-
esis generally leads to a sharp decrease in dense mineral
concentration, the relative proportion of these minerals in
ancient sandstones generally increases (dark grey arrow in
Fig. 7.4b). The impact of selective mineral dissolution dur-
ing burial diagenesis is generally overwhelming in prove-
nance studies based on heavy mineral analysis (see, e.g.,
Garzanti and Malusà 2008, their Fig. 4), and also affects the
relative proportion of quartz, feldspar and lithic grains in
classic provenance studies based on the bulk sediment
approach (McBride 1985), due to the lower stability of
feldspar and most lithic grains compared to quartz. The
impact of intrastratal dissolution is generally held to be
negligible for detrital thermochronology studies (von
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Eynatten and Dunkl 2012), although the higher susceptibil-
ity to dissolution of metamict zircon should be carefully
considered.

7.6.3 Impact of Deep Burial on Metamict Zircon

Because of the change in structure induced by
self-irradiation and accumulation of a-damage over time
(Sect. 7.4.2), metamict zircon grains are much more reactive
to chemical etching than non-metamict zircon grains, and
thus potentially less stable during burial diagenesis and
metamorphism. The detrital zircon record of the Po river
drainage suggests a selective loss of up to *40% metamict
zircon (Malusà et al. 2013), also highlighted by a lack of old
U-rich zircon grains as shown in the pie charts of Fig. 7.6d.
Metamict zircon was not apparently destroyed by mechani-
cal abrasion during river transport, as discussed in
Sect. 7.4.2, and thus was most probably destroyed during
burial diagenesis and/or regional metamorphism in the
source rocks, in agreement with recent petrologic studies
(e.g. Baldwin 2015; Kohn et al. 2015). The selective loss of
metamict zircon during metamorphism implies that consid-
erable amounts of Zr and U are made available for the
recrystallisation of metamorphic overgrowths on other zir-
con crystals. The selective dissolution of old U-rich crystals
also implies that polymetamorphic rocks are expected to
show, on average, a lower percentage of old U-rich zircon
crystals than their protoliths (Malusà et al. 2013). The
ensuing quite variable U concentration in zircon grains
shed from different source rocks has notable implications in
terms of potential bias, as discussed in Chap. 16 (Malusà
2018).

7.7 Impact of Mineral Fertility

7.7.1 Fertility Variability in Bedrock

Single-mineral and multi-mineral approaches, when com-
pared to bulk sediment approaches, are markedly influenced
by the variable propensity of different parent bedrocks to
yield detrital grains of specific minerals when exposed to
erosion, which is also referred to as mineral fertility
(Dickinson 2008; Hietpas et al. 2011). In detrital ther-
mochronology studies, fertility controls the weight concen-
tration of datable mineral grains in detritus, and represents
by far the largest source of bias that is potentially introduced
whenever single-mineral analyses are interpreted in terms of
bulk sediment fluxes (Malusà et al. 2016a). Most detrital
thermochronology studies assume negligible changes in
mineral fertility (e.g. Malusà et al. 2009; Zhang et al. 2012;
Glotzbach et al. 2013; Saylor et al. 2013; He et al. 2014), but

such constant-fertility assumption is generally untenable.
Variations in mineral fertility commonly observed in natural
rocks have a major impact on detrital grain-age distributions,
and low fertility rocks are invariably underrepresented in the
detrital thermochronology record (Fig. 7.8a) (Glotzbach
et al. 2017; Malusà et al. 2017).

Mineral fertility measurements demonstrate that apatite
and zircon fertility values can vary over three orders of
magnitude, depending on the lithology and tectono-
metamorphic evolution of eroded bedrock. In the European
Alps, units chiefly consisting of metamorphic and plutonic
rocks generally show higher apatite and zircon fertility than
units largely consisting of sedimentary rocks (see Fig. 7.8b).
The highest apatite fertility values (300–2600 mg/kg) are
found in the medium-to-high-grade metamorphic rocks of
the Lepontine dome (LD in Fig. 7.8b), within the area
delimited by the isograds of diopside and sillimanite (Malusà
et al. 2016a). High zircon fertility values characterise the
Lepontine dome gneisses (10–70 mg/kg), migmatites and
granitoid rocks of the Mont Blanc and Argentera Massifs
(80–100 mg/kg), and Permo-Carboniferous metasediments
of the Alpine accretionary wedge (50–90 mg/kg). The
lowest apatite and zircon fertility values are found in sedi-
mentary successions of the Southern Alps (apatite =
10–30 mg/kg; zircon = 0.5–6 mg/kg) and the Northern
Apennines (apatite = 17–95 mg/kg; zircon = 0.5–7 mg/kg).

Apatite fertility in plutonic rocks is not exceptionally
high, unlike commonly assumed. Values of 10–30 mg/kg
characterise both the largest Alpine intrusive body (Ada-
mello) and its country rocks. In the External Crystalline
Massifs, apatite fertility is lower in the Mont Blanc Massif
(MB in Fig. 7.8b), dominated by Upper Paleozoic intrusives,
than in the Argentera Massif (AR in Fig. 7.8b), dominated
by Lower Paleozoic migmatites. In the Menderes Massif of
SW Turkey, apatite fertility is lower in Miocene granodi-
orites (*185 mg/kg) compared to their country rocks
(*550 mg/kg) (Asti et al. 2018). Observations under an
optical microscope (e.g. Rong and Wang 2016) suggest that
apatite in plutonic rocks is generally very small (few
microns), thus forming inclusions in larger minerals (e.g.
feldspar) even in detritus, rather than individual mineral
grains (Malusà et al. 2016a).

Apatite in metamorphic rocks is stable through a wide
range of protoliths and metamorphic facies (Spear and Pyle
2002), and its fertility is largely controlled by the meta-
morphic texture. In low-grade metamorphic rocks, most of
the apatite may be found as inclusions in poikiloblastic
minerals (e.g. albite), whereas larger apatite crystals grow in
medium-to-high-grade metamorphic rocks, thus providing
larger amounts of datable apatite grains. Despite the evident
relationships between bedrock geology and mineral fertility,
major fertility variations can be observed even among tec-
tonic units ascribed to the same palaeogeographic domain.
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For example, the Dora-Maira and Gran Paradiso Internal
Massifs (DM and GP in Fig. 7.8b) are both formed by
subduction and eclogitization of European continental crust
during the Paleogene, but apatite fertility is lower in the
Dora-Maira (100–200 mg/kg) than in the Gran Paradiso
(400–700 mg/kg). Similar variations are observed for zircon
(DM = 0.4–1.2 mg/kg; GP = 5–8 mg/kg). The relationships
between bedrock geology and mineral fertility are thus
complex and hardly predictable. They depend not only on
lithology, but more in general on the whole magmatic,
sedimentary or metamorphic evolution of source rocks.
Careful approaches to mineral fertility measurements are
consequently encouraged.

7.7.2 Measurement of Mineral Fertility

In detrital studies, mineral fertility has been evaluated either
by point counting under a microscope (e.g. Silver et al.
1981; Tranel et al. 2011), or by adopting a range of geo-
chemical approaches (e.g. Cawood et al. 2003; Dickinson
2008). However, these approaches are either
time-consuming or prone to introduce further unquantifiable
bias (Malusà et al. 2016a). A more effective approach to
mineral fertility determination is based on a simple consid-
eration: if a rock is demolished by erosion and its fragments
get finer downstream without significant modifications dur-
ing transport and deposition, then sediment composition
should faithfully reflect bedrock composition. The average
mineral fertility of rocks exposed in the catchment can thus
be determined by measuring the mineral concentration in the
sediment derived from their erosion, provided that no sig-
nificant modification was introduced by hydrodynamic
processes in the sedimentary environment, and that no bias is
introduced subsequently during mineral separation in the
laboratory (Malusà et al. 2016a). These assumptions obvi-
ously need independent checking.

The recommended procedure for mineral fertility deter-
mination is synthesised in Fig. 7.8c. For this purpose,
modern bedload sediment is collected along an active river
channel within a mountain catchment, to avoid potential
mixing of sediment reworked from the alluvial plain. All
care should be taken to avoid sampling deposits affected by
selective entrainment (i.e. placers and antiplacers) and even
more to avoid concentrating dense minerals by panning in
the field. Testing for modifications by hydraulic processes is
discussed in Sect. 7.3.4. Notably, the mineral concentration
measured in ancient sedimentary rocks should not be used to
estimate the mineral fertility in their source rocks, because
intrastratal dissolution during diagenesis almost invariably
causes a significant depletion in unstable minerals, and a
reduction in grain density (Sect. 7.6.2).

The chosen bedload sample is quartered in the laboratory
and dry sieved at 1/ intervals (step 1 in Fig. 7.8c), in order
to determine its mean grain size (Dm) and sorting values (r)
as described in Sect. 7.3.2 (Fig. 7.3a). The grain density of
the bulk sample is measured on a small quartered fraction of
the sample by using a hydrostatic balance (step 2 in
Fig. 7.8c), as described in Sect. 7.3.4. MinSORTING
(Resentini et al. 2013) is then used for modelling the dis-
tribution of the target mineral in different size classes (step
3), in order to choose the most suitable grain-size window
for further mineral separation (see Sect. 7.3.2) and evaluate
the fraction of target mineral potentially falling outside of the
chosen grain-size range (step 4). A hydrodynamic precon-
centration of the dense mineral fraction in each selected size
class is then made with a shaking table (step 5). Because
shaking tables exploit the basic principles of size-density
sorting (Sect. 7.3), each different size class is processed
separately to minimise the effects of grain size, and to
effectively concentrate detrital grains according to their
density. The dense fractions recovered after hydrodynamic
preconcentration are then merged (step 6), and further
purified in a dense liquid at 2.90 kg/dm3 (e.g. sodium
polytungstate). The dense fraction (>2.90 kg/dm3) is
recovered and weighed to obtain the dense mineral con-
centration of the sample for the analysed size window. The
subsequent steps may vary according to the physical prop-
erties of the target mineral. In order to retrieve apatite and
zircon, the dense fraction is refined with a Frantz magnetic
separator under increasing field strength, following the rec-
ommendations of Sircombe and Stern (2002) (step 7). The
diamagnetic fraction is further processed through liquid
diiodomethane (3.32 kg/dm3) to separate minerals denser
than 3.32 kg/dm3 (including zircon, *4.65 kg/dm3) and
minerals having densities between 2.9 and 3.32 kg/dm3

(including apatite, *3.2 kg/dm3). Quantities before and
after each separation step are carefully weighed to detect any
potential loss of material during processing. Point counting
under the microscope allows one to determine the percentage
of apatite and zircon grains in these concentrates (step 8),
which also typically include other diamagnetic dense min-
erals such as andalusite, kyanite, sillimanite, pyrite and
barite. The apatite and zircon concentrations for the selected
size window are thus obtained. To get the apatite and zircon
concentrations of the bulk sediment (step 9), we add to these
values the amount of mineral expected to be found in size
classes coarser and finer than the ones chosen for processing,
as previously modelled by MinSORTING. Undatable apatite
and zircon grains (e.g. grains smaller than 63 lm for FT
analysis under an optical microscope) are not included in this
calculation. Because the mineral concentration in the bulk
sediment, calculated in step 9, is equal to the mineral fertility
of the source rocks only if sediment composition was not

7 The Sedimentology of Detrital Thermochronology 139



modified by selective entrainment, the analysed samples
need to be tested for anomalous concentrations of denser
grains (step 10). This can be done by comparing the bulk
grain density and/or the dense mineral concentration, mea-
sured during steps 2 and 6, with the reference values in
eroded bedrock shown in Fig. 7.4c. Such a procedure for
mineral fertility determination requires only minor modifi-
cations to the standard procedures adopted for the concen-
tration of detrital apatite and zircon in most
thermochronology laboratories (see Chap. 2, Kohn et al.
2018). The additional tasks required are largely justified by
the information retrieved, which is essential for the correct
interpretation of detrital thermochronology datasets as dis-
cussed in Chap. 10 (Malusà and Fitzgerald 2018b).

7.8 Summary and Recommendations

The effectiveness and resolution of detrital thermochronol-
ogy studies are improved substantially by the knowledge and
application of basic sedimentology principles, starting from
sample processing to final data interpretation (Table 7.1). In
order to exploit the full potential of the detrital ther-
mochronology approach:

• minor modifications to standard concentration procedures
should be adopted to measure the mineral fertility of
eroded bedrock starting from the analysis of modern
sediment samples;

• detrital samples should be fully characterised by sieving
or equivalent to retrieve the relevant grain-size parame-
ters of the bulk sediment sample;

• sediment composition in different size classes should be
modelled to avoid mistakes during sample processing;

• the potential effects of selective entrainment should be
tested, e.g. by measuring the bulk grain density of the
sediment sample during mineral separation;

• the size and shape parameters of dated mineral grains
should be systematically recorded to test the vulnerability
of grain-age distributions to hydraulic sorting effects;

• the impact of rounding and abrasion in double-dated
grains should be carefully evaluated to avoid incorrect
interpretations of FT ages;

• the delay in detrital thermochronology signals in bedload
and suspended load should be evaluated for its implica-
tions in stratigraphic correlations and lag-time analysis.
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8From Cooling to Exhumation: Setting
the Reference Frame for the Interpretation
of Thermochronologic Data

Marco G. Malusà and Paul G. Fitzgerald

Abstract
The reference frame for the interpretation of fission-track
(FT) data is a thermal reference frame. Using ther-
mochronology to constrain exhumation largely depends
on understanding the linkage between this reference
frame and Earth’s surface. The thermal frame of reference
is dynamic, that is it is often neither stationary nor
horizontal, as it is influenced by the shape of the
topography, heat advection associated with rapid exhuma-
tion and mass redistribution across major faults. Here, we
review the nomenclature and basic relationships related to
cooling, uplift and exhumation and describe strategies to
independently constrain the paleogeothermal gradient at
the time of exhumation. In some cases, cooling may not
be related to exhumation, but can be used instead to
constrain the thermal evolution of the upper crust and the
emplacement depth of magmatic rocks. In general terms,
useful constraints on exhumation are often only directly
provided by thermochronologic ages that are set during
undisturbed exhumational cooling across the closure
temperature isothermal surface. Thermochronologic ages
from minerals crystallised at temperatures less than the
closure temperature, e.g. in volcanic rocks and shallow
intrusions, provide no direct constraint on exhumation.

8.1 Cooling, Exhumation, Rock and Surface
Uplift

8.1.1 Nomenclature and Basic Relationships

Fission-track (FT) thermochronology constrains the cooling
(the time–temperature path) of rocks in the upper crust
within a temperature interval depending on the mineral and
its composition (e.g. Fleischer et al. 1975; Hurford 1991;
Wagner and van den Haute 1992). In a simple scenario,
rocks will cool from a zone of total FT annealing (higher
temperature) to a zone of total FT retention (lower temper-
ature). Between these zones of total annealing and effec-
tively zero annealing is the temperature interval where there
is partial annealing, initially defined as the partial stability
zone (e.g. Wagner et al. 1977, 1989; Gleadow and Duddy
1981; Gleadow et al. 1986). The term partial annealing zone
(PAZ) was introduced in 1987 (Gleadow and Fitzgerald
1987) and is the term in common use today. The same
concept of a temperature-controlled zone of partial loss
generally applies to all geochronologic and thermochrono-
logic methods. For noble gas thermochronology (40Ar/39Ar,
(U–Th)/He), the term partial retention zone (PRZ) was
introduced in 1998 for the 40Ar/39Ar method (Baldwin and
Lister 1998) and subsequently adopted for (U–Th)/He dating
(Wolf et al. 1998). In essence, the concept of PAZ and PRZ
are the same, but the mechanism of loss (annealing of fission
tracks vs diffusion of noble gas) is different in each case, so
typically the FT community uses PAZ and the noble gas
community uses PRZ. The concept of a closure temperature
Tc and a cooling age applies in the case where rocks are
cooling monotonically from high to low temperatures
(Fig. 8.1) (Jäger 1967; Dodson 1973; Villa 1998). The clo-
sure temperature Tc can therefore be defined as the temper-
ature of a rock at its thermochronologic cooling age (Dodson
1973). A cooling age depends on the rate of cooling, with Tc
being higher for more rapid cooling (e.g. Reiners and
Brandon 2006). It is different for different systems and
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minerals within those systems and is often variable
depending on mineral composition and/or radiation damage
(e.g. Rahn et al. 2004).

A thermochronologic age being representative of the time
the rock cooled through a Tc isotherm does not apply if the
rock does not cool monotonically through that isotherm. For
example, if a sample cools into a PAZ or PRZ, is resident
therein for a period of time before cooling again, or the
sample cooled rapidly and is then partially thermally reset
before later cooling. In these cases, the thermochronologic
age cannot be recognised as a “cooling age”—as the “age”
represents components from a composite cooling path
(Fig. 8.1). It is a common mistake (or assumption) in some
studies, often detrital studies employing thermochronologic
data (see Chap. 10, Malusà and Fitzgerald 2018), that all ages
represent “cooling ages” representative of the time since a
sample cooled through Tc. That thermochronologic ages may
be complex in their interpretation was recognised very early
as thermochronology evolved. For example, early workers
labelled graphs with “Apparent Age” (e.g. Gleadow 1990) or
more recently substituting “Date” for “Age” for (U–Th)/He
data (e.g. Flowers et al. 2009). In that case, “date” refers to a
model prediction or analytical result, whereas “age” would
refer to the geological interpretation of the data. (U–Th)/He
data sets often show widely dispersed (U–Th)/He single grain
ages due to a large number of factors, notably variable radi-
ation damage due to different concentrations of U and Th
between crystals, zonation and/or grain size variations, all
magnified by slow cooling or residence within a PRZ
(Reiners and Farley 2001; Meesters and Dunai 2002; Ehlers
and Farley 2003; Fitzgerald et al. 2006; Flowers et al. 2009;
Gautheron et al. 2009). However, we do not recommend the
use of “date” and then “age” as defined by Flowers et al.
(2009), as this introduces another term (“date”) which is not

universally applied and is more likely to be more confusing
that a simple “age” followed by the interpretation of the data,
constraints on the time–temperature path, timing of events or
episodes of exhumation, etc.

To distinguish simple from complex temperature–time (T–
t) paths and determine whether a thermochronologic age can
be simply interpreted as representing time since the sample
crossed a Tc, some thermochronologic methods have kinetic
parameters. They include confined track lengths in apatite FT
thermochronology (AFT), kinetic proxies such as age spectra
for some minerals in 40Ar/39Ar thermochronology, and
multi-diffusion domain modelling of K-feldspar in 40Ar/39Ar
thermochronology. These kinetic parameters allow evaluation
of the rate of cooling, the T–t path and possible partial
annealing/resetting, and thus whether an age represents a
cooling age. Regardless of the complexity or simplicity of the
T–t path, the reference frame for the interpretation of ther-
mochronologic data is a thermal reference frame.

Our ability to use FT thermochronology to constrain ex-
humation, i.e. the motion of a column of rock towards
Earth’s surface (England and Molnar 1990; Stüwe and Barr
1998), depends on our ability to assess the linkage of this
thermal reference frame with Earth’s surface (Brown 1991;
Fitzgerald et al. 1995; Braun 2002). In active geologic set-
tings, the thermal reference frame is dynamic and is typically
not horizontal (Parrish 1983; Stüwe et al. 1994; Mancktelow
and Grasemann 1997; Huntington et al. 2007). In the sim-
plest case, constraints on exhumation are potentially pro-
vided by the Tc approach. That is, the assumption that
samples have cooled during their motion towards Earth’s
surface across a steady isothermal surface corresponding to
the Tc of the chosen thermochronologic system (case 1 in
Fig. 8.2a). If the depth of the Tc isothermal surface is known
(often assuming, or using other methods to constrain a pa-
leogeothermal gradient—see Sect. 8.3), an average
exhumation rate can be calculated from the time of cooling
across the Tc isothermal surface to the time of final exposure
of the sample to Earth’s surface (e.g. Wagner et al. 1977). In
other words, in order to calculate an average exhumation rate
using a single sample, the paleogeothermal gradient (i.e. the
vertical distance between the Tc isotherm and Earth’s sur-
face) during exhumation has to be independently known.
Reiners and Brandon (2006) indicated it was a reasonable
assumption to apply the Tc approach to eroding mountain
belts as the temperature range for a PAZ or PRZ is relatively
narrow. However, in many mountain belts such as the
Transantarctic Mountains (Gleadow and Fitzgerald 1987;
Fitzgerald 1994, 2002; Miller et al. 2010) and the Alaska
Range (Fitzgerald et al. 1993, 1995) to cite two well-known
examples, it is obvious that higher elevation samples have
resided for considerable periods of time within a PAZ before
being exhumed, and for these higher elevation samples, the
Tc approach is not valid.
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There are situations where cooling recorded by
low-temperature thermochronometers is not necessarily
linked to exhumation. For instance, the same cooling sce-
nario as illustrated in case 1 of Fig. 8.2a may result from a Tc
surface moving downwards across a rock sample that
remains fixed relative to Earth’s surface (case 2 in Fig. 8.2a).
This may occur, for example, during thermal relaxation after
a transient rising of isothermal surfaces (Braun 2002, 2016;
Malusà et al. 2016). Another scenario is where magmatic
rocks cool independently from exhumation (case 3 in
Fig. 8.3a). If magma is emplaced at shallower crustal levels
compared to the undisturbed Tc isothermal surface observed
before intrusion (time t0), magmatic rocks will cool, after
intrusion, at temperatures below Tc even without moving
towards the Earth’s surface (time t1), thus providing no
direct constraint on exhumation (Malusà et al. 2011).
Therefore, FT thermochronology can be used either to
constrain exhumation (case 1 in Fig. 8.2a), or to constrain
the thermal evolution of the upper crust and the emplace-
ment depth of magmatic rocks (cases 2 and 3 in Fig. 8.2a).

FT thermochronology provides no direct constraint on
rock uplift and surface uplift (England and Molnar 1990;

Brown 1991; Fitzgerald et al. 1995; Corcoran and Dorè
2005). Rock uplift is defined as the motion of a column of
rock (in the direction opposite to the gravity vector) relative
to a fixed reference point such as the geoid (England and
Molnar 1990) or the undeformed reference lithosphere
(Sandiford and Powell 1990, 1991) (Fig. 8.2b). Surface
uplift is instead defined as the displacement of Earth’s sur-
face relative to the geoid or the undeformed reference
lithosphere and is a measure of the evolution of topography
through time (England and Molnar 1990; Summerfield and
Brown 1998). Positive surface uplift only occurs when de-
nudation (chemical and/or mechanical removal of material)
is less than rock uplift. Denudation and exhumation are often
used as synonyms, but denudation refers more to the
removal of material (erosion and/or tectonic processes),
whereas exhumation can be thought of as the movement of
the rock towards the surface or as the unroofing history of
the rock (Walcott 1998; Ring et al. 1999). The geoid, i.e. the
equipotential surface of gravity generally representing the
reference frame for rock and surface uplift, has no direct
linkage with the thermal reference frame that is relevant for
the interpretation of FT data.
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As shown in Fig. 8.2b, rock uplift is equal to the amount
of exhumation plus the amount of surface uplift (England
and Molnar 1990). This equation is quite simple, but is
difficult to solve because surface and rock uplift are gener-
ally much more difficult to constrain than exhumation, even
in those cases where the evidence of uplift is particularly
clear, such as in collision orogens (e.g. Fitzgerald et al.
1995). In orogenic belts, rocks metamorphosed in the upper
crust or even mid-crustal depths, as well as sedimentary
rocks originally deposited in basins, may now be exposed at
high elevations thus attesting long-term rock and surface
uplift. But the temporal relationships between rock uplift,
exhumation and topographic growth are generally undeter-
mined (Fig. 8.2c). In principle, exhumation during rock
uplift can either be associated or not with topographic
growth (cases 1 and 2 in Fig. 8.2c); and, on the other hand,
topographic growth during rock uplift can take place even
without exhumation (case 3 in Fig. 8.2c).

The interplay of surface uplift, rock uplift and exhumation
defines various stages in the denudational evolution of
mountain belts, simply summarised as an immature stage of
orogeny where surface uplift is greater than exhumation
(during the rise of mountains), followed by a mature
steady-state interval (surface uplift = 0) and then a long
decaying stage where mountains are eroded away with iso-
static response feeding the erosion (Spotila 2005). During
immature to mature stages, tectonically driven rock uplift is
the dominant mechanism promoting long-term erosion and
exhumation, and the surface uplift during mountain rising is a
consequence of rock uplift moderated by the erodibility of
uplifting rocks (Burbank et al. 1996; Summerfield and Brown
1998; Malusà and Vezzoli 2006). In the decaying stage, ero-
ded upper crustal rocks are progressively replaced by
higher-density lower crustal and mantle rocks underneath,
with consequent progressive reduction of both isostatic
rebound and surface height (England andMolnar 1990; Stüwe
and Barr 1998; Braun et al. 2006).

Rock uplift can be constrained by geodetic measurements
using fixed benchmarks (Schlatter et al. 2005; Serpelloni
et al. 2013), or by dating of marine and river terraces
(Burbank 2002), but these measurements are limited to rel-
atively recent periods of time, and extrapolation back
through significant periods of geologic time (millions of
years) is often problematic. Stable isotope paleoaltimetry has
the potential to constrain how the topography of entire
orogens has changed in the past (Poage and Chamberlain
2001; Roe 2005). But the interpretation of stable isotope data
in terms of paleotopography is not straightforward, and
requires a detailed understanding of the paleoclimatic con-
ditions at the time of mountain growth (Blisniuk and Stern
2005). Stream profile analysis is often used to distinguish

steady state from transient landscapes and thus constrain
rock uplift (Whipple and Tucker 1999, 2002; Miller et al.
2012), and this approach has been extrapolated back over
10s millions of years, depending on the situation. For
example, in the case of rejuvenated topography in the
Appalachian Mountains, Miller et al. (2013) extrapolated the
timing of base-level change (rock uplift) back into the
Miocene.

8.1.2 Erosional Versus Tectonic Exhumation

Exhumation, the movement of rocks towards Earth’s surface
requires the removal of rock overburden (England and
Molnar 1990). The overlying rocks can be removed either
tectonically or by denudation through erosion (Rahl et al.
2011) and landslides (Agliardi et al. 2013) (Fig. 8.2d).
Erosional exhumation (1 in Fig. 8.2d) requires elevated
topography and relief, which also determines the potential
interaction between tectonics, surficial processes and climate
(Burbank and Anderson 2001; Whipple 2009; Willett 2010).
Topography and climate control the production and dispersal
of detritus, and its accumulation in sedimentary basins
(Schlunegger et al. 2001; Allen and Allen 2005). The
exhumation history of eroded bedrock is thus potentially
retrieved by the analysis of derived sedimentary rocks. In
parent bedrock, erosional exhumation is typically associated
with smoothly varying cooling age patterns in map view
(e.g. Ring et al. 1999), even though age breaks may occur
along faults accommodating differential erosional exhuma-
tion (e.g. Thomson 2002; Malusà et al. 2005).

By contrast, tectonic exhumation (2 in Fig. 8.2d) is
independent from topographic relief and climate. During
tectonic exhumation, rocks are exhumed because of over-
burden displacement, e.g. along low-angle normal faults
(Foster et al. 1993; Foster and John 1999; Stockli et al. 2002;
Ehlers et al. 2003). Production of detritus during tectonic
exhumation is not required, although detritus may provide an
intermittent record of exhumation (Asti et al. 2018). Unlike
erosional exhumation, normal faulting generally shows an
asymmetric distribution of cooling ages in map view, with a
sharp discontinuity across the master detachment fault
(Foster et al. 1993; Foster and John 1999; Armstrong et al.
2003; Fitzgerald et al. 2009). Although low-angle normal
faults are not common in most collision orogens (Burbank
2002), the same concept of tectonic exhumation can be
applied on a larger scale along convergent plate margins,
where tectonic exhumation can be either promoted by
divergence between upper plate and accretionary wedge, or
by rollback of the lower plate (Brun and Faccenna 2008;
Malusà et al. 2015; Liao et al. 2018).
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8.2 The Evolving Shape and Spacing
of Isothermal Surfaces

The morphology and spacing of isothermal surfaces in the
upper crust may strongly influence FT data. Isotherms in the
uppermost crust generally mimic the shape of the topogra-
phy (Fig. 8.3), but in a dampened fashion dependent on the
isotherm in question and the wavelength of the topography
(Stüwe et al. 1994; Mancktelow and Grasemann 1997;
Stüwe and Hintermüller 2000; Braun 2002). For short
topographic wavelengths, low-temperature isothermal sur-
faces are generally unable to penetrate beneath ridges during
exhumation, because of the lateral cooling effect of the steep
valley flanks (Mancktelow and Grasemann 1997), but their
penetration is progressively facilitated by increasing topo-
graphic wavelengths (Fig. 8.3c). The isothermal surfaces
relevant for FT data are expected to be near horizontal in
areas of low topographic relief (Fig. 8.3a) and variously
deflected in active settings characterised by high relief. In
this latter case, isothermal surfaces are elevated beneath
ridges and depressed beneath valleys (Stüwe et al. 1994).
This effect is more pronounced for the lower temperature
isothermal surfaces (e.g. T1 in Fig. 8.3a) than for the higher
temperature isotherms (e.g. T3 in Fig. 8.3a). In regions of
high geothermal gradients, however, perturbations due to
topography can also affect higher temperature isotherms
(Braun 2002). Notably, the topography at the time of
exhumation is much more relevant, for the interpretation of
low-temperature thermochronologic data, than the
present-day topography (Fitzgerald et al. 2006; Foeken et al.
2007; Wölfler et al. 2012). Topography may have remained
steady state since the onset of exhumation, but this kind of
assumption has to be supported by independent geologic
evidence.

The advection of heat towards Earth’s surface and the
closer spacing (increased geothermal gradient) of isothermal
surfaces is especially relevant during rapid exhumation
(>0.3 km/Myr, Gleadow 1990; Gleadow and Brown 2000)
in tectonically active regions (Mancktelow and Grasemann
1997; Braun 2002; Braun et al. 2006; Wölfler et al. 2012).
Heat advection during exhumation leads to a progressive
elevation of the isothermal surfaces and results in a transient
increase in the near-surface geothermal gradient (Fig. 8.3b).
Such an increase is followed by thermal relaxation at the end
of the exhumation pulse. In contrast, in tectonically stable
areas heat transfer from depth to the surface is dominated by
conduction (Blackwell et al. 1989; Ehlers 2005). The con-
ductive heat transfer rate is a function of the thermal con-
ductivity of rock, which strongly varies according to the rock
type (Braun et al. 2016). Transfer of heat by hydrothermal
fluids, often localised along fault zones, may additionally
favour localised transient disturbance of the background

thermal field (Burtner and Negrini 1994; Ehlers and Chap-
man 1999; Whipp and Ehlers 2007).

Major faults may also have an impact on the shape of
isothermal surfaces, possibly determined by the redistribu-
tion of mass through erosion and sedimentation from one
side of the fault to the other (Ehlers 2005) (Fig. 8.4a, b). The
erosional removal of material from Earth’s surface results in
the upward displacement of warmer rocks, whereas sedi-
mentation has an opposite effect because the cool surface
temperature is advected downward when sediment is
deposited on Earth’s surface. The potential downward
advection induced by sedimentary burial is associated with
oblique advection in the upthrown eroded block (Fig. 8.4a,
b), which includes an horizontal component that is particu-
larly important in the case of thrust faulting (ter Voorde et al.
2004; Huntington et al. 2007; Lock and Willett 2008). At the
front of mountain ranges, erosion may thus lead to an
increase of near-surface geothermal gradient in the hanging
wall of the frontal thrusts, while foreland sedimentation may
depress the geothermal gradient in the footwall (Ehlers
2005). The juxtaposition of enhanced and depressed thermal
fields across major faults determines lateral heat flow and a
curvature of isothermal surfaces that is a function of dis-
placement rates and may be relevant for the interpretation of
FT data (Fig. 8.4a, b). For very fast displacement rates
(>2 km/Myr), isotherms may eventually become inverted
across major thrust faults (Husson and Moretti 2002). The
initial background thermal field observed before deformation
is generally re-established when the fault is no longer active.
Regardless, thermochronologic ages collected across thrust
faults ideally over significant relief and with multiple sys-
tems can constrain when thrust faults are inactive (no age
difference across the faults) and when thrusting began (age
difference across the faults) (Lock and Willett 2008; Metcalf
et al. 2009, Riccio et al. 2014). The impact of the thermal
structure on FT data interpretation in high-relief areas is
discussed in detail in Chap. 9 (Fitzgerald and Malusà 2018).

The minor deflections of high-temperature isotherms
predicted beneath a rugged topography (Fig. 8.3a, b) might
suggest that thermochronologic data relating to Tc higher
than fission tracks might be interpreted within a rather
simple thermal reference frame. However, numerical models
that analyse the thermal evolution of accretionary wedges
(e.g. Yamato et al. 2008; Jamieson and Beaumont 2013)
suggest that this conclusion is likely incorrect. Figure 8.4c
shows that the widely spaced isothermal surfaces charac-
terising the accretionary wedge during subduction (time t1)
are strongly deformed, and compressed towards Earth’s
surface during synconvergent exhumation (time t2), due to
advection of heat transported by the exhuming deep rocks.
Within this framework, the isothermal surfaces relevant for
the interpretation of high-temperature thermochronologic
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systems, such as 40Ar/39Ar on white mica (e.g. Carrapa et al.
2003; Hodges et al. 2005), are neither expected to be hori-
zontal, nor fixed. Major large-scale changes in thermal
structure are not specific to contractional settings, as they are
also expected in extensional settings during rifting and

subsequent break-up (Gallagher and Brown 1997; Whit-
marsh et al. 2001), where geothermal gradients may increase
during initial extension and rifting and then progressively
decrease from values >80 to <30 °C/km (Morley et al.
1980; Malusà et al. 2016).
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Fig. 8.4 a, b Impact of major
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8.3 Changing Paleogeothermal Gradients
in the Geologic Record

The paleogeothermal gradient is often a crucial parameter for
the interpretation of low-temperature thermochronologic
data, notably when using an “assumed” gradient to convert
Tc to a depth and hence constrain an average exhumation
rate from that depth to the surface. The paleogeothermal
gradient is usually unknown, and depending on the situation,
it is a common practice to assume some “normal and con-
stant” geothermal gradient for this approach to calculate
exhumation rates (e.g. 30 °C/km; Mancktelow and Grase-
mann 1997). The resultant time-averaged exhumation rate is
directly dependent on this assumption, and hence, the reli-
ability of thermochronologic interpretations is greatly
improved whenever independent constraints provided by the
geologic record can be incorporated into constraining the
evolution of the paleogeothermal gradient. Notably, paleo-
geothermal gradients generally assumed in the literature for
exhumation rate calculations in convergent settings are
spread over the whole range of gradients, from *15
to * 35 °C/km (Spear 1993), all of which can reasonably
be expected to occur in continental orogenic belts (Chapman
1986).

In metamorphic rocks, the paleogeothermal gradients
experienced during exhumation can be inferred from the
analysis of pressure–temperature–time (P–T–t) paths, which
may be independently constrained by petrologic and
geochronologic data (Spear 1993; Miyashiro 1994; see
Chap. 13, Baldwin et al. 2018). The average geothermal
gradient between a rock sample at depth and Earth’s surface
is given by the ratio between the temperature and the depth
of that sample at a given time (Fig. 8.5a). The temperature
can be readily assessed on a P–T–t diagram, and the depth
can be inferred from the same diagram with a simple pres-
sure to depth conversion (e.g. Rubatto and Hermann 2001),
assuming negligible deviations from lithostatic pressure due
to tectonic overpressure (Mancktelow 2008; Reuber et al.
2016). Paleogeothermal gradients are thus visualised in the
P–T–t diagram as the slope of the line connecting the P–
T conditions of the analysed rock with those observed at
Earth’s surface. A multidisciplinary approach to P–T–t de-
termination (e.g. the integration of petrologic and
geochronologic data with fluid inclusion analysis) can be
particularly useful in constraining the exhumation paths
followed by rocks below the greenschist facies, which is the
segment of the P–T–t path most relevant for the interpreta-
tion of low-temperature thermochronologic data. In the case
of the Sesia-Lanzo unit of the Western Alps, such a multi-
disciplinary approach unravelled a progressive increase in
paleogeothermal gradients from *18 to *30 °C/km after
greenschist facies metamorphism (Malusà et al. 2006). If not

properly considered, such a variation in the reference ther-
mal structure would have strongly affected the estimates of
exhumation rates and fault offsets.

In the uppermost kilometres of the crust, modelled T–
t paths derived from age and confined track-length data
(Ketcham 2005) can also provide constraints on the evolu-
tion of the thermal gradient between samples collected in
deep boreholes or steep vertical profiles (Gleadow and
Brown 2000; Gallagher et al. 2005). In this case, the vertical
distance (Dz) between samples is known and constant
through time, whereas the evolving difference in temperature
(DT) between different samples can be estimated by com-
paring their modelled T–t paths (Fig. 8.5b). This approach
was applied, for example, to data from Denali in Alaska and
the Pyrenées (Gallagher et al. 2005), and to the northern
distal margin of the Alpine Tethys now exposed in Sardinia
(Malusà et al. 2016). Improved constraints to paleo-
geothermal gradients in sedimentary basins are possibly
provided by an integrated approach to the analysis of well
data (Armstrong 2005) including, for example, multiple
low-temperature thermochronometers (House et al. 2002),
maximum paleotemperature indicators such as vitrinite
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reflectance (Bray et al. 1992) and basin modelling (Osadetz
et al. 2002).

8.4 When Cooling Is Not Related
to Exhumation

During exhumation, rocks move towards Earth’s surface
ideally crossing the Tc isothermal surfaces of different ther-
mochronologic systems. Cooling related to exhumation may
thus produce, in a single sample, a range of progressively
younger thermochronologic ages related to systems with
progressively lower Tc (e.g. Wagner et al. 1977). When an
array of samples from different elevations is analysed using
the same dating method, exhumational cooling generally
produces a normal age–elevation relationship, with older
ages in samples located at higher elevation, and younger
ages in samples located at lower elevation (Wagner and
Reimer 1972; Gleadow and Fitzgerald 1987; Fitzgerald and
Gleadow 1988). The faster the rate of exhumation, the
smaller the difference in thermochronologic age expected in
samples collected at different elevations from the same
vertical profile. However, ages recorded by low-temperature
thermochronometers are sometimes unrelated to exhuma-
tion. They may either reflect transient changes in the
regional thermal structure of the upper crust (Braun 2016),
episodes of crystal growth, post-magmatic cooling and
mineral alteration (Malusà et al. 2011), or more localised
transient thermal changes in rocks already exhumed above
the PAZ (or the PRZ) due to hydrothermal fluid circulation,
frictional heating along active faults (Tagami 2012) or
wildfires (Reiners et al. 2007). These situations are discussed
below.

8.4.1 Cooling Due to Thermal Relaxation

At the end of an orogenic event, isothermal surfaces previ-
ously uplifted towards Earth’s surface normally undergo
thermal relaxation (e.g. Braun 2016). Figure 8.6a shows the
thermal structure under an eroding topography modelled for
a 3 Myr fast erosional pulse, and the relationships between
isothermal surfaces and select rock samples undergoing
exhumation (black dots). The wavelength and amplitude of
the topography are consistent with those observed in the
Alpine region (Zanchetta et al. 2015) and are assumed to be
steady state during the analysed time interval. Before fast
exhumation, rock samples are inside the PAZ of the AFT
system (time frame t0). The main pulse of fast erosion (time
frame t1) determines the exhumation of rock samples and a
compression of isothermal surfaces towards Earth’s surface
due to heat advection. When the main pulse of rapid

exhumation is completed, rock samples are still within the
PAZ of the AFT system and have not recorded any signif-
icant temperature variation, yet. When erosion gets slower
(time frame t2), isothermal surfaces eventually move
downward, re-establishing the thermal structure observed
before the fast erosional pulse. Only at this stage rocks
experience the fast cooling recorded by AFT data. Therefore,
under specific conditions, a relevant time delay can be
expected between exhumation and cooling recorded by
low-temperature thermochronometers. Thus in the example
of Fig. 8.6a, rock samples record the time of thermal
relaxation, not the time of exhumation. Thermal relaxation
after a major orogenic event has been recently invoked by
Braun (2016) to explain two different thermochronologic
data sets from the Himalaya (Bernet et al. 2006; Kellett et al.
2013). According to Braun (2016), these data sets may
reflect the thermal re-equilibration of the Himalayan oro-
genic wedge after deactivation of the South Tibetan
Detachment.

A regional rising of isothermal surfaces followed by
thermal relaxation may be recorded not only in convergent
settings, but also in extensional settings, for example in a
passive continental margin that underwent rifting and sub-
sequent continental break-up (Lemoine and de Graciansky
1988; Whitmarsh et al. 2001). Passive continental margins
show normal-thickness continental crust in the proximal part
and thinned continental crust in the distal part (Fig. 8.6b),
which is generally buried beneath thick successions of
post-rift sediments. Proximal passive margins are extensively
studied worldwide (see Chap. 20, Wildman et al. 2018) and
display a thermochronologic record typically dominated by
exhumation due to erosion (Brown et al. 1990; Fitzgerald
1992; Gallagher et al. 1994; Gallagher and Brown 1997;
Menzies et al. 1997; Gleadow et al. 2002), although some
studies suggest the thermochronologic record was dominated
by the thermal pulse accompanying rifting, such as in
south-eastern Australia (Morley et al. 1980). Distal passive
margins are far less studied, and the thermochronologic
imprint they have acquired during rifting and continental
break-up is generally obliterated (overprinted) by the over-
whelming thermal effects of sedimentary burial during the
post-rift evolution. However, in some situations, ancient
distal margins have escaped post-rift thermal resetting and
are now exposed above sea level. This is the case of Corsica–
Sardinia in the Western Mediterranean, which represents a
relict of the northern distal margin of the Mesozoic Alpine
Tethys (Malusà et al. 2016). The complex thermochronologic
and geologic record of Corsica–Sardinia can be effectively
explained in terms of a regional rising of isothermal surfaces
due to asthenospheric upwelling in the Jurassic, followed by
thermal relaxation during continental break-up according to
the conceptual model shown in Fig. 8.6b.
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The thermal structure depicted in the upper panel of
Fig. 8.6b shows isothermal surfaces roughly corresponding
to the Tc of the (U–Th)/He system on apatite (AHe) and the
FT system on apatite (AFT) and zircon (ZFT). It is obviously
simplified compared to the real thermal structure of a passive
margin, but reproduces well the age pattern observed in the
geologic record of Corsica–Sardinia (Cavazza et al. 2001;
Zarki-Jakni et al. 2004; Fellin et al. 2005, 2006; Danišík
et al. 2007, 2012; Zattin et al. 2008; Malusà et al. 2016). As
shown in the model, the rising isothermal surfaces attain a
“bell shape” during rifting, lying at different depths
according to their temperature. Inside each “bell”, mineral
ages are set during thermal relaxation after break-up, when
isotherms move downwards and get flatter, in a similar
fashion as in Fig. 8.6a. Below each bell, samples at the time
of break-up still experience temperatures higher than the
isotopic closure and thus mineral ages are set at a later stage,
e.g. during later erosional exhumation. Above each bell, the
temperature increase during asthenospheric upwelling is
usually not sufficient to reset the thermochronologic system,
and rocks may largely preserve the thermochronologic fin-
gerprint acquired before the rifting. In this latter case, a
reduction in mean FT length and/or a slight age rejuvenation
is expected in samples that have cooled through the PAZ (or
PRZ) during subsequent thermal relaxation.

Asthenospheric upwelling is expected to modify the
normal age–elevation relationships produced during ero-
sional exhumation, because of the systematic rejuvenation of
thermochronologic ages in selected crustal levels. As a
result, thermal relaxation after continental break-up can lead
to near-invariant thermochronologic ages with elevation
(lower panel in Fig. 8.6b), that might be misinterpreted as
the evidence of fast exhumation. However, diagnostic
combinations of thermochronologic ages from different
systems are expected, according to the crustal level of each
sample at the time of the rifting and according to the distance
from the rift axis, thus reducing the risk of misinterpretation.
For instance, near-identical AFT and AHe ages that are
synchronous with the time of break-up, along with short
mean FT lengths, are expected in rocks originally lying at
shallow crustal levels and close to the rift axis. In contrast,
near-identical AFT and ZFT ages are expected at deeper
crustal levels, in association with younger AHe ages
(Fig. 8.6b). Noteworthy, the near-identical AFT and ZFT
ages synchronous with the time of break-up are set during
sedimentation on top of this part of the crust, which rules out
any contribution of cooling due to erosion. These age pat-
terns thus provide no direct constraint on exhumation, but
may provide a key for the reconstruction of ancient passive
margins.

8.4.2 The Role of Magmatic Crystallisation

The role of magmatic crystallisation and post-magmatic
cooling in the thermochronologic record is illustrated in the
conceptual model of Fig. 8.7. This model shows the pro-
gressive setting of mineral ages (U–Pb on zircon, K–Ar on
biotite, FT on zircon and apatite) after intrusion of magma at
depth and growth of volcanoes at the surface, and subse-
quent erosional unroofing of volcanic and plutonic rocks
along with their country rocks (Malusà et al. 2011).

Before magmatic intrusion (time t0): Erosion is
assumed to be negligible, and four crustal levels are distin-
guished in the country rock according to its temperature
(levels 1–4 in Fig. 8.7). In this diagram, crustal levels are
delimited by the PAZ of the AFT system (lower boundary of
level 1), the PAZ of a-damaged ZFT system (lower
boundary of level 2), and the Tc of the biotite K–Ar system
(lower boundary of level 3). At time t0, thermochronologic
ages are set (recorded) at depths shallower than the corre-
sponding isotopic closure, but they are not set at greater
depths (i.e. ages are zero below Tc dependent on the system).
For instance, AFT ages are set in level 1, but they are not set
in levels 2-to-4, yet; ZFT ages are set in levels 1 and 2, but
they are not set in levels 3 and 4. These FT ages may either
record old crystallisation and/or exhumation events in the
country rock, or histories of distant sediment sources, such
as in the case of distinct FT age populations preserved in
shallow-level sedimentary rocks (Bernet and Garver 2005).

Magma emplacement and crystallisation (time t1):
Plutons are intruded across levels 1 to 4, and volcanic rocks
are emplaced at the surface. We define the magmatic age (ti)
as the crystallisation age of the magma. Because zircon U–
Pb ages usually date crystal growth and thus the time of
magma crystallisation (Dahl 1997; Mezger and Krogstad
1997), in a first-order approximation we can consider U–Pb
zircon ages from magmatic rocks as magmatic ages. These
ages are identical within error at any intrusion depth. And
they are systematically younger than the U–Pb ages in
adjacent country rocks (Fig. 8.7). AFT and ZFT ages typi-
cally record post-intrusion cooling, unless the magma is
intruded into the upper crust (hypabyssal) where country
rocks are resident at temperatures cooler than the PAZ. In
this case, the time elapsed between crystallisation and the
first retention of fission tracks is shorter than the resolution
of the dating method (Jaeger 1968). Thus, FT ages from
shallow intrusions and volcanic rocks should be considered
magmatic ages as well. Such shallow intrusions, such as Mt
Dromedary in Australia, are often used as age standards
because all techniques give near-identical ages (Green 1985;
see Chap. 1, Hurford 2018). These ages are the same at any
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intrusion depth shallower than the PAZ and are younger than
FT ages in the country rock, except for the immediate
overprinted or partially overprinted thermal aureole around
the pluton (Calk and Naeser 1973; Harrison and McDougall

1980; Schmidt et al. 2014). Within the thermal aureole,
thermochronologic ages in country rocks get progressively
younger and approach the magmatic age in the vicinity of
the intrusion. The influence of magmatic heat in the country
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rock is expected to be greater in lower temperature systems
than in higher temperature systems. The former are affected
at a greater distance from the intrusion, but the latter are still
affected at deeper crustal levels, where ages in lower tem-
perature system are not set (right panel in Fig. 8.7).

Therefore, at time t1, magmatic ages in the AFT system
are set in level 1 shortly after intrusion, but they are not set in
levels 2-to-4 where temperatures remain greater than Tc.
Similarly for the ZFT system, ages are set in levels 1, 2 and
perhaps uppermost level 3, but not in level 4. Note that Tc is
higher for magmatic zircon with little a-damage than for
zircon with greater amounts of a-damage in the country rock
(Rahn et al. 2004). Biotite K–Ar (and Rb–Sr) ages are
normally intermediate between zircon U–Pb and ZFT ages,
because they have Tc intermediate between these systems.
As for the FT systems, in the case of shallow intrusions and
volcanic rocks, the time elapsed between biotite crystalli-
sation and the closure of the K–Ar system is very short
(Jaeger 1968). In the absence of biotite retrogression, biotite
K–Ar ages in magmatic rocks are thus usually indistin-
guishable from the magmatic age in the whole depth range
between level 1 and level 3. Noteworthy, all of these ages
are set before the onset of erosional exhumation, which
commences at time t2 after the post-intrusion stabilisation of
isothermal surfaces. Therefore, they provide no direct con-
straint on exhumation.

Erosional exhumation (from time t2 onwards): Ther-
mochronologic ages, in rocks located beneath the Tc iso-
therm depth at the time of intrusion, are set during
subsequent erosional exhumation during time t2 and t3
(Fig. 8.7). These ages are always younger than the magmatic
age, and because they are controlled by delayed closure of
the thermochronologic system during undisturbed exhuma-
tional cooling, they will be termed exhumation ages.
Exhumation ages constrain the upward motion of rocks
towards Earth’s surface, thus the ages get systematically
younger with increasing depth and are generally indistin-
guishable in country rocks and encased magmatic rocks. The
slope defined by exhumation ages in an array of samples
from different depths is a function of the exhumation rate
(see Chap. 9, Fitzgerald and Malusà 2018). In the case of the
ZFT system, exhumation ages may span over a relatively
large age range due to variations between grains in the
amount of a-damage.

The different crustal levels identified within a magmatic
complex are thus characterised by different combinations of
magmatic and exhumation ages in country rocks and mag-
matic rocks. For example, crustal level 1 is characterised, for
all thermochronologic systems, by magmatic ages in the
intruded rocks and older pre-intrusion ages in country rocks,
unless country rocks are proximal to the intrusion and reset
or partially reset within the thermal aureole. Level 2 addi-
tionally shows AFT exhumation ages younger than the

magmatic age, and level 3 also includes ZFT exhumation
ages older than the AFT ages, but younger than the mag-
matic ages still recorded by the biotite K–Ar and zircon U–
Pb systems. In level 4, magmatic biotites are expected to
yield K–Ar ages younger than the magmatic age. However,
when biotites are rejuvenated by retrogression or late stage
alteration (Roberts et al. 2001; Di Vincenzo et al. 2003; Villa
2010), an anomalous spread in K–Ar ages may mask the
original age–depth relationship.

8.4.3 Localised Thermal Resetting: Impact
of Wildfires, Frictional Heating
and Hydrothermal Fluids

After exposure of rocks at Earth’s surface, it is possible that
the AHe and AFT thermochronologic systems, as well as the
zircon (U–Th)/He system, may be completely or partially
reset by wildfires (Wolf et al. 1998; Mitchell and Reiners
2003; Reiners et al. 2007). Wildfires generate short-duration,
high-temperature thermal events that produce characteristic
thermochronologic signatures in minerals such as apatite.
These thermal events may affect AHe and AFT ages both in
exposed bedrock and in detrital pebbles or soil. The con-
trasting activation energies of FT annealing and He diffusion
lead to a kinetic crossover, whereby AFT ages are prone to
be reset more rapidly than AHe ages (Mitchell and Reiners
2003). Wildfire heating may thus produce peculiar
AFT-AHe relationships in single apatite grains, such as finite
AHe ages and zero AFT ages, that can occur down to a
penetration depth of *3 cm (Reiners et al. 2007). In bed-
rock thermochronology studies, potential effects of wildfires
can be excluded by a proper sampling strategy, i.e. by
avoiding samples from the outermost part of the analysed
outcrop. However, this is not possible for detrital studies,
unless they are based on the analysis of cobbles greater
than *6 cm in diameter.

Short-duration, high-temperature thermal events can be
also due to frictional heating during faulting and heat
transfer into the surrounding rocks (Scholz 2002). This may
lead to a temperature increase up to *1000 °C for several
seconds and within several mm from the fault (Lachenbruch
1986; Murakami 2010). Spontaneous fission tracks in zircon
are totally annealed when subject to a temperature of
850 ± 50 °C for *4 s, suggesting that the ZFT system can
be completely reset during brittle faulting (Otsuki et al.
2003; Tagami 2012). A larger rock volume around the fault,
on the order of 1–100 m, can be thermally affected during
and after faulting by hot fluid circulation, as suggested by
the occurrence of hydrothermal veins around exhumed fault
zones (Cox 2010). The effects of frictional and hydrothermal
heating on low-temperature thermochronologic systems are
discussed in more detail in Chap. 12 (Tagami 2018).
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8.5 Conclusions

The reference frame for the interpretation of FT and other
thermochronologic data is a thermal reference frame.
Using FT thermochronology to constrain, under specific
conditions, the exhumation of rocks largely depends on a
proper understanding of the relationships between this ref-
erence frame and Earth’s surface. This thermal reference
frame is neither stationary, nor horizontal. It is strongly
affected by the amplitude and wavelength of topography at
the time of exhumation, by heat advection due to rapid
exhumation and by mass redistribution across major faults.
Major deflections may characterise not only low-temperature
but also high-temperature isothermal surfaces. Paleo-
geothermal gradients, i.e. the spacing of isothermal surfaces,
are important for the interpretation of low-temperature
thermochronologic data in terms of exhumation and can be
constrained by the analysis of P-T-t paths and by modelled
T-t paths derived from track-length distributions in samples
collected along vertical profiles.

Noteworthy, ages recorded by low-temperature ther-
mochronometers are sometimes not related to exhumation,
and an a priori interpretation of thermochronologic ages
exclusively in terms of exhumation may lead to incorrect
geologic reconstructions. A significant time delay may occur
between exhumation and cooling in case of fast erosional
pulses, and low-temperature thermochronometers often
record the time of thermal relaxation rather than the time of
exhumation. Localised resetting of low-temperature ther-
mochronologic systems can be due to transient wildfire
heating, or to frictional and hydrothermal heating along fault
zones. In general terms, simple constraints on exhumation
are only provided by thermochronologic ages that are set
during undisturbed exhumational cooling across the Tc
isothermal surface, whereas thermochronologic ages that are
set in minerals crystallised at shallower depth than Tc, e.g. in
volcanic rocks or in shallow intrusions, provide no direct
constraint on exhumation.
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9Concept of the Exhumed Partial Annealing
(Retention) Zone and Age-Elevation Profiles
in Thermochronology

Paul G. Fitzgerald and Marco G. Malusà

Abstract
Low-temperature thermochronology is commonly applied
to constrain upper crustal cooling histories as rocks are
exhumed to Earth’s surface via a variety of geological
processes. Collecting samples over significant relief (i.e.,
vertical profiles), and then plotting age versus elevation,
is a long-established approach to constrain the timing and
rates of exhumation. An exhumed partial annealing zone
(PAZ) or partial retention zone (PRZ) with a well-defined
break in slope revealed in an age-elevation profile, ideally
complemented by kinetic parameters such as confined
track lengths, provides robust constraints on the timing of
the transition from relative thermal and tectonic stability
to rapid cooling and exhumation. The slope above the
break, largely a relict of a paleo-PAZ usually with
significant age variation with change in elevation, can be
used to quantify fault offsets. The slope below the break is
steeper and represents an apparent exhumation rate.
We discuss attributes and caveats for the interpretation
of each part of an age-elevation profile, and provide
examples from Denali in the central Alaska Range, the
rift-flank Transantarctic Mountains, and the Gold Butte
block of southeastern Nevada, where multiple methods
reveal exhumed PAZs and PRZs in the footwall of a
major detachment fault. Many factors, including exhuma-
tion rates, advection of isotherms and topographic effects
on near-surface isotherms, may affect the interpretation of
data. Sampling steep profiles over short-wavelength
topography and parallel to structures minimises misfits
between age-elevation slopes and actual exhumation
histories.

9.1 Introduction

Thermochronology is the study of the thermal history of
rocks and minerals. Thermochronologic ages are often
interpreted as closure ages corresponding to a closure tem-
perature Tc (Dodson 1973), which is defined as the temper-
ature at which the system becomes closed, assuming
monotonic cooling. Closure temperatures vary as a function
of mineral kinetic parameters, cooling rate (Tc is higher for
faster cooling), the composition of the mineral, and/or radi-
ation damage of the crystal lattice (e.g., Gallagher et al. 1998;
Reiners and Brandon 2006). In the case of low-temperature
thermochronologic methods such as fission-track (FT) anal-
ysis, the simplest data interpretations are that ther-
mochronologic ages record exhumation. This is because
rocks cool as they move toward the surface of the Earth, i.e.,
as they are exhumed, either via tectonics and/or erosion.

Early FT studies (e.g., Naeser and Faul 1969) established
that FT ages could be reset, or partially reset, due to tem-
perature increases resulting from burial in a sedimentary
basin or nearby igneous intrusions (e.g., Fleischer et al.
1965; Calk and Naeser 1973; Naeser 1976, 1981). Because
temperature increases with depth, borehole studies (e.g.,
Naeser 1979; Gleadow and Duddy 1981) revealed that FT
ages decreased with depth. In the case of apatite, borehole
studies also revealed a zone of partial stability for
fission-tracks corresponding to temperatures between *120
and 60 °C (Fig. 9.1). This zone was initially called the
“partial stability field” (Wagner and Reimer 1972) or “field
of partial stability” (Naeser 1981), but other terms such as
“partial stability zone” (Gleadow and Duddy 1981) or “track
annealing zone” (Gleadow et al. 1983) were also used.
Gleadow and Fitzgerald (1987) introduced the term partial
annealing zone or PAZ, a term that has remained in common
usage. The PAZ for apatite FT (AFT) and its characteristics
are well defined in some boreholes (Fig. 9.1). AFT ages
decrease downhole while single grain age dispersion tends to
increase. Confined track length distributions also show
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systematic trends—as distributions broaden downhole, mean
lengths decrease and standard deviations increase (Gleadow
and Duddy 1981; Gleadow et al. 1983; Green et al. 1986).
These studies also documented the role of apatite composi-
tion in the rate of annealing, and hence the variable limits of
the PAZ.

The PAZ can be defined as the temperature interval,
corresponding to appropriate crustal depths, between where
tracks are annealed geologically “instantaneously” and
where they are retained without a significant loss in FT age
on the geologic timescale. Annealing and track length
reduction are more rapid at higher temperatures, but do
continue, albeit much more slowly, even at ambient tem-
peratures (e.g., Green et al. 1986). The same concept applies
to other thermochronologic systems due to loss, or partial
loss, via volume diffusion of daughter products, such as Ar
in K–Ar systems (Baldwin and Lister 1998) and He in
(U–Th)/He systems (Wolf et al. 1998). The term partial
retention zone (PRZ) was introduced by these authors for
these noble gas methods. We favour the use of PAZ for FT

thermochronology where annealing is the operative process
for length reduction of individual tracks.

When samples are collected over significant relief, ages
from different thermochronologic systems generally increase
with increasing elevation. Age versus elevation plots, and
the interpretation of age variations and slopes on these plots,
marked a breakthrough for the earliest FT studies applied to
tectonics (e.g., Wagner and Reimer 1972; Naeser 1976;
Wagner et al. 1977). The slope of the age-elevation trend
was initially interpreted as an “uplift rate,” but it is now clear
that this trend provides information on the rate of exhuma-
tion, where exhumation is the displacement of rocks with
respect to Earth’s surface (England and Molnar 1990).
England and Molnar (1990) also defined the surface uplift as
the displacement of the Earth’s surface (typically the mean
surface elevation over an area) with respect to the geoid, and
the rock uplift as the displacement of a rock with respect to
the geoid (see Chap. 8, Malusà and Fitzgerald 2018a).
Exhumation, surface uplift, and rock uplift are linked by the
following relationship:
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Fig. 9.1 Classic form of the
partial annealing zone (PAZ) is
shown in this compilation
diagram showing downhole
temperature versus AFT age for
samples from the Otway Basin in
SE Australia (summarised from
Gleadow and Duddy 1981;
Gleadow et al. 1986; Green et al.
1989; Dumitru 2000).
Decreasing AFT ages and
changing track length
distributions with increasing
downhole temperature reflect the
changing rate of annealing, from
very slow above *60 °C, to
increasing within the PAZ and
then “geologically instantaneous”
in the zone of total annealing
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Surface uplift ¼ rock uplift� exhumation ð9:1Þ
When the amount of exhumation and surface uplift can be

independently constrained (i.e., because the paleo-mean
land-surface elevation is known), rock uplift can also be
constrained (Eq. 9.1). However, these situations are actually
quite rare (e.g., Fitzgerald et al. 1995; Abbot et al. 1997).
Moreover, it is important to emphasise that thermochronol-
ogy does not constrain exhumation directly, because iso-
therms (the thermal reference frame) are controlled by a
range of processes in the upper crust. The conversion from a
thermal framework (which impacts the thermochronologic
record) to a framework that constrains the timing and rates of
exhumation requires assumptions about the dynamic thermal
structure of the crust.

There are many factors that influence the slope of the
age-elevation profile. Notably those related to the perturba-
tion of the thermal structure of the crust associated with
rapid exhumation, the shape of topography, or the way that
samples are collected across the topography (e.g., Brown
1991; Brown et al. 1994; Stüwe et al. 1994; Mancktelow and
Grasemann 1997). Many excellent papers and books discuss
these topics in considerable detail (e.g., Braun 2002; Reiners
et al. 2003; Braun et al. 2006; Reiners and Brandon 2006;
Huntington et al. 2007; Valla et al. 2010; see also Chap. 8,
Malusà and Fitzgerald 2018a; Chap. 10, Malusà and
Fitzgerald 2018b; Chap. 17, Schildgen and van der Beek
2018). To plot thermochronologic ages versus elevation
using an orthogonal coordinate system requires the funda-
mental assumption that data interpretation is
one-dimensional (i.e., the particle path is vertical) and that
samples are not collected laterally across the landscape. In
essence, the vertical profile approach is the plotting of a
three-dimensional data set in one dimension and coupled
with the effects of advection of isotherms due to rapid
exhumation often results in data misinterpretation.

In this chapter, we discuss the strategy of collecting
samples over a significant elevation range to constrain the
timing and rate of exhumation. We discuss the concept of
the exhumed PAZ (or PRZ) and use a number of
well-known examples to illustrate sampling strategies,
common mistakes, factors, and assumptions that must be
considered when interpreting thermochronologic data from
age-elevation profiles.

9.2 Definition of a PAZ and PRZ

The classic form of a PAZ is shown clearly in AFT data
plotted against depth (downhole temperature) from Otway
Basin drill holes (Gleadow and Duddy 1981; Gleadow
et al. 1983, 1986) (Fig. 9.1). The Otway Basin formed
during the breakup between Australia and Antarctica and

was filled with >3 km volcanogenic sediments of the
Lower Cretaceous Otway Group. The upper part of the
AFT profile is defined by AFT ages of *120 Ma, invariant
down to a temperature of *60 °C. Ages then decrease
progressively, within the PAZ itself as the rate of annealing
increases, down to a zero age at depths where the present
temperature is *120 °C. For the Otway Basin, the PAZ
is therefore defined as between *120 and *60 °C.
The chemical composition of the individual grains within
the Otway Basin is variable, due to the volcanogenic
provenance, with a mix of F-rich and Cl-rich grains (Green
et al. 1985). Tracks within Cl-rich grains are more resistant
to annealing (see Chap. 3, Ketcham 2018), so these grains
reach a zero age at a higher temperature. The spread of
single grain ages is the greatest at intermediate temperatures
within the PAZ where the variable rates of annealing
between grains of different chemical compositions are
maximised (e.g., Green et al. 1986; Gallagher et al. 1998).
Age dispersion within a PAZ is obvious when a downhole
modeled-AFT age profile is plotted for Dpars of differing
values (Fig. 9.2a). While not a direct proxy for chemical
composition, Dpar—the diameter of track-etch figures
measured parallel to the crystallographic c-axis—is com-
monly used as an indicator of the resistance of
fission-tracks in apatite to thermal annealing (e.g., Burtner
et al. 1994). In this example, the AFT age difference
between a Dpar of 1 (fission-tracks are less resistant to
annealing) and 3 (fission-tracks are more resistant to
annealing) is *45 Ma (*45% relative to the unannealed
AFT age) at temperatures between 80 and 90 °C.

The variation of (U–Th)/He age with depth (temperature)
is not discussed in detail in this chapter. However, formation
of an apatite (U–Th)/He (AHe) age profile within a PRZ
follows similar principles to those corresponding to an
AFT PAZ. Note that there are slight differences in the shape
of the modeled AHe PRZ versus the shape of the
modeled-AFT PAZ at lower temperatures (Fig. 9.2), which
reflect the different kinetics. In addition, the magnification of
single grain age variations for AHe is even more pronounced
within the PRZ, depending on the variation of effective
uranium concentration [eU], grain size, zonation of the
individual grains, and residence time within a PRZ (e.g.,
Reiners and Farley 2001; Farley 2002; Meesters and Dunai
2002; Fitzgerald et al. 2006; Flowers et al. 2009). Based on
relative alpha particle production, [eU] is calculated as
[U] + 0.235[Th] (e.g., Flowers et al. 2009). Figure 9.2b
shows the age variation between a small grain with a low
[eU] versus a large grain with a higher [eU] is *70 Ma
(*70% relative to unreset ages) at *65 °C (held constant
for *100 Myr). This single grain age variation is a result of
the grain size being the diffusion domain and the relative
importance between loss via a-particle ejection and loss via
volume diffusion, plus the effects of higher radiation
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damage, in effect storing He inside damage zones within the
crystal lattice (Reiners and Farley 2001; Farley 2002;
Flowers et al. 2009). Age dispersion is more pronounced
within a PRZ if grain zonation is such that the rim is
depleted relative to the core (e.g., Meesters and Dunai 2002;
Fitzgerald et al. 2006).

Confined track lengths are an essential component to the
application of the PAZ concept to AFT thermochronology as
they provide a kinetic parameter used to constrain the ther-
mal history of each sample (e.g., Gleadow et al. 1986).
Interpretations can be both qualitative (e.g., long mean
lengths � 14 µm indicate simple rapid cooling vs. more
complex distributions that may reflect residence within a
PAZ, slow cooling, or reheating) but also provide a funda-
mental input parameter to inverse thermal modeling (e.g.,
Ketcham 2005; Gallagher 2012; see Chap. 3, Ketcham
2018). Confined track length distributions (CTLDs) from the
Otway Basin samples reveal the now well-established classic
pattern of a PAZ, i.e., decreasing mean lengths and
increasing standard deviations with increasing temperatures
downhole (Fig. 9.1). These distributions reflect a shortening
of tracks that have resided at the same crustal level and
hence same temperatures for the last *30 Myr (Gleadow

and Duddy 1981). Thus, in each case the maximum track
length remains the same (reflecting the most recently formed
confined track). But, as the rate of annealing increases with
increasing temperature, the tracks anneal progressively faster
and histograms broaden to reflect the annealing process. In
this situation, track-length histograms can be imagined as
conveyor belts; moving slowly from right to left when the
temperature is low, and annealing slower near the upper part
of the PAZ (i.e., leading to narrow distributions). Near the
base of the PAZ (corresponding to higher temperatures), the
conveyor belt is faster as the rate of annealing increases and
CTLDs are broader. As mentioned above, compositional
variation between apatite grains, particularly acute in Otway
Basin sediments also leads to dispersion in downhole track
lengths. In addition, anisotropic annealing of tracks in apatite
(Green and Durrani 1977) where tracks perpendicular to the
c-axis shorten faster than those parallel to the c-axis also
leads to track length dispersion.

The shape and development of a PAZ (revealed in the
AFT age-depth profile) are the result of a number of
parameters including the thermal structure of the upper crust
(i.e., the geothermal gradient) and the previous thermal and
tectonic history (Figs. 9.1, 9.2 and 9.3). Typically, the
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Fig. 9.2 a Effect of composition, using Dpar as a proxy, on the
variation of AFT ages within a PAZ. In these modeled examples, the
differences in ages are observed for samples with Dpar values of 1
and 3 µm. The greatest age dispersion lies in the interval 80–90 °C
(marked by horizontal lines) where there is a *40 Myr (40%) age
difference between the two extremes. Age dispersion due to chemical
composition is magnified by residence within, or slow cooling
through, the PAZ. Modeled ages were produced using HeFTy
(Ketcham 2005) and the Ketcham et al. (2007) annealing algorithm.
b In a similar fashion, AHe age dispersion within a PRZ is

maximised when there is a mix of large grains/high [eU] (older
grains) and small grains/low [eU] (younger grains). In this modeled
scenario, the greatest difference in ages lies in the interval *55–65 °
C (marked by horizontal lines) where there is a *70 Myr (70%) age
difference. Age dispersion due to variable [eU] and grain size (plus
zoning and other factors—not modeled here) is magnified by
residence within, or slow cooling through the PRZ. Modeled AHe
ages were produced using HeFTy (Ketcham 2005), the Flowers et al.
(2009) algorithm and the Ketcham et al. (2011) a-particle ejection
parameters

168 P. G. Fitzgerald and M. G. Malusà



characteristic AFT age-depth trend formed in a PAZ, for
example, as shown in the Otway Basin, is interpreted as a
time of “relative tectonic and thermal stability,” with the
upper part of the profile (<60 °C) reflecting the previous
thermal history (i.e., formed in the geologic past). Within the
PAZ, the slope of the AFT profile will vary as a function of
the duration that samples have resided within the PAZ, the
paleogeothermal gradient, and the relative thermal (and
tectonic) stability at that time. The slope of the AFT-depth
profile will be shallower if the PAZ forms over a long period
of time (Fig. 9.3c). However, if samples are resident in the
PAZ for only a short period of time, the variation in ages will
not reflect the characteristic profile. If samples cool mono-
tonically through the PAZ, then their AFT ages may be
interpreted as closure ages representative of the time the
sample cooled through the closure temperature Tc of the
thermochronologic system under consideration (see Chap. 8,
Malusà and Fitzgerald 2018a).

9.3 Vertical Profiles and the Exhumed
PAZ/PRZ Concept

9.3.1 Recognition of an Exhumed PAZ

Thermochronologic data collected in age-elevation profiles
from orogens may reveal simple linear relationships, and the
Tc concept will apply (e.g., Reiners and Brandon 2006).
However, depending on the level of erosion and the
thermal/tectonic history, an exhumed PAZ may be revealed.
This happens when a period of relative tectonic and thermal
stability is followed by a period of rapid cooling and
exhumation. Relative stability allows the development of the
characteristic age-depth shape of a PAZ, which is then
preserved in an age-elevation profile (Naeser 1979; Gleadow
and Fitzgerald 1987) (Fig. 9.3a). The break in slope marks
the base of a former PAZ, termed an exhumed PAZ, and
approximates the onset of significant rapid cooling (Gleadow
and Fitzgerald 1987; Fitzgerald and Gleadow 1988, 1990;
Gleadow 1990). In essence, the break in slope represents a
paleo *110 °C isotherm, or whatever paleotemperature is
appropriate given either the mineral composition or method
under consideration. The significance of an inflection point
in an age-elevation profile was first noted in the Rocky
Mountains of Colorado (Naeser 1976). In an age-elevation
profile from Mt Evans (4346 m), Chuck Naeser identified an
inflection point at *3300 m. This was interpreted as the
former position of the *105 °C isotherm, with the tem-
perature based on Eielson (Alaska) drill hole age data
(Naeser 1981; see Chap. 1, Hurford 2018). Naeser (1976)
noted that “apatite below 3000 m reflects rapid uplift of the
Rocky Mountains during the Laramide orogeny starting
about 65 Myr ago,” whereas “apatite above 3000 m was

only partially annealed during the Cretaceous burial prior to
the uplift.”

The slope above the break in slope (i.e., the exhumed
PAZ) is not steep and reflects the shape of the former PAZ
formed during a time of relative tectonic and thermal sta-
bility (Fig. 9.3c), rather than an apparent exhumation rate.
However, the steeper slope below the break in slope repre-
sents instead an apparent exhumation rate—taking into
consideration all the caveats that can modify the slope, as
discussed below. With respect to the formation of the classic
age profile within a PAZ, it is worth noting that it is unlikely
to have formed within a period of “complete and absolute”
tectonic and thermal stability. The thermal frame of refer-
ence is dynamic, for example, because of cooling associated
with exhumation and/or relaxation of isotherms and even
heating associated with subsidence and burial (see Chap. 8,
Malusà and Fitzgerald 2018a). A simple way to envision an
exhumed PAZ is by comparing the conditions during the
formation of a PAZ relative to the time following that. In
essence, the recognition of an exhumed PAZ is dependent on
our ability to recognise different components within a track
length distribution; those tracks annealed (and shortened)
while the sample is resident in a PAZ and then long tracks
that result from rapid cooling. To a certain extent, the
exhumed PAZ concept can be demonstrated by comparing
the gentler slope of an exhumed PAZ with the steeper slope
of the age-elevation profile beneath the break. For example,
in the Denali profile in Alaska (see Sect. 9.4.1), the slope of
the exhumed PAZ above the break is *100 m/Myr com-
pared to the slope (apparent exhumation rate) below the
break (*1500 m/Myr) (Fitzgerald et al. 1995). In the
Transantarctic Mountains, slopes of exhumed PAZs are
*15 m/Myr compared to slopes (apparent exhumation rate)
of *100 m/Myr below the break (e.g., Gleadow and
Fitzgerald 1987; Fitzgerald 1992). The slopes are different,
but the relative durations for each (slow cooling and for-
mation of the PAZ vs. rapid cooling) are about the same
(3:1).

Track length measurements are crucial for interpreting
thermal histories in general, but are also very useful for
identifying exhumed PAZs. CTLDs from below the break in
slope generally reflects rapid cooling (mean track length
>14 µm, standard deviation <1.5 µm). CTLDs from above
the break in slope reflects longer residence within the PAZ,
with distributions often being bimodal, reflecting the two
components of tracks (Fig. 9.3a). These distributions typi-
cally have means of *12–13 µm with standard deviations
of >1.6 µm. Within an exhumed PAZ, there will be a greater
spread of single grain ages, because slower cooling magni-
fies differences arising between grains of different retentivity
(Fig. 9.2). This concept is of fundamental importance to
detrital thermochronology, where interpretation of single
grain age data usually assumes that all ages represent closure
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ages, typically due to either rapid cooling via exhumation or
cooling of volcanic rocks (e.g., Garver et al. 1999; Bernet
and Garver 2005). In other words, the assumption in detrital

studies is that all thermochronologic ages are geologically
meaningful. However, age variations observed in an
exhumed PAZ (or PRZ) shows that this is not always the

Fig. 9.3 a Concept of an exhumed AFT PAZ and the relationship
between rock uplift, exhumation, and surface uplift. The left panel
shows the characteristic shape of the AFT PAZ formed over the time
period “t” during relative thermal and tectonic stability. Following a
period of rock uplift, followed by exhumation and relaxation of the
isotherms, an exhumed PAZ may be revealed in the age-elevation
profile (middle panel). The asterisk marking the break in slope
indicates the base of the exhumed PAZ and typically slightly
underestimates the onset age of rock uplift as this point has to cool
through the PAZ. Note that modeled isotherms mimic the surface
topography. The right-hand panel shows the variation of track length
distributions at various levels throughout the profile. Distributions
below the break in slope contain only long tracks formed during rapid
cooling with little time spent within the PAZ. In contrast, CTLDs

above the break in slope have shorter means and larger standard
deviations as they contain two length components: pre-exhumation
lengths (shortened due to annealing while resident within the PAZ)
and long tracks that post-date the onset of rapid exhumation and have
not been shortened due to annealing (modified from Fitzgerald et al.
1995). b The exhumed PAZ concept also applied to an exhumed
AHe PRZ (marked by a cross) (modified from Fitzgerald et al. 2006).
c An exhumed PAZ (or PRZ) will only be revealed in an
age-elevation profile when there has been sufficient time between
episodes of exhumation (e.g., 50 or 100 Myr in this example) to
develop the classic form of a PAZ that represents a period of apparent
thermal and tectonic stability. If the time period is too short, e.g.,
10 Myr in this example, an exhumed PAZ will not be distinguishable
(modified after Fitzgerald and Stump 1997)
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situation. In many cases, only the age corresponding to the
break in slope can be interpreted with respect to a geologic
event. Lag-time calculations (thermochronologic age minus
stratigraphic age) to constrain past exhumation rates may
therefore be geologically meaningless if samples are eroded
from within an exhumed PAZ (see below and Chap. 10,
Malusà and Fitzgerald 2018b) because these ages do not
represent closure ages and a large age dispersion exists
within the exhumed PAZ.

A break in slope is drawn at the intersection of the lines
representing the exhumed PAZ and the age-elevation profile
below the break, although the base of a PAZ is actually a
curve (Figs. 9.1, 9.2 and 9.3). This means that the time
corresponding to the break in slope will slightly underesti-
mate the timing of the onset of rapid cooling/exhumation.
Also, samples close to the base of the PAZ will have to
transit through the PAZ itself. Thus, if samples do not transit
the PAZ rapidly, CTLDs will reflect more annealing (e.g.,
Stump and Fitzgerald 1992) and the age corresponding to the
break in slope will slightly underestimate the true onset of
rapid cooling/exhumation. Such a discrepancy may not be
critical (i.e., not affect data interpretation) if an exhumed
PAZ has a break in slope at *50 Ma (for example). In this
case, our ability to accurately locate the position of a break
in slope is on the order of the precision of each age, so for a
break in slope of *50 Ma, it is on the order of ±5% for
AFT. However, if a cooling event (and hence the time
marked by the base of an exhumed PAZ) is Pliocene in age,
distinguishing between the onset of cooling/exhumation at 6
or 4 Ma may be geologically significant.

In summary, the following factors affect the potential
recognition of an exhumed PAZ (or PRZ) in an
age-elevation profile:

• The period of relative thermal and tectonic stability prior
to the initiation of more rapid cooling/exhumation. Suf-
ficient time is in fact required to allow the shallow slope
to develop (Fig. 9.3c).

• The magnitude of cooling/exhumation event that follows
formation of the PAZ. If this is minor, then an exhumed
PAZwill not be recognised.What is particularly important
is the contrast in thermal and tectonic regimes between the
formation of a PAZ and subsequent more rapid
cooling/exhumation that preserves the classic PAZ form.

• When formation of a PAZ and subsequent cooling/
exhumation occurred in the geologic record. If it occur-
red a long time ago, the precision of the dating method
relative to the magnitude and duration of the geologic
and/or tectonic event may not be adequate to reveal an
exhumed PAZ, the exhumed PAZ may have been eroded
away, or the proportion of shortened tracks (formed in
the PAZ) to long tracks (subsequent to exhumation) may
be insufficient to identify that period of relative stability,

even with modeling. In these cases, the interpretation of
an age-elevation profile may be “slow or monotonic
exhumation.” Models may also suggest a “good-fit” T–
t envelope that could be interpreted as “slow monotonous
cooling,” but data precision may be insufficient to reveal
different events. An important point is that data and
models must be interpreted within a geologic context.
Geologic events are by their very nature episodic whether
on the temporal scale of earthquakes or volcanoes, during
times of accelerated mountain building or part of an
orogenic cycle. The same analogy applies to different
thermochronologic methods. Higher temperature meth-
ods tend to only reveal major events and often indicate
“monotonous cooling,” whereas the lower temperature
methods may reveal individual events. Of course, lower
temperature techniques are more susceptible to the effects
of dynamic isotherms (e.g., Braun et al. 2006).

We have only discussed an exhumed PAZ with respect to
the age of the break in slope as representing cooling due to
exhumation, usually associated with rock uplift. However, in
rapidly deforming orogens (e.g., Himalaya, Taiwan, and
Southern Alps of New Zealand) a break in slope may also be
revealed on a multi-method plot of age versus temperature,
for analyses performed on the same sample (Kamp and
Tippett 1993; Ching-Ying et al. 1990). Such a break is
usually interpreted in terms of the onset of a major
tectonic/exhumation/cooling event. However, because iso-
therms are perturbed during such rapid exhumation, the data
may be equally well explained by a constant exhumation rate
leading to an exponential decrease in temperature with time
(Batt and Braun 1997; Braun et al. 2006).

The ultimate test of any thermochronologic interpretation
involves comparison with the geologic record. For example,
does an inflection point on either a single-method age versus
elevation plot, or in a multi-method age versus temperature
plot, represent relaxation of compressed isotherms or cooling
due to erosion/exhumation due to uplift and creation of relief
in an active (or recently inactive) orogen? If there is a nearby
sedimentary basin with a large influx of detritus (e.g., con-
glomerates) that were the same age as that associated with
the inflection point, this would provide evidence for an
interpretation of cooling due to exhumation as opposed to
relaxation of compressed isotherms.

9.3.2 Attributes and Information to Be Gained
from an Exhumed PAZ

In previous sections, we discussed the characteristics of a
PAZ and the recognition of an exhumed PAZ. In this sec-
tion, we discuss the attributes of, and the information that
can be obtained from an exhumed PAZ (Fig. 9.4), as further
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illustrated in Sect. 9.4 with examples from Denali, the
Transantarctic Mountains and the Gold Butte Block.

Timing of Exhumation As mentioned above, the time
corresponding to the break in slope represents the transition
from a relatively stable thermal and tectonic regime to a time
of more rapid cooling, usually related to exhumation as a
result of rock uplift. The break in slope will underestimate
the “true” time of transition, because of the geometry of the
curve and because rocks take time to transit the PAZ. Inverse
thermal modeling (see Chap. 3, Ketcham 2018) for samples
just above the break in slope will reveal a period of residence
within the PAZ, followed by the onset of rapid cooling.
Inverse thermal modeling for samples below the break in
slope typically will reveal rapid cooling only, but not the
onset of rapid cooling. During the transition from relative
thermal and tectonic stability to rapid exhumation, the
evolving thermal regime can be complex, before steady state
may become established. Higher temperature ther-
mochronometers are slower to respond and establish steady
state than low-temperature systems (e.g., Reiners and
Brandon 2006). In a modeling paper, Moore and England
(2001) found that in the case of a sudden increase in the rate
of cooling due to erosion, the advection of isotherms means
that the recorded ages only show a gradual increase in the

rate of exhumation. Valla et al. (2010), in another modeling
paper, discuss in detail the effect that changes in relief have
on the resolution of thermochronologic data sets. They
conclude that changes in relief can only be quantified and
constrained if the rate of relief growth exceeds *2–3 times
the background exhumation rate. The bottom line is that if
there are detectable variations in an age-elevation profile
such as an exhumed PAZ, then these variations are signifi-
cant and meaningful as regards the geologic and landscape
(relief, topography) evolution.

Amount of Exhumation Because an exhumed PAZ cor-
responds to a time of relative stability, it is reasonable to
assume that the geothermal gradient was also relatively
stable. Thus, assuming a reasonable paleogeothermal gra-
dient (typically between 20 and 30 °C/km representing a
relatively stable continental geotherm) allows one to convert
the paleotemperature at the base of the exhumed PAZ (e.g.,
*110 °C) to the amount of rock removed. Depending on
the elevation of the break in slope relative to the mean
land-surface elevation, the amount of exhumation since the
time of the break in slope can be estimated (see Brown 1991;
Gleadow and Brown 2000). Thus, an average rate of
exhumation since the timing of the break can be constrained
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Features of an exhumed PAZ/PRZ

Base of exhumed PAZ/PRZ (”break in slope”)
- a curve, but is approximated with straight lines
- approximates time for increasing cooling rate (onset of rapid exumation)
- often an underestimate as samples have to cool through PAZ/PRZ
- may not be revealed if exhumation of low magnitude or a long time ago 

Age-elevation curve below break in slope
- slope represents an apparent exhumation rate
- slope usually underestimates rates of exhumation due to
  advection-topographic-particle path effects
- these samples are not good for estimating fault offsets
  (variation of age with elevation often not significant)

Age-elevation curve above break in slope
- slope usually does NOT represent an apparent exhumation rate
- slope due to relict slope of PAZ/PRZ
  (modified by slow exhumation/burial/reheating)
- modeling these samples may constrain the paleogeothermal
  gradient and also reveal a more complex thermal history
- these samples are good for estimating fault offsets
   (variation of age with change of elevation is significant)

- these ages record an earlier history
 (earlier cooling/exhumation event or deposition) 

Fig. 9.4 Summary of the attributes and information available from an exhumed PAZ/PRZ
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and, if appropriate, this rate can be compared to the apparent
exhumation rate based on the age-elevation slope below the
break. If the stratigraphy (above the break) or rock removed
can be reconstructed or independently constrained, then the
paleogeothermal gradient can also be constrained, as for the
Transantarctic Mountains in the Dry Valleys area (Gleadow
and Fitzgerald 1987; Fitzgerald 1992). As the depth to the
base of a PAZ is usually 3–5 km (being a function of
paleogeothermal gradient), it is possible to design a sam-
pling strategy, based on geological constraints or other
information that is aimed at collecting an age-elevation
profile that has an exhumed PAZ, purely because it does
provide such a useful marker.

The Slope of the Exhumed PAZ The slope of this part of
the profile (i.e., above the break in slope) does not typically
represent an apparent exhumation rate. Viewed in one
dimension, the slope depends on the factors discussed above
(length of time over which the PAZ formed, paleogeothermal
gradient) and the relative thermal stability both when the PAZ
was formed and since rapid cooling began (approximated by
the time corresponding to the break in slope). Inverse thermal
modeling of samples over an elevation range can constrain the
paleogeothermal gradient (see Chap. 8, Malusà and Fitzger-
ald 2018a). A factor in mathematically constraining the slope
of the profile, both above and below the break in slope, is often
the relatively large uncertainties (compared to the number of
analyses) for AFT ages or the variation of single grain ages for
AHe ages. This explains why age-elevation slopes are often
determined as a line of best-fit “by eye,” in addition to cal-
culating least-square regression lines.

The Exhumed PAZ as a Tectonic Marker As mentioned
above, low-temperature thermochronologic ages are very
useful as tectonic makers because there may be systematic
variation of age with elevation (e.g., Wagner and Reimer
1972). As such, this concept is often called “fission-track
stratigraphy (Brown 1991). Notably, sample ages within an
exhumed PAZ typically vary significantly with elevation
changes and thus are more useful as tectonic markers in
contrast to sample ages below a break in slope where ages
may be concordant within error over considerable topo-
graphic relief (see Chap. 10, Malusà and Fitzgerald 2018b;
Chap. 11, Foster 2018).

9.3.3 Attributes and Information to Be Gained
from the Age-Elevation Profile Below
the Break in Slope

The slope of the age-elevation profile below a break in slope
is generally steep and CTLDs indicates rapid cooling.
Samples spend little time within a PAZ as they cool rapidly

through it, and ages can be interpreted as closure tempera-
ture ages. As compared to the slope of the exhumed PAZ,
this part of the profile is often more typical of what is often
found in mountain belts, with the slope representing an
apparent exhumation rate. Typically, the slope overesti-
mates the real exhumation rate due to a combination of
advection and isotherm compression, the effect of topogra-
phy on near-surface isotherms, and where samples are col-
lected across the topography or the topographic wavelength
(Brown 1991; Stüwe et al. 1994; Brown and Summerfield
1997; Mancktelow and Grasemann 1997; Stüwe and Hin-
termüller 2000; Braun 2002, 2005; Ehlers and Farley 2003;
Braun et al. 2006; Huntington et al. 2007; Valla et al. 2010).

The reference frame against which we plot the age of
samples (i.e., the elevation, altitude or depth, E in Fig. 9.5a) is
not necessarily representative of the thermal frame of refer-
ence where the samples acquire their thermochronologic sig-
nature (Z in Fig. 9.5b–e). When plotting age versus elevation,
the assumption is that the reference frame, i.e., isotherms were
horizontal, and that samples have been exhumed vertically.
However, isotherms mimic topography, albeit in a dampened
fashion, with the impact of relief on isotherms becoming less
with greater depth (e.g., Stüwe et al. 1994; see Chap. 8,
Malusà and Fitzgerald 2018a). The depth to relevant isotherms
is greater under ridges and less under valleys. The slope
(apparent exhumation rate) of an age versus elevation profile
in this situation will overestimate the true exhumation rate
because DZ is less than DE (Fig. 9.5b). In the situation where
exhumation is rapid and isotherms are compressed, the slope
(the apparent exhumation rate) of the age-elevation profilewill
also overestimate the true exhumation rate (Fig. 9.5c). The
wavelength of the topographymatters, although the relief does
not (Reiners et al. 2003), with a greater wavelength (a wider
valley) having a greater effect on the slope of the age-elevation
profile than a shorter wavelength (a narrow valley). In the
situationwhere advection has not compressed the isotherms, it
is possible to correct the slope of the age-elevation profile for
topographic effects. This correction can be made for different
Tc isotherms and hence is relevant for different ther-
mochronologic techniques. Using the admittance ratio (a: the
ratio of isotherm depth to topographic relief; Braun 2002),
Reiners et al. (2003) presented a method to correct the
apparent slope. The wavelength of topography is measured,
and with respect to an appropriate closure isotherm, the
admittance ratio (which is independent of topographic relief)
is graphically determined. The assumption in these situations
is that the paleotopography at the time when the ages were
recorded has remained the same as it is today. An example: if
Tc = 100 °C and the wavelength of topography is 10 km, then
a = 0.1. The slope (apparent exhumation rate) of the
age-elevation plot is multiplied by (1 − a) to yield a “true
exhumation rate.” If themeasured slope is*150 m/Myr, then
the exhumation rate is 150 � (1 − 0.1) = *135 m/Myr. The
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Fig. 9.5 Age-elevation scenarios, summarised from Stüwe et al.
(1994), Mancktelow and Grasemann (1997), and Braun (2002). a The
simple age-elevation model where ages are plotted against elevation.
Implicit assumptions are that the thermal reference frame is
horizontal, that ages reflect closure through a certain Tc, and that
the particle path is vertical. The slope of the line is the “apparent
exhumation rate.” b The effects of topography on the subsurface
isotherms. The depth to Tc isotherms is deeper under ridges than
under valleys. As samples are not collected vertically, the plotted 1D
age-elevation apparent exhumation rate will be an overestimate of the
“real” exhumation rate. The topographic effect is more pronounced

for low-temperature techniques than high temperature methods due to
the greater deflection of the isotherms at shallow levels. c The effects
of topography on the subsurface isotherms where exhumation is
rapid, and isotherms are advected toward Earth’s surface and
compressed. The plotted 1D age-elevation apparent exhumation rate
is an overestimate. d If surface topography changes dramatically over
time, this will lead to an overestimation of the “true exhumation
rate,” plus in cases where Z1 < Z2 < Z3, an inverse age-elevation
relationship may also be recorded. e Vertical sampling profiles ideally
should be collected from short-wavelength topography over the
minimal horizontal distance
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correction is greater for lower temperature techniques. Note
however that the significance of being able to distinguish
between a *150 m/Myr apparent exhumation rate and a
*135 m/Myr exhumation rate, given the precision of indi-
vidual ages and uncertainties on the age-elevation slope may
be debatable. However, should there be age-elevation data
from different techniques and with differing slopes; correcting
these using this method may resolve the difference, with cor-
rected slopes being similar.

The dimensionless Peclet number (Pe) can be used to
quantitatively establish whether advection is the dominant
form of heat transport (which will modify the age-elevation
relationship) as compared to conduction (Batt and Braun
1997; Braun et al. 2006):

Pe ¼ _EL=j ð9:2Þ

where Ė = exhumation rate (km/Myr), L = thickness of the
layer being exhumed (km), j = thermal diffusivity of crustal
rocks (km2/Myr). If Pe is much greater than 1, advection
dominates, but if it is much less than 1, conduction will
dominate.

There is a general rule to evaluating whether advection
has played a role in the modification of the age-elevation
slope. Not including the effects of topography, but if the
slope of an age-elevation profile is less than *300 m/Myr
(Parrish 1985; Brown and Summerfield 1997; Gleadow and
Brown 2000), then advection is likely not a factor (also see
Reiners and Brandon 2006, their Fig. 3).

In the situation where surface topography has evolved
with time (Fig. 9.5d), where there has been a change of
relief, the slope of the age-elevation profile will still over-
estimate the exhumation rate (Braun 2002). In extreme cases
where Z1 < Z2 < Z3, the slope of the age-elevation profile,
collected over long-wavelength topography, may be inver-
ted, and younger ages are found at higher elevations and
older ages are found at lower elevations, even in the case
where there is no observed fault offsets between samples.
Note that in the same region, if a vertical sampling profile
was collected from a cliff (representing short-wavelength
topography), the slope of the age-elevation profile would be
positive and the slope would represent an apparent mean
exhumation rate (Braun 2002). Thus, collecting samples
across topography with different wavelengths has the
potential to yield different age-elevation relationships that
may be interpreted quite differently, but yet have formed
under similar conditions (Fig. 9.5e).

Development of sampling strategies and understanding
various factors that affect the age-elevation relationship are
critical for data interpretation. To augment geologic inter-
pretations of thermochronologic data, quantitative modeling

methods utilizing the heat transport equation can be used to
constrain the rate of landscape evolution, that is, the shape
of the surface topography and the rate at which it evolves
(Braun 2002). Application of such methods usually
requires sampling across different wavelengths on a
regional scale. Quantitative modeling methods, such as the
finite element code PeCube (Braun 2003) are powerful
techniques, not only for interpreting existing data sets, but
also for exploring the effects that exhumation (at different
rates) and changing relief (constant, increasing, decreasing)
have on the age-elevation relationship (e.g., Valla et al.
2010).

In the above discussion (and in Fig. 9.5), the assumption
is that samples are exhumed vertically, and it is the rate of
exhumation, the shape (and evolution) of topography, and
the advection of isotherms that are the significant influences
on the age-elevation relationship. However, samples are not
always exhumed vertically, especially in areas of conver-
gence where thrusting may play a role (e.g., ter Voorde et al.
2004; Lock and Willett 2008; Huntington et al. 2007; Met-
calf et al. 2009). Notably, thrusting does not exhume rocks.
It is erosion following the formation of topography during
thrusting that exhumes and cools the rocks. Therefore,
exhumation paths may have a significant lateral component.
In this situation, the rock has a longer pathway to the sur-
face, and this will affect the estimate of the exhumation rate.
Huntington et al. (2007) explored this effect using a 3D finite
element model, with topography modeled on the Himalaya.
They also found that the shape of the isotherms as con-
strained by the shape of the orogen is important. Orogens are
usually curvilinear in map view, with orogen perpendicular
isotherms bent more than isotherms in a plane parallel to the
orogen. With respect to vertical exhumation, the slope of the
age-elevation profile from samples collected from gentle
topographic slopes in the plane perpendicular to the orogen
will overestimate considerably the “true” exhumation rate,
dependent on rate of exhumation, topographic slope, and
thermochronologic method used. For methods with lower Tc
such as the AHe method, the apparent slope of the
age-elevation profile can be much greater than the true
exhumation rate. The discrepancy between the true modeled
rate and the apparent slope is minimised when samples are
collected from steeper topographic slopes and from
age-elevation profiles oriented parallel to the trend of the
mountain belt.

Different terminology may be used when samples are
collected over considerable relief. “Vertical profile,”
“age-elevation profile,” or “age-elevation relationships”
(AER) are common. However, unless from a drill hole,
samples collected over significant relief are never vertical,
no matter how steep the side of a mountain may seem when
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sampled. Many factors, as discussed above, affect the slope
and interpretation of an age-elevation profile, and it is
important to design a sampling strategy appropriate to the
questions being addressed. Some studies, for example, col-
lect samples over a wide region, but may also plot ages
versus elevation, to take advantage of the AER. In this case,
care must be taken in data interpretation because samples do
not likely fit the ideal age-elevation sampling criteria. The
criteria can be summarised as: samples should be collected
over significant relief, over a short horizontal distance, in
short-wavelength topography and have, if possible, the
profile oriented parallel to the trend of the mountains and not
cross any known (or unknown) faults. In general, samples
collected from young and active orogens (e.g., Himalaya—
van der Beek et al. 2009) will yield young ages, heat
advection must be taken into consideration as isotherms will
be compressed, ages from thermochronologic methods with
different Tc may be concordant, and an exhumed PAZ may
only be preserved in the highest elevations dependent on the
level of erosion. In this situation, the slope of the
age-elevation profile is likely to greatly overestimate the true
exhumation rate.

9.4 Examples of Exhumed PAZs and PRZs

In this section, we briefly introduce three examples where
exhumed PAZs, and in some cases exhumed PRZs, are well
exposed in age-elevation profiles. Each example offers data
interpretation subtleties. The presentation of the data and the
interpretations are based largely on the papers where these
examples were first presented, but in some cases, there is
more known about the geology or there is new ther-
mochronologic information. Where appropriate, we briefly
discuss the integration of new data while keeping within the
objectives of the chapter.

9.4.1 Denali Profile (“Classic” Vertical Profile)

Denali, the highest mountain (6194 m) in the central Alaska
Range and in North America, lies on the southern (concave)
side of the McKinley restraining bend of the continental-scale
right-lateral Denali fault system (Fig. 9.6a, b). Pacific–North
American plate boundary forces in southern Alaska transfer
stress inland causing slip along the Denali Fault (e.g., Plafker
et al. 1992; Haeussler 2008; Jadamec et al. 2013). Stress is
partitioned into fault-parallel and fault-normal components,
with thrusting creating topography mainly at the restraining
bends, to form the high mountains of the Alaska Range.
Contrasting rheological properties of juxtaposed tectonos-
tratigraphic terranes and suture zones formed during Meso-
zoic terrane accretion also play a role in the location of the
highest topography and greatest exhumation (Fitzgerald et al.
2014). The Denali massif is largely defined by a granitic
pluton, intruded at *60 Ma into country rock comprised
largely of fine-grained Jurassic–Cretaceous metasediments
(e.g., Reed and Nelson 1977; Dusel-Bacon 1994). The
summit and upper *100 m of the mountain form a
roof-pendant of these metasediments. The topography of the
central Alaska Range is to a large extent defined by the
erodibility of metasediments relative to the more resistant
granitic plutons, as well as the relationship of the Denali Fault
and the location of thrust faults (e.g., Fitzgerald et al. 1995,
2014; Haeussler 2008; Ward et al. 2012).

On the steep western flank of Denali, a vertical sampling
profile covering*4 km of relief was collected from near the
summit to the base of Mt Francis (Fig. 9.6a, c). As discussed
above, sampling profiles are rarely vertical and even in such
a steep and topographically impressive massif as Denali, the
average slope along the sampling profile, between the
summit and the base of Fission Ridge at 2500 m, is *24°.
Approximately 45 samples were collected in this profile. An
initial reconnaissance suite of 15 samples produced a

cFig. 9.6 a Photograph of the southwestern flank of the Denali massif
with sample locations (hollow dot means the sample is on the other
side of the ridge) and AFT ages. Photograph by Paul Fitzgerald.
b Tectonic sketch map of southern Alaska. YmP = Yakutat microplate.
Modified from Haeussler (2008). c AFT age (±2r) versus elevation
profile collected from the western flank of Denali. Representative
CTLDs are shown with sample numbers, mean length (e.g., 13.8 µm)
and standard deviation (e.g., 2.2 µm). The red asterisk marks the base
of an exhumed PAZ and indicates the onset of rapid exhumation.
CTLDs below the break in slope have long means (>14 µm) indicative
of rapid cooling. In contrast, those above the break typically have
shorter means, larger standard deviations, and more complex his-
tograms often being bimodal, indicative of residence within the PAZ
prior to rapid cooling (modified from Fitzgerald et al. 1993, 1995).
d HeFTy inverse thermal models of select Denali samples. Good-fit
paths lie within the magenta envelope and acceptable fit lie within the
green envelope (see Ketcham 2005 for definitions). Modeling
constraints are loose (a higher temperature T–t box and an ending
low-temperature box) but c-axis projections for length measurements
were not used on these original data from Fitzgerald et al. (1993,

1995), and an average Dpar per sample (not per grain counted or each
length measured) was applied. Yellow dots indicate the AFT age.
Rapid cooling for higher elevation samples starts *1 Myr before the
onset of rapid cooling/exhumation for those samples closer to the
*6 Ma break in slope. e Diagram modified from Fitzgerald et al.
(1995) showing the schematic late Miocene (prior to significant uplift)
and present-day rock columns. By using geomorphic and sedimento-
logical constraints, the late Miocene paleo-mean surface elevation
(*0.2 km) was estimated, which allows the amount of surface uplift to
be calculated as *2.8 km (the present-day mean surface elevation is
*3 km). The depth to the base of the paleo-PAZ was estimated as
*4 km (using a pre-uplift paleogeothermal gradient of *25 °C/km)
—and hence, as the base of the exhumed PAZ is now at *4.5,
*8.5 km of rock uplift has occurred since the late Miocene. The
amount of exhumation was estimated using Eq. 9.1 which yields
*5.7 km (2.8 = 8.5–5.7 km). Exhumation using the method of Brown
(1991) yields *5.75 km. Geological constraints and uncertainties on
all of these figures are discussed in Fitzgerald et al. (1995). The summit
of Denali was estimated to be 2.1–3 km below the surface in the late
Miocene prior to the onset of significant uplift
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well-defined age-elevation profile (Fig. 9.6c), and the
remaining samples were not processed. The uppermost
sample, collected at the top of the Cassin Ridge, very close
to the top of the pluton near the lithologic boundary with the
metasediments, did not yield apatites, most likely because it
was near the very edge of the pluton.

AFT ages decrease from *16 Ma near the summit of
Denali (*6 km elevation) to *4 Ma at *2 km elevation
(Fig. 9.6c). A distinctive break in slope at *6 Ma occurs at
an elevation of*4.5 km. Below this break in slope, for ages
<6 Ma, CTLDs have means >14 µm and small standard
deviations reflecting rapid cooling, although a few shorter
tracks are present. Above this break in slope, samples with
ages >6 Ma have CTLDs with means of � 13.5 µm and
larger standard deviations. These broader distributions,
bimodal in cases, reflect shortening of older tracks while
resident within a PAZ, in addition to the tracks formed after
*6 Ma that are long and reflect rapid cooling. Fitzgerald
et al. (1993, 1995) interpreted this break in slope as the base
of an exhumed AFT PAZ, in effect representing the paleo
*110 °C isotherm, and reflecting the transition from a time
of relative thermal and tectonic stability to a time of rapid
cooling, due to rapid denudation as a result of rapid rock
uplift and formation of the central Alaska Range beginning
*6 Ma (see discussion below).

Inverse thermal models undertaken using HeFTy (Ketc-
ham 2005) are presented in Fig. 9.6d. These models confirm
the qualitative interpretation above—long-term residence
associated with slow cooling through the PAZ with rapid
cooling beginning *6 Ma. The modeled rate of cooling for
the older samples above the break in slope at *6 Ma is 2–
3 °C/Myr, much slower than the modeled cooling rates for
samples below the break, which are up to *50 °C/Myr.
Samples below the break in slope will not necessarily indi-
cate rapid cooling began at *6 Ma, for the very reason that
these samples lie below the break in slope and hence started
to cool after*6 Ma. The good-fit T–t envelopes for samples
above the break suggest rapid cooling may have started
closer to *7 Ma or even *8 Ma for the uppermost sample.

The elevation of the break in slope, in conjunction with a
paleogeothermal gradient of *25 °C/km—estimated for the
time of relative thermal and tectonic stability prior to the onset
of rapid exhumation—was used to constrain the amount of
exhumation at Denali since the late Miocene to *5.7 km.
Gallagher et al. (2005) in their modeling study (see below)
estimated the paleogeothermal gradient at Denali in the late
Miocene as 24.7 °C/km. Fitzgerald et al. (1995) used geo-
morphic and sedimentological information to constrain the
mean land-surface elevation in the late Miocene to*0.2 km.
This allowed the late Miocene to recent amount and average
rates of the following to be constrained at Denali (Fig. 9.6e):
rock uplift (*8.5 km with an average rate of*1.4 km/Myr),
exhumation (*5.7 km with an average rate of*1 km/Myr),

and surface uplift (*2.8 km with an average rate of
*0.5 km/Myr). The summit of Denali was approximately
2.1–3 km below the surface prior to late Miocene rapid
exhumation, estimated by subtracting the difference between
the elevation of the break in slope (4.5 km) and the summit
elevation (6.2 km) from the depth below the surface of the
base of the PAZ in the Miocene (3.8–4.7 km). A “horizontal”
sampling transect collected near-perpendicular to the Denali
Fault and across the central Alaska Range yielded progres-
sively older AFT ages up to*37 Ma (Fitzgerald et al. 1995).
With that trend, assuming that the slope of the age-elevation
plot for samples >6 Ma maintained the same gentle slope for
these older samples, the amount of rock uplift, exhumation,
and surface uplift decreased to values of*3,*2, and*1 km
on the southern side of the range.

The slope of the profile (*160 m/Myr) above the break
at *6 Ma represents an exhumed PAZ and as such does not
represent an apparent exhumation rate. However, this slope
was regarded by Fitzgerald et al. (1995) as being slightly too
steep to represent a completely stable thermal and tectonic
situation, and they interpreted this part of the profile as
cooling at <3 °C/Myr. The apparent slope of the profile for
samples younger than *6 Ma (<4.5 km elevation) is
*1.5 km/Myr, steep enough that heat advection is likely
significant. To confirm this, a Peclet number can be esti-
mated (see Sect. 9.3.3). We use a layer thickness of
*35 km, which represents crustal thickness south of the
central Alaska Range, rather than the crustal thickness under
the range which is *35–45 km (e.g., Veenstra et al. 2006;
Brennan et al. 2011). This plus a thermal diffusivity of
25 km2/Myr and an exhumation rate of*1 km/Myr yields a
Peclet number of 1.4. Thus, the slope of the age-elevation
profile below the break overestimates the exhumation rate,
due to advection as well as topographic effects (see Fig. 9.5).

Gallagher et al. (2005) used the Denali data as a test case
when modeling multiple samples in vertical profiles to
constrain the maximum likelihood thermal history. They
used a Markov chain Monte Carlo (MCMC) approach with a
Bayesian test criteria to test for over-parameterisation and
complexity to the thermal history. The results of that mod-
eling confirmed the interpretation of age and track length
data, i.e., slow cooling followed by an inferred increase in
cooling rate between 7 and 5 Ma. When modeled individ-
ually, the higher elevation samples tended to imply the onset
of rapid cooling were slightly earlier, as was the case for the
HeFTy models presented in Fig. 9.6d.

The Denali AFT age-elevation profile has stood the test of
time well. The simple interpretation of an exhumed PAZ
representing a relatively stable thermal and tectonic setting
prior to the onset of rapid cooling due to rock uplift and
exhumation beginning in the late Miocene (*6 Ma) remains
essentially unchanged. However, more thermochronological
data from other parts of the Alaska Range along the Denali
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Fault reveal episodic cooling, with strong episodes beginning
at *25 and *6 Ma, and slightly less predictable and often
weaker episodes in the middle Miocene (*15 to *10 Ma)
(e.g., Haeussler et al. 2008; Benowitz et al. 2011, 2014; Perry
2013; Riccio et al. 2014; Fitzgerald et al. 2014). These epi-
sodic cooling events are inferred to result from the effects of
plate boundary processes at the southern Alaska margin.
These include collision of the Yakutat microplate, shallowing
of the Yakutat slab that results in stronger coupling with the
overriding North America plate, and changing relative plate
motion between the Pacific and North American plates.
In addition, in places Cretaceous cooling is revealed in
low-temperature thermochronology data, possibly associated
with early development of the Denali Fault. There is a strong
*50 and 40 Ma thermal signal in the regional data set that
may be due to progressive east-to-west ridge subduction
along the southern Alaskan margin (e.g., Trop and Ridgway
2007; Benowitz et al. 2012a; Riccio et al. 2014). At Denali
itself, higher temperature thermochronological methods
(40Ar/39Ar multi-diffusion domain (MDD) modeling) reveal
an episode of more rapid cooling beginning *25 Ma and
perhaps a lower magnitude event starting*11 Ma (Benowitz
et al. 2012b). As regards the Denali AFT profile, only the
strong *6 Ma event is revealed in the age-elevation profile,
although the end of the *25 Ma event may be revealed at
*20 Ma in the HeFTy model for sample D-39 from 5956 m
(Fig. 9.6d). The possible *11 Ma event is not significant
enough to be revealed in the AFT age profile or within HeFTy
models. However, this episode may contribute to the esti-
mated pre-late Miocene cooling rate of 2–3 °C/Myr.

As new thermochronologic data are obtained from the
Denali massif and the Alaska Range, more details about the
temporal and spatial patterns of cooling and exhumation will
be revealed. There are outstanding questions relating to the
influence of various tectonic events, the stability of the
McKinley restraining bend (Buckett et al. 2016) as well as
the relative roles of terrane rheology and pre-existing
structures versus fault geometry and partition of strain
along the Denali Fault. The Denali AFT age-elevation pro-
file provides a firm foundation for such studies.

9.4.2 Transantarctic Mountains: First
Well-Defined Example of an
Exhumed PAZ

The Transantarctic Mountains (TAM), stretching
*3000 km across Antarctica, are the world’s longest
non-contractional continental mountain range. The TAM
formed along a fundamental lithospheric boundary between
East and West Antarctica (e.g., Dalziel 1992). In the Ross
Sea sector of Antarctica, the West Antarctic rift system lies
on one side and cratonic East Antarctica on the other
(Fig. 9.7a). The TAM reach elevations as high as
*4500 m and are typically 100–200 km wide. They can be
envisaged as a number of asymmetric fault blocks dipping
beneath the East Antarctic Ice Sheet, separated by trans-
verse structures including transfer faults or accommodation
zones. Outlet glaciers, typically large and draining the
East Antarctic Ice Sheet, usually occupy these transverse
structures.

The Dry Valleys region of southern Victoria (Fig. 9.7b) is
permanently ice-free, exposing km-scale crustal sections in
the valley walls. The TAM are faulted along their boundary
with the West Antarctic rift system, where faults step-down
*2–5 km across the TAM Front (e.g., Barrett 1979;
Fitzgerald 1992, 2002; Miller et al. 2010). Overall, the
geology of the TAM appears relatively simple. This is
because of the shallow inland-dipping nature of the range
defined by Devonian-Triassic Beacon Supergroup strata and
thick dolerite sills and basaltic volcanics of the Ferrar
Dolerite and Kirkpatrick Basalt (the Ferrar large igneous
province) intruded and extruded at *180 Ma (e.g., Hei-
mann et al. 1994). Unconformably, beneath these sedimen-
tary and magmatic rocks are upper Proterozoic–Cambrian
metamorphic rocks and Cambrian-Ordovician granites of the
Granite Harbour Intrusives (e.g., Goodge 2007).

The TAM AFT data was instrumental in establishing the
concept of an exhumed PAZ, notably the AFT age—eleva-
tion profile from Mt. Doorly in the Dry Valleys region
(Fig. 9.7b, c) (Gleadow and Fitzgerald 1987). A *800 m
profile yielded AFT ages from *83 to *43 Ma. There is a

cFig. 9.7 a, b Map of Antarctica and part of the Dry Valleys area of
southern Victoria Land indicating ice-free areas and faults (thin black
lines), as well as location of the three vertical sampling profiles from
this region. TAM = Transantarctic Mountains (black), WARS = West
Antarctic rift system, SVL = southern Victoria Land, SHACK =
Shackleton Glacier, WANT = West Antarctica, EANT = East Antarc-
tica. c–e AFT age (±2r) versus elevation plots for Mt. Doorly, Mt.
England and Mt. Barnes. The red asterisks mark the location of the
break in slope indicative of the base of an exhumed PAZ and the onset
of rapid cooling/exhumation. CTLDs are normalized to 100. f Cross
section (x–x′—position shown in b) along the Mt. Doorly ridge
(modified from Fitzgerald 1992) showing offset dolerite sills and
idealized *100 Ma AFT isochron delineating the structure across this

part of the TAM Front. g–h AFT age (±2r) versus elevation plot for
Mt. Munson in the Shackleton Glacier region, showing the onset of
rapid cooling/exhumation at *32 Ma and the offset of AFT ages due
to faulting across the TAM Front. HeFTy inverse thermal models
shown for selected samples from above the break in slope at Mt.
Munson. Yellow dots = AFT ages. Models just above the break clearly
show the onset of rapid cooling at *32 Ma but this signal is lost only
*300 m above the break because the proportion of longer (rapidly
cooled) to shorter (tracks residence for long periods of time in the PAZ)
changes and hence for these higher elevation samples, the modeling
simply indicates slow cooling since the AFT age of the sample. Figures
are summarized from Gleadow and Fitzgerald (1987), Fitzgerald
(1992, 2002) and Miller et al. (2010)
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pronounced break in slope at an elevation of *800 m,
corresponding to an AFT age of *50 Ma (Fig. 9.7c).
CTLDs above the break in slope have the now-familiar
shorter means (*13 µm) with broader distributions reflected
in larger standard deviations near *2 µm, with distributions
often being bimodal. Below the break in slope, CTLDs have
means >14 µm with narrow distributions reflected in their
standard deviations, although there are once again still a few
short tracks. Gleadow and Fitzgerald (1987) interpreted the
break in slope as the base of a “fossil PAZ” that had been
uplifted and preserved at higher elevations in the TAM, with
uplift starting from *50 Ma. Samples above the break
resided in the PAZ prior to *50 Ma, whereas samples
below the break had an essentially zero age prior to the onset
of uplift.

The Mt. Doorly age-elevation profile conclusively
established the concept of an exhumed PAZ. This was due to
a number of reasons:

• Gleadow and Fitzgerald (1987) renamed the “partial
stability zone” as the PAZ, to denote what this pattern of
ages and CTLDs represented, especially when compared
to drill hole data where age and length patterns were
similar (e.g., Naeser 1981; Gleadow and Duddy 1981;
Gleadow et al. 1983).

• The rate of exhumation in the TAM is very slow, and the
valley walls are glacially sculpted and therefore steep, so
a vertical profile over only *800 m relief yielded a
well-defined example of an exhumed PAZ.

• The Mt. Doorly profile had a greater concentration of
samples (collected every *100 m of elevation), and this
study was just underway when CTLDs were just starting
to be routinely measured. So, while the variation of age
with elevation is important and inflection points had been
identified as paleoisotherms representing the base of a
PAZ (Naeser 1976), age variation in conjunction with
CTLDs made the interpretation of this age-elevation data
more conclusive.

• The TAM study was in progress as the first thermal
modeling programs—initially forward modeling, fol-
lowed by inverse thermal modeling—were being devel-
oped. This allowed forward models to replicate the
age-elevation trends and also the CTLDs. Interestingly,
the interpretation of these data sets in the first papers was
so obvious that these models were not presented, although
various models started to be published in the early 1990s
(e.g., Fitzgerald and Gleadow 1990; Fitzgerald 1992).

An important factor concerning interpretation and
understanding of AFT data in the Dry Valleys region is the
remarkable layer cake stratigraphy. Basement rocks are
unconformably overlain by 2–3 km of sediments, both of
which were then intruded in the Jurassic by thick (up to

300 m) sills and capped by basaltic lavas. Jurassic magma-
tism raised the geothermal gradient and completely reset
fission-tracks during that time period for the Dry Valleys
(Gleadow et al. 1984). However, some samples well inland
in other parts of the TAM have been partially or not ther-
mally reset by this Jurassic magmatism (e.g., Fitzgerald
1994; see also Chap. 13, Baldwin et al. 2018).

The level of erosion along the TAM Front is such that AFT
has proven to be the best method to record the exhumation
history of the TAM. The simple fault-block structure of the
range usually means that the AFT results are predictable and
reproducible. We demonstrate this by including two other
vertical profiles from the Dry Valleys region. TheMt England
(Fitzgerald 1992) and Mt. Barnes (Fitzgerald 2002)
age-elevation profiles (Fig. 9.7d, e) are remarkably similar in
form and age range with Mt. Doorly. All three profiles have
similar CTLDs above and below the break in slope, with
similar timing of the break in slope at 50–55 Ma, and with the
same interpretation. The amount of exhumation and the
average rates can be calculated using a variety of approaches:
the depth to Tc from measured present-day geothermal gra-
dients or assuming a typical “stable continental” paleo-
geothermal gradient, reconstruction of the stratigraphy above
the break in slope, the AFT “stratigraphy” approach of Brown
(1991) and the slope of the age-elevation profile below the
break. The amount of exhumation since the early Cenozoic is
on the order of *4.5 km near the edge of the TAM Front, at
an average rate of *100 m/Myr.

The gentle slope of the age-elevation profile above the
break, largely a relict of the shape of the PAZ formed prior
to *50 Ma defining the AFT stratigraphy (see Sect. 9.3.2,
also Chap. 10, Malusà and Fitzgerald 2018b; Chap. 11,
Foster 2018; Chap. 13, Baldwin et al. 2018), can be used to
constrain the location and offset of faults. This concept, well
established now, but in its infancy then, was tested along the
Mt. Doorly ridge (Fig. 9.7f) where offset dolerite sills are
clearly visible and easily mapped, with vertical offsets well
constrained (Gleadow and Fitzgerald 1987; Fitzgerald
1992). The slope of the upper part of the Doorly profile, the
exhumed PAZ, is only *15 m/Myr so the variation of AFT
age is significant for small elevation changes, well-suited to
detect fault offsets. Reconstruction of the *100 Ma
isochron, across mapped and unmapped faults, provides
offset estimates on the displacements down to *200 m,
taking into account uncertainties on AFT ages and variable
dip of the faulted sill segments (Fig. 9.7f).

Other age-elevation profiles throughout the Dry Valleys
also reveal exhumed PAZs. These profiles may have either
only the gentle upper slope or the steeper lower part,
dependent on their location across the TAM. Samples col-
lected in isolation usually have ages and CTLDs that allows
them to be placed in the context of the exhumed PAZ profile
revealed in these three examples. However, the age pattern
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does become more complicated inland from the TAM Front
because of earlier episodes of exhumation preserved in the
AFT data set. Such patterns are revealed in profiles along the
Ferrar Glacier west of Mt Barnes (Fitzgerald et al. 2006) and
in other places along the TAM (see summary by Fitzgerald
2002 and also in Chap. 13, Baldwin et al. 2018). In some
locations such as the Scott Glacier, there are multiple
exhumed PAZs revealed in profiles across the mountains,
which record episodic exhumation beginning in the Early
Cretaceous, Late Cretaceous, and Early Cenozoic (Stump
and Fitzgerald 1992; Fitzgerald and Stump 1997). Obvi-
ously, many factors including faulting, the orientation of the
sampling profile with respect to structures, the steepness of
the profile versus topographic effects and the possible vari-
able effect of annealing during Jurassic magmatism may
obfuscate the record.

We include in this section one more example of an
exhumed PAZ from Mt. Munson (Fig. 9.7g), in the Shack-
leton Glacier region (Miller et al. 2010). This profile was
collected starting just under the unconformity between the
basement granites and the overlying Beacon Supergroup
(see Chap. 13, Baldwin et al. 2018), and then down a ridge
oriented across the grain of the orogen. Several small saddles
along that ridge contain crush zones marking the locations of
probable brittle faults. The age-elevation relationship reveals
the classic form of an exhumed PAZ with CTLDs as dis-
cussed above, and a break in slope at*32 Ma. This break in
slope is younger than those in the Dry Valleys, for two
reasons (Fitzgerald 2002). The onset of rapid cooling
marked by the break in slope becomes younger along the
TAM, in a general southerly direction, from *55 to
*40 Ma. Also, observed in several locations along the
TAM, there is a coast-to-inland younging trend as a result of
escarpment retreat (cf., Chap. 20, Wildman et al. 2018).
Near the coast, the onset of rapid cooling is *40 Ma,
decreasing to *32 Ma at Mt. Munson about 50 km inland.
Faulting (downthrown toward the coast) is evident in the Mt.
Munson age-elevation plot—as revealed by three samples
with older AFT ages at lower elevations (<1500 m). These

lower-elevation older samples have ages and CTLDs similar
to those found at elevations above the break in slope
(>2000 m), where ages are >32 Ma.

HeFTy inverse thermal models of the Mt. Munson profile
(Fig. 9.7g) confirm the interpretation of an exhumed PAZ.
But the main reason to present these is to show that in the
models, the transition from long-term residence within the
AFT PAZ (which could also be termed as slow cooling
through the PAZ) prior to the onset of rapid cooling is only
seen in samples lying just above the break in slope (e.g.,
SG-132). In samples only *300 m above the break (e.g.,
SG-130), the rapid cooling signal is not observed, but rather
the models show monotonic cooling at an averaged rate. The
lack of an observed rapid cooling signal beginning *32 Ma
in these higher elevation/older samples results from the
changing proportions of confined tracks in the distributions.
In samples just above the break in slope, there is a much
greater proportion of long tracks formed after *32 Ma, in
comparison to tracks shortened while resident in the PAZ, so
the model is able to constrain the onset of rapid cooling. In
contrast, for samples *300 m higher in elevation above the
break, AFT ages are already *60 Ma. In these samples,
there is in essence a 50/50 split between tracks that under-
went annealing for *30 Myr in the PAZ and those that
record rapid cooling beginning*32 Ma, and modeling does
not reveal the episodic cooling.

9.4.3 Gold Butte Block: Multiple Exhumed
PAZs/PRZs

The Gold Butte Block (GBB) in southeastern Nevada lies
within the eastern Lake Mead extensional domain, a zone of
extension west of the Grand Canyon, Colorado Plateau, and
east of the main part of the extended Basin and Range pro-
vince (Fig. 9.8a–c). Bounding the west side of the GBB is the
Lakeside Mine Fault, which forms the northern part of the
*60 km long north–south striking South Virgin–White Hills
detachment fault (e.g., Duebendorfer and Sharp 1998).

cFig. 9.8 a Location map for the Gold Butte Block (GBB) in south-
eastern Nevada. b–c Pre-extension (*20 Ma) restored cross section of
the GBB and present-day cross section showing two models for the
pre-extension geometry of the Lakeside Mine detachment fault. Model 1
is after Wernicke and Axen (1988) and Fryxell et al. (1992), and model 2
is from Karlstrom et al. (2010). Figure modified from Karlstrom et al.
(2010), their Fig. 2. The *110 °C paleoisotherm is based on the
restored location for the base of the restoredAFT PAZ, and the*200 °C
isotherm (in b, c and e) is based on K-feldspar MDD model results as
outlined in Karlstrom et al. (2010). d AFT data plotted versus depth
below the non-conformity between basement rocks and the Cambrian
Tapeats Sandstone for models 1 and 2 of the pre-extension location of the
Lakeside Mine detachment fault. This figure is modified from Fitzgerald
et al. (2009), but with paleodepths (for model 1 which was used in their
2009 paper) slightly recalculated according to Karlstrom et al. (2010),

their Fig. 2, and paleodepths for model 2 from that same figure. The
age-paleodepth relationship clearly shows an exhumed PAZ, with
characteristic CTLDs above and below the break in slope which marks
the onset of rapid cooling due to tectonic exhumation as a result of
extension beginning *17 Ma. e Age for different thermochronometers
(AFT, ZFT, apatite, zircon and titanite (U–Th)/He—see text for
references) plotted against paleodepths for model 1 and model 2.
Uncertainties on ages are not included—to retain clarity for this figure.
All methods, within error, constrain approximately the same age for the
location of the base of the exhumed PAZs and PRZs, indicative of the
onset of rapid cooling at *17 Ma. Paleodepths were slightly recalcu-
lated as described for (d). Paleogeothermal gradients are listed for each of
the models, but only for the surface to the base of each PAZ/PRZ.
Paleodepth estimation is fundamental to these paleogeothermal esti-
mates, as discussed in the text
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The GBB has been described as a tilted crustal section
exposing *17 km of crust (Wernicke and Axen 1988;
Fryxell et al. 1992; Brady et al. 2000) and as such has pro-
vided an ideal crustal section to which an almost complete
suite of thermochronologic methods have been applied. The
results from the various thermochronologic methods agree
remarkably well, but there are some complications related to
the determination of the paleodepth of samples. Estimates of
the pre-extension paleogeothermal gradient are therefore also
complicated, which we will also discuss briefly below.

One of the reasons the GBB is of such interest is because
it was a key location for understanding the extensional
structure of the crust (e.g., Wernicke and Axen 1988).
During extension, the footwall of normal faults underwent
isostatic uplift, the degree of which is important for evalu-
ating contrasting models for the dip of normal faults during
extension. The GBB was thought to represent an intact tilted
crustal section with its western end exposing largely
Proterozoic basement (paragneiss, orthogneiss, amphibolite,
and various granitoids) from middle crustal levels. On its
eastern side, the *50° easterly dipping Cambrian Tapeats
Sandstone, the basal unit of the famous Grand Canyon
stratigraphic section, unconformably overlies basement
rocks. However, more recent structural reconstructions
(Karlstrom et al. 2010) indicate that this titled crustal block
model may be too simple. Their new model incorporates slip
on initially subhorizontal detachment faults, such that the
initial depths of the deepest footwall rocks under the Lake-
side Mine Detachment are much shallower. Compared to the
previous estimate of *17 km depth for the tilted crustal
block model (shown as model 1 in Fig. 9.8), Karlstrom et al.
(2010) proposed the pre-extension detachment extended to
depths of *10 km (model 2). We plot in Fig. 9.8b the
paleodepth of all samples, for model 1 (steeper initial dip of
the detachment fault) and model 2 (shallower initial dip)
according to the *20 Ma pre-extension structural recon-
struction shown in Fig. 2 of Karlstrom et al. (2010).

AFT was the first thermochronologic method applied
across the GBB. Samples were collected in basement rocks
starting just below the unconformity and then west across
the GBB and projected onto a line approximately parallel to
the extension direction (Fitzgerald et al. 1991, 2009). The
variation of AFT ages and CTLDs plotted versus paleodepth
(Fig. 9.8d) reveals the classic form of an exhumed PAZ. The
break in slope, middle Miocene in age (*15–17 Ma) occurs
*1.4 km below the unconformity indicating the onset of
rapid cooling due to tectonic exhumation accompanying
extension. Samples above the break were resident within or
cooled slowly through the AFT PAZ. Thus, mean lengths are
shorter (*11–13 µm), distributions tend toward bimodality,
and standard deviations are larger (*2 µm or greater). In
contrast, CTLDs below the break have longer means
(>14 µm), unimodal distributions with smaller standard

deviations (*1 µm) indicative of rapid cooling. Reiners
et al. (2000) subsequently applied AHe dating across the
GBB. No break in slope in the AHe ages was observed in
samples collected from the basement (Fig. 9.8e), but a break
would likely be expected within the overlying sedimentary
strata. Reiners et al. (2000, 2002) did however observe
inflection points in the zircon and titanite (U–Th)/He ages,
interpreted as the base of exhumed PRZs. Reiners et al.
(2000, 2002) used the reconstructed paleogeothermal gra-
dient (*20 °C/km) to constrain the Tc of these two systems,
as did Bernet (2009) for zircon FT (ZFT) dating. The ZFT
age-paleodepth pattern represented an exhumed zircon PAZ,
with samples cooling slowly before rapid cooling began in
the Miocene. Bernet (2009) also combined all the existing
thermochronology data, noting a common breakpoint at
*17 Ma, possibly slightly earlier (*20 Ma) for the higher
temperature methods, although this is probably statistically
indistinguishable. Geologic studies in the region indicate
that extension lasted from *17 to *14 Ma (Beard 1996;
Brady et al. 2000; Lamb et al. 2010; Umhoefer et al. 2010).
The thermochronologic constraints on the onset of extension
agree well with the geologic studies, notably the sedimentary
record in localised fault-bounded basins with interbedded
ash layers, which offer a finer fidelity in terms of the timing
of extension and tilting of strata.

Many of the thermochronologic studies described briefly
for the GBB used the relationship of ages with paleodepth to
constrain either: (i) the paleogeothermal gradient, using a
Miocene mean-annual temperature of 10 °C, or (ii) the tem-
perature of the base of a particular PAZ or PRZ, based on the
estimate of paleogeothermal gradient and paleodepth of the
break in slope. Thus, the location of a particular sample across
the block and its paleodepth, depending on which structural
model is used, is important. Outcrop exposures of the upper
eastern end of the tilted section are quite complex, being offset
in an en-echelon fashion. Mapped faults in the sedimentary
section are also more easily identified than their possible
extension into the underlying basement rocks. The determi-
nation of the map distance from the non-conformity to the
sample and hence estimation of a pre-extension paleodepth
slightly varies for each of the studies mentioned above, as
explained by the authors in each case. Note that this middle
Miocene paleogeothermal gradient was prior to the onset of
extension and tectonic exhumation and erosion. During active
tectonism, there would have been advection and a dynamic
paleogeothermal gradient. In Fig. 9.8e, we plot the age (for the
variety of techniques discussed) versus depth of each sample
below the non-conformity. In essence, we have modified
Fig. 3c from Fitzgerald et al. (2009), but recalculated the
paleodepths according to Fig. 2 of Karlstrom et al. (2010).We
use*3 km for the thickness of the pre-extension sedimentary
section above the non-conformity. Model 1, with its steeper
initial dip, yields paleogeothermal gradients of 21–23 °C/km,
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from the surface to the base of the various PAZs/PRZs,
whereas model 2 with its shallower initial dip yields *26–
33 °C/km. There is a greater disparity between the twomodels
for the higher temperature methods, not only because of the
varying model 1 versus model 2 paleodepths, but because of
the greater uncertainty in sample location beneath the
non-conformity. The estimates further diverge if the estimated
*200 °C paleoisotherm constrained by MDD modeling of
K-feldspar 40Ar/39Ar data is used (Karlstrom et al. 2010).
The MDD data is complex but constrains a continuous tem-
perature–time path of each sample between *250 and
*175 °C.As discussed extensively inKarlstrom et al. (2010),
there is a discrepancy between the location of the *200 °C
isotherm constrained by these MDD modeling results and
some of the other methods. Overall however the general age
trends agree well. Some outlier older ages (i.e., those ages that
are greater than*20 Ma and which lie structurally below the
base of their respective PAZ/PRZs) across the GBB, such as a
*77 MaAFT age at thewestern (deeper) end (Fitzgerald et al.
1991) or some older ZFT ages to the west (Bernet 2009), plus
20–25 Ma zircon and titanite (U–Th)/He ages in the central
part of the GBB, attest to structural complexity and possible
incorporation of higher structural units within the fault zone
while extension was ongoing.

The density of thermochronologic data across the GBB
from a variety of different techniques, and we have not
mentioned additional muscovite, biotite and hornblende
40Ar/39Ar data (Reiners et al. 2000; Karlstrom et al. 2010),
or a more recent MDD K-feldspar study (Wong et al. 2014),
has proven to be a great benchmark for the comparison and
calibration of these different techniques. Notwithstanding the
complications noted above, the concept of exhumed partial
annealing and retention zones works well (Fig. 9.8e), nota-
bly as regards the timing for the onset of rapid cooling due to
tectonic exhumation (*17 Ma). Structural mapping plus
outlier ages indicate the GBB is not a simple east-titled
crustal block exposing mid-crustal level rocks on its western
side. In detail, the GBB is more structurally complex, as
reflected by varying estimates for the pre-extension paleo-
geothermal gradient which rely on structural models to
constrain the paleodepth estimates of samples.

9.5 Summary and Conclusions

The collection of samples over significant relief and plotting
age versus elevation to constrain the rates and timing of
“uplift” (actually “exhumation”) was among the earliest
applications of the then-fledging low-temperature ther-
mochronologic techniques, notably AFT dating (e.g., Wag-
ner and Reimer 1972; Naeser 1976). This approach remains
of fundamental importance in geologic and tectonic studies
today, because rocks cool as they are exhumed. Thus,

samples collected over significant relief will reveal age
variations, with ages generally increasing with increasing
elevation. The thermal reference frame for data interpretation
is dynamic and is modified by a number of factors:

• Surface topography modifies the shape of the isotherms
under ridges and valleys, such that the isotherms are
closer to the base of the valley than the top of the ridge.
As a result, the slope of the age-elevation profile col-
lected down the valley wall will overestimate the true
exhumation rate.

• During rapid exhumation, isotherms are advected toward
Earth’s surface, and as a result, the slope of an
age-elevation profile will overestimate the true exhuma-
tion rate.

• Changing relief will change the slope of an age-elevation
profile, such that the measured slope will overestimate
the true exhumation rate. When samples are collected
across an evolving long-wavelength topography, an
inverse age-elevation slope may sometimes be obtained.

The best sampling strategy to minimise these effects is to
collect samples over significant relief, on steep terrain, par-
allel to the structural grain of an orogen (where the curvature
of near-surface isotherms is less), and where faults are less
likely to be crossed. Also, it is advisable to collect samples
close enough together so that the form of a profile or vari-
ations in age versus elevation trends is clearly revealed, for
example, in the case of an exhumed PAZ or PRZ. An
important component of any study, both prior to sampling
and during the interpretation stage, is to be aware of the
factors that may change the slope of the profile and hence
influence interpretation of the data. Defining age-elevation
profiles as “vertical profiles” may signal an understanding of
these factors, and hence, the application of a sampling
strategy takes them into account. In some studies, describing
and interpreting an age-elevation relationship where an
appropriate sampling strategy was not employed have led to
suspect interpretations that are potentially incorrect.

A PAZ/PRZ forms during a time of relative thermal and
tectonic stability. The age-elevation slope within a PAZ/PRZ
is a function of the paleogeothermal gradient and the time over
which the PAZ/PRZ forms. It is not uncommon for the form of
a PAZ/PRZ to develop during periods of slow cooling as
samples move slowly through the PAZ/PRZ. Long-term res-
idence within, or slow cooling through a PAZ/PRZ, magnifies
the age variation between grains or samples, especially in case
of varying compositions for AFT thermochronology, and/or
zonation patterns or size differences between grains for apatite
and zircon (U–Th)/He dating.

If, following a period of relative stability that allows
development of a PAZ/PRZ in the rock record, there is an
episode of rapid cooling/exhumation, an exhumed PAZ/PRZ
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may be revealed in an age-elevation profile. The break in slope
(or inflection point) marks the base of the exhumed PAZ/PRZ,
in effect a paleoisotherm. The timing of the break in slope
marks the onset of the episode of rapid cooling/exhumation,
although it is likely a slight underestimate. For AFT ther-
mochronology, there is a distinctive pattern of CTLDs above
and below the break in slope. Those above the break are
broader and typically have shorter means (<13 µm), larger
standard deviations (*2 µmor greater) and are often bimodal
with a systematic pattern of varying components of shorter
versus longer tracks. CTLDs below the break are typically
unimodal, have longer means (>14 µm) and smaller standard
deviations (<1.5 µm).

We have illustrated three examples where age-elevation
profiles have proven useful in developing and testing the
concept of exhumed PAZ/PRZs and have shed light on the
geologic and tectonic evolution of the study regions:

• In the classic Denali example, a vertical AFT age profile
collected over *4 km relief reveals an exhumed PAZ,
with a break in slope at *6 Ma and characteristic
CTLDs above and below the break. The interpretation of
data from this age-elevation profile is straightforward,
and geomorphic and sedimentological constraints allow
the pre-uplift mean land-surface elevation to be esti-
mated, thus allowing rock uplift, surface uplift, and
exhumation to be constrained at Denali and then
extrapolated to the entire central Alaska Range.

• Age-elevation profiles for AFT data collected in the Dry
Valleys region of the TAM were the first to clearly reveal
an exhumed PAZ, notably with the assistance of CTLDs
from above and below the break in slope. The steep
glaciated terrain, the overall simple and well-exposed
geology, the slow exhumation rate for samples below the
break, density of samples plus multiple age-elevation
profiles from a relatively small region, clearly established
the concept and value of the exhumed PAZ approach.
The significant age variation with elevation change for
samples above the break in slope, tested against
down-faulted dolerite sills along the Mt. Doorly ridge
system, validated the concept of using AFT stratigraphy
to constrain the relatively simple fault-block structure.
Using one example from Mt. Munson in the Shackleton
Glacier region, we show the applicability and repro-
ducibility of the exhumed PAZ approach along the TAM,
that in places reveals episodic exhumation with preser-
vation of multiple exhumed PAZs separated by periods
of relative thermal and tectonic stability.

• In the GBB of southeastern Nevada, ages from multiple
techniques (AFT, ZFT, and (U–Th)/He on apatite, zircon
and titanite) plotted versus pre-extension paleodepth in
the footwall of a major detachment fault reveal exhumed
PAZs and PRZs that mark the onset of rapid cooling due

to tectonic exhumation at *17 Ma. These data were
either used to constrain pre-extension paleogeothermal
gradients or alternatively constrain the temperature of the
base of a particular PAZ/PRZ.
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10Application of Thermochronology
to Geologic Problems: Bedrock and Detrital
Approaches

Marco G. Malusà and Paul G. Fitzgerald

Abstract
Low-temperature thermochronology can be applied to a
wide range of geologic problems. In this chapter, we
provide an overview of different approaches, underlying
assumptions and suitable sampling strategies for bedrock
and detrital thermochronologic analyses, with particular
emphasis on the fission-track (FT) method. Approaches to
bedrock thermochronology are dependent on the goals of
the project and the regional geologic setting, and include
application of: (i) multiple methods (e.g., FT, (U–Th)/He
and U–Pb) on various mineral phases (e.g., apatite and
zircon) from the same sample, (ii) single methods on
multiple samples collected over significant relief or across
a geographic region (regional approach) or (iii) multiple
methods on multiple samples. The cooling history of rock
samples can be used to constrain exhumation paths and
provides thermochronologic markers to determine fault
offset, timing of deformation and virtual tectonic config-
urations above the present-day topography. Detrital
samples can be used to constrain erosion patterns of
sediment source regions on both short-term (103–105 yr)
and long-term (106–108 yr) timescales, and their evolu-
tion through time. The full potential of the detrital
thermochronology approach is best exploited by the
integrated analysis of samples collected from a strati-
graphic succession, samples of modern sediment and
independent mineral fertility determinations.

10.1 Bedrock Thermochronology Studies

Low-temperature thermochronology studies fall into two gen-
eral categories: those where samples are collected from bedrock
and those where samples are essentially detrital. Within each of
these two groups there are also natural subdivisions such as: for
bedrock studies, applying a key-locality/outcrop approach (e.g.,
collecting over significant relief (the vertical profile approach)
to determine age-elevation relationships) and/or a more regio-
nal sampling approach, all of which are dependent on the
objectives of the study, the available geologic information, if
other methods are also to be applied and if subsequent thermal
modelling might also be applied. The geologic problem being
addressed ideally helps shape the sampling strategy. Typically,
the part of a study that has the longest longevity is the data
itself. For example, modelling methods change and evolve, but
the data remains the same, all things being equal.

10.1.1 Multiple-Method Versus Age-Elevation
Approach for the Analysis of Exhumation
Rates

When bedrock samples are collected on a regional basis, an
exhumation rate for single samples may be estimated by
assuming that the ages represent closure temperature (Tc)
ages, and by assuming (or knowing) the paleogeothermal
gradient to calculate depth to Tc. Hence, the depth divided by
the ages yields an apparent exhumation rate (e.g., Reiners and
Brandon 2006). This approach is not applied quite so much to
basement samples, especially if inverse thermal models are
available (Chap. 3, Ketcham 2018). However, it still remains
the fundamental approach for many detrital thermochronol-
ogy studies (e.g., Garver et al. 1999) (see Sect. 10.2).

More common approaches in studies utilising
low-temperature thermochronology on bedrock samples
involve the combination of multiple methods with different
Tc, and sampling along vertical profiles (Fig. 10.1). The
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Fig. 10.1 Alternative approaches to constrain the rate of exhumation
from bedrock samples. a Multiple-method approach. It is based on the
analysis of different mineral/systems with progressively lower closure
temperatures (Tc) on the same sample. The gradient of the slope in the
diagram is a function of the average cooling rate between time t1 and t2.
The paleogeothermal gradient during cooling has to be independently
known in order to convert this average cooling rate to an average
exhumation rate. b Age-elevation (vertical profile) approach. It is based
on the analysis of an array of samples collected from top-to-bottom of
significant relief and utilising the same dating method. When data are
plotted on an age-elevation diagram, the gradient of the slope provides

an apparent average exhumation rate for the whole time interval
between the age yielded by the uppermost (t1) and the lowermost (t2)
samples, or for individual discernable portions of the age-elevation
profile that may have different slopes. Multiple methods can, and often
are applied to the same array of samples to constrain the exhumation
history over a longer time interval. c Boomerang plot that can be used
to detect partly reset or unreset samples lying within or above a
paleo-PAZ, and determine the onset of the most recent cooling event
(based on Gallagher and Brown 1997). Acronyms: AFT, apatite fission
track; AHe, apatite (U–Th)/He; ZFT, zircon fission track; ZHe, zircon
(U–Th)/He

192 M. G. Malusà and P. G. Fitzgerald



multiple-method approach (Fig. 10.1a) is based on the
analysis of different thermochronologic systems in minerals
retrieved from the same sample (e.g., Wagner et al. 1977;
Hurford 1986; Moore and England 2001). Different
mineral/systems with progressively lower Tc generally yield
progressively younger thermochronologic ages, constraining
a cooling history that is generally related to the exhumation
of the sample towards the Earth’s surface. In a diagram
showing Tc versus the thermochronologic ages yielded by
the analysed sample (Fig. 10.1a), the gradient of the slope is
a function of the cooling rate in the selected time interval and
is steeper for faster cooling. Converting this average cooling
rate into an exhumation rate is not straightforward, as the
paleogeothermal gradient during cooling has to be inde-
pendently known (see Chap. 8, Malusà and Fitzgerald 2018).
The multiple-method approach is generally more applicable
for samples that have cooled across a wider temperature
range (i.e., several hundreds of °C), which makes this
approach suitable for the analysis of rocks exhumed from
greater depths (see Chap. 13, Baldwin et al. 2018). Higher
temperature thermochronologic methods are slower to
respond to changes in exhumation rates (Moore and England
2001). Thus, if there is a step-wise increase in erosion rates
at the surface, different methods on the same sample may
give the appearance of a gradually increasing erosion rate
with time as the Tc isotherms migrate at different rates to
their new steady-state depths.

The age-elevation (vertical profile) approach is based on
the analysis of an array of samples collected across a sig-
nificant elevation range (and a short horizontal distance)
employing the same dating method (e.g., Wagner and
Reimer 1972; Naeser et al. 1983; Gleadow and Fitzgerald
1987; Fitzgerald and Gleadow 1988, 1990; Fitzgerald et al.
1995; Ruiz et al. 2009). During exhumation from depths
greater than the Tc isothermal surface, samples collected
from higher elevations cross the Tc isothermal surface before
those from lower elevations, leading to a normal
age-elevation relationship (i.e., samples collected at higher
elevation have older ages). The gradient of the slope in an
age-elevation diagram provides an apparent average
exhumation rate for the time interval between the age yiel-
ded by the uppermost sample (t1 in Fig. 10.1b) and the age
yielded by the lowermost one (t2 in Fig. 10.1b). The slope is
generally steeper for faster exhumation rates. This estimate
does not require any explicit assumption about the paleo-
geothermal gradient, but converting an apparent exhumation
rate to a true exhumation rate using the age-elevation
approach is not straightforward and requires a careful anal-
ysis of the relationships between the topography and the
thermal reference frame (see Chap. 9, Fitzgerald and Malusà
2018).

An important assumption underlying the age-elevation
approach is that the spatial relationships between samples

have remained unchanged since the time of exhumation.
Therefore, this approach should not be applied, for example,
across faults that may have modified these original rela-
tionships: Samples from different fault blocks must be con-
sidered separately. Conversely, this approach can be used to
detect faults between samples with contrasting or unex-
pected ages. Additionally, the difference in elevation
between the lowest and the highest samples should be suf-
ficiently large to allow a significant spread in ther-
mochronologic ages, at least compared to the standard error
associated with each age. This is particularly important for
rapidly exhuming areas, where thermochronologic ages tend
to be invariant with elevation. The most favourable condi-
tions for a successful application of the age-elevation
method are thus represented by a combination of high
topographic relief and relatively slow exhumation rates,
which allows for a larger spread of thermochronologic ages
in the array of analysed samples. However, the time interval
constrained by the age-elevation approach using one dating
method only (t1 to t2 in Fig. 10.1b) may be quite short. In
order to constrain the exhumation history over a longer time
interval, multiple methods may be applied to the same array
of samples (Fig. 10.1b). The time intervals constrained by
different thermochronologic methods may either overlap,
thus providing complementary constraints to specific seg-
ments of the exhumation path, or leave unconstrained time
intervals between different methods, as often observed when
the relief covered by samples is not sufficiently large. Dif-
ferent age-elevation slopes may be recorded for different
thermochronologic methods even if the same exhumation
rate is ongoing. This is because of the effects of topography
and the bending of isothermal surfaces under ridges and
valleys (e.g., Stüwe et al. 1994; Mancktelow and Grasemann
1997; Braun 2002), which can be investigated by suitable
sampling strategies as discussed in Chaps. 9 (Fitzgerald and
Malusà 2018) and 19 (Schildgen and van der Beek 2018).

The vertical spacing between samples is also important,
and should be sufficiently small to highlight any change in
slope, either ascribed to variations in exhumation rates or to
the presence of a paleo-PAZ (Partial Annealing Zone) (see
Chap. 9, Fitzgerald and Malusà 2018). For the calculation of
an apparent exhumation rate, thermochronologic ages yiel-
ded by partly reset or unreset samples, i.e., by samples
collected within or above a paleo-PAZ (as revealed, e.g., by
grain age over dispersion or by confined track-length dis-
tributions) should not be included (see Chap. 6, Vermeesch
2018; Chap. 9, Fitzgerald and Malusà 2018).

Plots displaying the measured FT age against the mean
track length (MTL) provide a useful approach to visualise
the occurrence of partly reset or unreset samples lying within
or above a paleo-PAZ (Fig. 10.1c). Samples collected from a
range of initial paleodepths in a region that has undergone
broadly coeval cooling will define a concave-up
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“boomerang” shape (Green 1986). This boomerang trend
includes: (i) old ages with long MTLs corresponding to
samples that have spent most time above the PAZ; (ii) in-
termediate ages with the shortest MTLs, corresponding to
samples that have spent most time within the PAZ; and
(iii) young ages with long MTLs that have experienced the
highest initial paleotemperatures. The timing of the most
recent cooling event is constrained by the transition from
samples with “intermediate” FT ages and MTLs in the 12–
13 µm range to samples with younger FT ages and MTLs in
the range of 14–15 lm (e.g., Brown et al. 1994; Fitzgerald
1994; Gallagher and Brown 1997; Hendriks et al. 2007).
These latter samples can be used to estimate an apparent
exhumation rate using the age-elevation approach, provided
these samples are collected from the same fault block and
fulfil the criteria described in Chap. 9 (Fitzgerald and Malusà
2018).

10.1.2 Virtual Configuration of Rock Units by FT
Thermochronology

Low-temperature thermochronology can also be used to
envisage a paleo-thermal structure and infer the original
thickness of overburden, which may include partly eroded
stratigraphic successions or eroded thrust sheets (Fig. 10.2a–
c). This is one application of FT stratigraphy, with
“stratigraphy” represented by the variation of age with ele-
vation or depth (in case of boreholes) (e.g., Brown 1991).

The radial plots in Fig. 10.2a illustrate the grain-age
distributions normally expected in samples of sedimentary
rocks collected at increasing depths down a borehole in a
sedimentary basin. Samples that have experienced minor
burial and have remained above the PAZ of the chosen
thermochronologic system (black circles in Fig. 10.2a) will
show either unimodal or polymodal grain-age distributions,
with grain-age populations systematically older than the
stratigraphic age of the sample. Samples that have experi-
enced burial within the PAZ (grey circles in Fig. 10.2a) will
display partly reset FT ages that with increasing temperature
become progressively younger than the stratigraphic age of
the sample. Samples located below the PAZ, i.e., at higher
temperatures (white circles in Fig. 10.2a), will yield a zero
FT age because the fission tracks have been totally annealed.

Subsequent to burial, and following rapid exhumation to
the surface, let us now examine age/length trends on this
exhumed stratigraphic succession (Fig. 10.2b). Sedimentary
rocks originally located below the PAZ (white circles in
Fig. 10.2b) yield unimodal grain-age distributions with a
central age that is equal to, or slightly younger (although
often not much younger) than this rapid exhumation.

Samples that have experienced burial within the PAZ (grey
circles in Fig. 10.2b) will display FT ages ranging between
the stratigraphic age of the sample and the time of
exhumation. The timing of the transition between the com-
pletely reset and the partially reset samples typically marks
the timing of the initiation of more rapid cooling and
exhumation. Samples that have remained above the PAZ
will provide information on older exhumation/crystallisation
events in the sediment source areas, which can be investi-
gated by using the detrital thermochronology approaches
described in Sect. 10.2 (see also Chap. 14, Carter 2018;
Chap. 15, Bernet 2018; Chap. 16, Malusà 2018 and
Chap. 17, Fitzgerald et al. 2018 for more details). Clues for
the interpretation of partially reset detrital samples can be
found in Brandon et al. (1998) and in Chap. 18 (Schneider
and Issler 2018).

The occurrence of partly or fully reset detrital samples in
the uppermost levels of a stratigraphic sequence provides
evidence of overburden removal by denudation (Fig. 10.2b).
When the paleogeothermal gradient is reasonably assumed
or independently known, the FT stratigraphy approach pro-
vides a useful way to estimate the depth of erosional
denudation and the virtual configuration of eroded rock units
above the present-day topography (Fig. 10.2c). Examples
include studies in the central Alaska Range to estimate the
amount of rock present above the summit of Denali prior to
the onset of rapid exhumation in the Late Miocene
(Fitzgerald et al. 1995, see also Chap. 9, Fitzgerald and
Malusà 2018); in the Apennines to infer the virtual config-
uration of the Ligurian wedge on top of the Adriatic fore-
deep units (Zattin et al. 2002); in eastern Anti-Atlas to infer
the past configuration of the Variscan belt on top of the
Precambrian basement of the West African Craton (Malusà
et al. 2007); in the Canadian Cordillera to infer the initial
thickness of the Lewis thrust sheet (Feinstein et al. 2007); in
SE France to infer the virtual configuration of the Alpine
nappes on top of the Paleogene sedimentary succession of
the European foreland (Labaume et al. 2008; Schwartz et al.
2017). The number of samples required for a reliable
reconstruction of these virtual configurations is often quite
high, and datasets will ideally include samples from different
levels of the stratigraphic succession.

10.1.3 The Analysis of Fault Offsets Using
Thermochronologic Markers

Low-temperature thermochronology often provides time
constraints on fault activity and markers for the analysis of
fault offsets (e.g., Gleadow and Fitzgerald 1987; Gessner
et al. 2001; Raab et al. 2002; Fitzgerald et al. 2009; Niemi
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Fig. 10.2 Analysis of virtual
geologic configurations and fault
offsets using thermochronologic
markers. a Grain-age distributions
expected for increasing depths
down a borehole in a sedimentary
basin: samples that have remained
above the PAZ of the chosen
thermochronologic system (black
circles) show grain ages
systematically older than the
stratigraphic age of the sample;
samples that have experienced
burial within the PAZ (grey
circles) display partly reset
(annealed) FT ages that are
younger than the stratigraphic age
of the sample; samples located
below the PAZ (white circles)
yield zero FT ages because fission
tracks are totally annealed. b The
same stratigraphic succession
after exhumation. Sedimentary
rocks originally located below the
PAZ (white circles) display
unimodal grain-age distributions
with a central age that records the
time of last exhumation. Samples
that have experienced burial
within the PAZ (grey circles)
display FT ages ranging between
the stratigraphic age and the time
of last exhumation. The
occurrence of partly or fully reset
samples in the uppermost levels
of a stratigraphic succession
provides evidence of overburden
removal by erosion or tectonic
processes. c Reconstructed
configuration of eroded rock units
based on the distribution of
unreset, partly annealed and fully
reset samples in a modern
landscape. d Analysis of fault
offset by FT stratigraphy (diagram
is modified from Stockli et al.
2002). e Analysis of fault offsets
by mineral-age and reverse
mineral-age stratigraphy (based
on Malusà et al. 2011); numbers
refer to hypothetical crustal levels
and letters refer to hypothetical
stratigraphic units (see Chap. 16,
Malusà 2018 for more details)
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et al. 2013; Ksienzyk et al. 2014; Balestrieri et al. 2016, and
Chap. 11, Foster 2018). Such markers are particularly useful
in case of monotonous sequences of sedimentary, magmatic
and metamorphic rocks, where geologic markers are absent,
and in regions of poor outcrop where other markers are not
available (e.g., forested or glaciated areas). Thermochronologic
markers may include a paleo-PAZ and FT stratigraphy
(Fig. 10.2d) (e.g., Brown 1991; Fitzgerald 1992; Foster et al.
1993; Bigot-Cormier et al. 2000; Stockli et al. 2002; Thiede
et al. 2006; Richardson et al. 2008; Fitzgerald et al. 2009;
Kounov et al. 2009; Miller et al. 2010), which potentially
constrain fault activity in the uppermost few kilometres of the
crust (Chap. 11, Foster 2018). Both the multiple-method and
age-elevation approaches described in Sect. 10.1.1, when
applied to distinct crustal blocks, are potentially able to high-
light episodes of differential exhumation across major faults,
thus constraining the age of fault activity (e.g., Gleadow and
Fitzgerald 1987; Fitzgerald 1992, 1994; Foster et al. 1993;
Foster and Gleadow 1996; Viola et al. 2001; West and
Roden-Tice 2003; Malusà et al. 2005, 2009a; Niemi et al.
2013; Riccio et al. 2014). Given the precision of the ages on
either side of the fault, which is typically ±5% (±1r) for
apatite FT (AFT) ages, faults with small offsets will not be
revealed. Whether a fault offset is revealed often depends on
the age-elevation relationship. If the slope is shallow (ages vary
considerably with change in elevation) age-offsets due to
faulting are often revealed, whereas when the slope is steep
(ages do not vary much with elevation) faults are typically not
revealed, as there is little age-offset across the fault unless the
vertical fault offset is extremely large (i.e., several kilometres).
Constraints on the fault offsets are usually more reliable when
the local FT stratigraphy is well documented and multiple
samples (if possible collected over a significant elevation range
on either side of the fault to confirm the local age-elevation
slope) are used. Observations of age trends such as these can be
integrated by information provided by temperature-time paths,
based on the modelling of confined track lengths in samples
collected on the opposite sides of the fault (e.g., Thomson
2002; Balestrieri et al. 2016). If the paleogeothermal gradient is
independently known, the multiple-method analysis of distinct
fault blocks may provide reliable estimates of fault throws
accommodated through time (e.g., Malusà et al. 2006).

In a well-known example, Fitzgerald (1992) tested the FT
stratigraphy approach across the Transantarctic Mountain
Front in the Dry Valleys area where the location and offset of
normal faults are well-delineated by step-faulted horizontal
dolerite sills (see also Chap. 9, Fitzgerald and Malusà 2018).
There, reconstruction of the *100 Ma isochron from sam-
ples collected systematically along the faulted ridge was
used to reliably document fault offsets as small as *200 m.
This was, however, an ideal situation where the slope of the
age-elevation relationship (an exhumed PAZ) was
*15 m/Myr; thus, an offset of 300–400 m represents a

discernable age difference of 20–25 Ma. Miller et al. (2010)
undertook a similar study across the Transantarctic Moun-
tain Front at Cape Surprise near the Shackleton Glacier,
distinguishing between the presence of one master fault with
offset of *5 km or a series of smaller faults, as it proved to
be.

Fault offsets can be also constrained by mineral-age
stratigraphy (Malusà et al. 2011), which is based on the
specific combinations of crystallisation and exhumation ages
that are yielded by different thermochronometers (and min-
erals) at different depths in the crust (see Chap. 8, Malusà
and Fitzgerald 2018, their Fig. 8.7). Such combinations
allow one to define, on a thermochronologic basis, a
stratigraphy of increasingly deeper crustal levels (Levels 1–4
in Fig. 10.2e) that may be able to constrain fault offsets in
homogeneous rock sequences. Mineral-age stratigraphy can
be particularly useful in cases where plutonic rocks dominate
the geology (Fig. 10.2e). Use of mineral-age stratigraphy
may also, when compared to FT stratigraphy, constrain
greater offsets across faults because the data spans a greater
temperature interval. In the case of the Insubric Fault in the
European Alps, this approach provides evidence of >10–
15 km fault offset of the uplifted crustal block north of the
fault, relative to the downthrown southern side. On the north,
the Periadriatic Bergell/Bregaglia pluton, emplaced in the
Oligocene, is now unroofed down to a crustal level that was
lying below the Tc of the K–Ar system on biotite at the time
of intrusion (level 4 in Fig. 10.2e). This is attested by biotite
K–Ar ages (26–21 Ma, Villa and von Blanckenburg 1991)
that are much younger than the intrusion age provided by
zircon U–Pb dating (30 ± 2 Ma, Oberli et al. 2004). In
comparison, the block south of the Insubric Fault has Peri-
adriatic dykes now exposed at the surface. These dykes
show zircon U–Pb and AFT ages, yielding two clusters at
42–39 Ma and 35–34 Ma, that are generally indistinguish-
able within error (D’Adda et al. 2011; Malusà et al. 2011;
Zanchetta et al. 2015), because they were emplaced at crustal
levels lying within or just below the AFT PAZ at the time of
intrusion (level 1 or 2 in Fig. 10.2e). These constraints
integrate previous estimates of fault offsets based on the
multiple-method approach (Hurford 1986).

The mineral-age stratigraphy observed in an orogen
undergoing erosion may subsequently be observed as a
“reverse” age stratigraphy in sedimentary basins fed from
that eroding source. This reverse age trend can thus be used
as a marker to detect tectonic repetitions and fault offsets in
the absence of other stratigraphic markers (Fig. 10.2e, right
panel). For example, application of this approach to the
Oligocene–Miocene Gonfolite Group derived from the ero-
sion of the Bergell pluton (Wagner et al. 1979; Bernoulli
et al. 1989) provided evidence for a major and previously
undetected thrust fault in the Gonfolite Group (Lake Varese
backthrust in Fig. 10.2e) (Malusà et al. 2011).
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Fig. 10.3 Time constraints to
fault activity based on
thermochronologic analysis.
a Reverse fault (in red)
accommodating differential uplift
and exhumation before time t3.
The time of faulting is
successfully constrained by AFT
and AHe analyses in rock samples
A and B collected on the opposite
sides of the fault, and by
modelling of confined
track-length distributions. AHe
ages in samples A and B are equal
to t3, and indistinguishable across
the fault, which is in line with the
cessation of fault activity not later
than time t3. b Reverse fault
accommodating differential
subsidence before time t3, when
the analysed samples C and D are
at similar crustal level as samples
A and B. AFT and AHe analyses
of samples C and D provide no
direct constraint to the age of
faulting, whereas higher Tc
thermochronometers would
record events much older than t1.
The effects of advection on
isothermal surfaces are not
included for the sake of simplicity
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Thermochronologic analyses across major faults can
ideally constrain the timing of deformation thanks to a
detailed reconstruction of the differential exhumation paths
experienced by different fault blocks through time. In the
example of Fig. 10.3 (left panel), the activity of a reverse
fault before time t3 is well constrained by apatite (U–Th)/He
(AHe) and AFT analyses in rock samples A and B collected
on the opposite sides of the fault, and by inverse modelling
using age and confined track-length data from the same
samples. AHe ages in samples A and B are equal to t3, and
indistinguishable across the fault, which is in line with the
cessation of fault activity not later than time t3. Importantly,
there is usually only clear thermochronologic evidence for
fault offset when faults accommodate differential exhuma-
tion (Fig. 10.3a), but such evidence is not observed when
faults accommodate differential subsidence (Fig. 10.3b).
Such an observation, with respect to cooling rather than
exhumation/subsidence, has long been established (e.g.,
Green et al. 1989). The situation of faults accommodating
differential subsidence is typical, for instance, of rapidly
subsiding foreland basins such as the Po Plain north of the
Apennines (Pieri and Groppi 1981). In Fig. 10.3b, the
reverse fault indicated in red is active at the same time
interval as the fault in Fig. 10.3a, and when the analysed
samples (C and D) at the time of faulting were at the same
crustal level as samples A and B. However, the ther-
mochronologic analysis of samples C and D provides no
useful constraint on the timing of deformation.

In the case where fault motion is dominantly strike-slip,
differential exhumation between fault blocks is usually
minimal. As a consequence, thermochronologic evidence for
faulting along strike-slip systems is generally observed
particularly at restraining bends or step-overs, or where there
is transpression. Well-known examples of these situations
have been documented along the Denali Fault (e.g., Riccio
et al. 2014), the San Andreas Fault (e.g., Niemi et al. 2013)
and the Alpine Fault (e.g., Herman et al. 2007;
Warren-Smith et al. 2016).

Sampling strategies to provide timing constraints on
fault activity, and markers for the analysis of fault offsets
(see Chap. 11, Foster 2018), must be designed to minimise
the bias arising from the complexity of isotherms close to
major faults (see Chap. 8, Malusà and Fitzgerald 2018).
Large (crustally penetrative) faults are most likely to have a
thermal perturbation (Ehlers 2005), and for these faults, it is
advisable to collect samples tens to hundreds of metres
from the main deformation zone. In contrast, some studies
seek to exploit the thermal perturbation along the faults to
constrain the fault activity (Tagami et al. 2001; Murakami
and Tagami 2004), and samples are best collected from a
closely spaced array across the fault plane (see Chap. 12,
Tagami 2018).

10.1.4 FT Thermochronology as a Correlation
Tool for Mesoscale Structural Data

In tectonically complex areas, the analysis of
post-metamorphic deformation is particularly challenging,
because deformation is often partitioned within different
crustal blocks, fault orientation is not scale invariant, and the
strain field inferred from mesoscale structures (i.e., outcrop
scale) may differ from strain on a regional scale (Eyal and
Reches 1983; Rebai et al. 1992; Martinez-Diaz 2002).
Regional reconstructions thus require structural analysis at
different scales, including field mapping of the network of
major (km-scale) faults, and a dense distribution of
time-constrained mesoscale strain axes that are derived from
the kinematic analysis of fault-slip data in outcrops from
high-strain and low-strain domains (Marrett and All-
mendinger 1990). Within this framework, low-temperature
thermochronology provides not only time constraints for the
analysis of major faults, but also an effective tool to con-
strain the age of mesoscale deformation (e.g., Malusà et al.
2009a).

Fault-rock types and related deformation mechanisms
show a generalised progression with depth (Fig. 10.4a);
from gouge/breccias to cataclasites to mylonites, or to
describe the mechanisms, from frictional-plastic to viscous
flow (Sibson 1983; Snoke et al. 1998). The transition from
frictional to viscous flow partly depends on strain rate, but it
is dominantly controlled by lithology and temperature in the
crust (Schmid and Handy 1991; Scholz 1998; Raterron et al.
2004). Therefore, the analysis of fault rocks in a specific
lithology gives indications on the crustal level where
mesoscale structures have formed. Because FT analysis
provides chronological constraints on the passage of a rock
through a given crustal level, the timing of both mesoscale
structures and their associated strain axes can thus be
constrained.

Crustal rocks are commonly dominated by quartz rheol-
ogy; thus, the transition from frictional to viscous flow takes
place at *300 °C (Scholz 1998; Chen et al. 2013). The
temperature of this change in deformational mechanism
correlates well with the Tc of the FT system in low-damage
zircon (Fig. 10.4a). Therefore, in general, mylonites will
form at temperatures higher than the Tc of the zircon FT
(ZFT) system. Cohesive cataclasites will form at tempera-
tures that are higher than the Tc of the AFT system. Fault
gouges and fault breccias are typical of the uppermost
kilometres of the crust, i.e., of the temperature range best
constrained by the AHe system (Fig. 10.4a). Because the
frictional-to-viscous transition controls the thickness of the
seismogenic zone (Priestley et al. 2008; Chen et al. 2013),
the maximum depth extent for pseudotachylite formation in
quartz-dominated crustal rocks also correlates with the Tc of
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the ZFT system (Fig. 10.4a). Fault rocks are often associated
with veins and hydrothermal mineralisation that can provide
additional constraints on the temperature of fault-rock for-
mation (Wiltschko 1998).

Figure 10.4a conceptually illustrates the application of
FT thermochronology to constrain the timing of mesoscale
deformation and related strain axes, in a region where the
exhumation history is independently constrained by AFT
and ZFT ages. The rock mass (shown as a cube) in the right

panel, during progressive exhumation is cut by a right-lateral
shear zone marked by mylonitic rocks (phase D1), then by a
normal fault marked by cohesive cataclasite (phase D2), and
finally by a normal fault marked by gouge (phase D3). When
combined with FT data, we can conclude that phase D1 is
likely older than the ZFT age, phase D2 may have taken
place within a time range delimited by AFT and ZFT ages,
whereas deformation phase D3 is likely younger than the
AFT age. If pseudotachylites are found along these faults,
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Fig. 10.4 a Fault-rock types and related deformation mechanisms show a
generalised progression with depth. Mylonites in crustal rocks dominated
by quartz rheology generally form at temperatures that are higher than the
Tc of the ZFT system. Cohesive cataclasites generally form at temperatures
that are higher than the Tc of the AFT system. Fault gouges and fault
breccias are typical of the uppermost kilometres of the crust, i.e., of the
temperature range best constrained by the AHe system. The panel on the
right (3 cubes) conceptually illustrates the application of FT thermochronol-
ogy to constrain the age of mesoscale deformation (and related strain axes)
in a region where the exhumation history is independently constrained by
AFT and ZFT data. During progressive exhumation, the rock mass is cut
by a right-lateral shear zone marked by mylonitic rocks (phase D1), then by
a normal fault marked by cohesive cataclasite (phase D2), and finally by a

normal fault marked by gouge (phase D3). Phase D1 is probably older than
the ZFT age, phase D2 may have taken place within a time range delimited
by AFT and ZFT ages, whereas phase D3 is probably younger than the age
provided by AFT (based on Malusà et al. 2009a). b Mylonites formed at
time t1 in rock mass A are now exposed at the surface (time t2) adjacent to
cataclasites (rock mass B). Both the mylonites and cataclasites formed at
the same time but rock mass B formed at shallower levels, and was
exhumed at slower rates. This example shows that fault-rock types alone
cannot be used as a correlation tool for mesoscale structural data across
different crustal blocks, because coeval deformation at the outcrop scale
may be marked by different types of fault rocks. Integration with
low-temperature thermochronology data is thus required for a correct
interpretation of mesoscale structural data
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they must be coeval or younger than the age provided by
ZFT. The resolution of these constraints can be improved by
using additional thermochronologic systems, and by con-
sidering not only rock types controlled by quartz rheology,
but also other rock types controlled by the rheology of cal-
cite, feldspar or olivine.

Interpreting mesoscale deformation on a regional scale
solely based on deformation style, and without reliable time
constraints provided by thermochronology, is potentially
misleading. Deformation at the outcrop scale may be coeval
in different crustal blocks, yet marked by different types of
fault rock. Such a scenario may be possible if deformation
occurred at the same time in different crustal blocks, but at
different crustal levels (Malusà et al. 2009a). In the example
of Fig. 10.4b, mylonites formed at time t1 in one crustal
block, are exposed at the surface together with cataclasites
formed at the same time, but at shallower levels, in a nearby
crustal block exhumed at slower rates. Therefore, deforma-
tion style should not be used for correlations of mesoscale
structural data over large areas, unless integrated with
low-temperature thermochronology data. The sampling
strategy for this kind of study, that incorporates ther-
mochronology and structural analysis, is similar to that
required for the multiple-method approach (cf. Sect. 10.1.1).
Samples should preferably be collected far enough away
from major faults to avoid major perturbations of the back-
ground thermal field. Compared to the direct, typically more
precise dating of synkinematic minerals grown along a fault
plane (e.g., Freeman et al. 1997; Zwingmann and Manck-
telow 2004), this approach generally requires a lower num-
ber of samples but does require multiple methods. However,
it may provide constraints not only on single deformation
steps, but on the whole deformation history recorded by sets
of mesoscale faults.

10.2 Detrital Thermochronology Studies

Modern sediments and sedimentary rocks can provide
invaluable information on the provenance and exhumation
of the sediment sources (e.g., Baldwin et al. 1986; Cerveny
et al. 1988; Brandon et al. 1998; Garver et al. 1999; Bernet
et al. 2001; Willett et al. 2003; Ruiz et al. 2004; van der
Beek et al. 2006). Sedimentary rocks for detrital ther-
mochronology studies are typically collected through a
stratigraphic succession. If sedimentary rocks have remained
above the PAZ or partial retention zone (PRZ) of the chosen
thermochronologic system since their deposition, the strati-
graphic succession should reflect, in inverted order, the
thermochronologic age structure observed in the sediment
source area. Eroded detritus is generally distributed over a
much wider area compared to that of the eroding source.
Sedimentary successions thus record the erosional history of

a much thicker crustal section. Today, such crustal sections
may be completely eroded away, and thus impossible to
investigate by the bedrock approach.

Detrital grain-age distributions represent the source rocks.
Depending on the geologic evolution of the source rocks,
these distributions can be unimodal or polymodal. Poly-
modal distributions are usually deconvolved into different
grain-age populations (e.g., Brandon 1996; Dunkl and Szé-
kely 2002; Vermeesch 2009), which are generally older than
the depositional age of the analysed sample (Bernet et al.
2004a; Bernet and Garver 2005).

10.2.1 Approaches to Detrital
Thermochronology Studies

Figure 10.5a provides a summary of potential approaches to
detrital thermochronology studies by using either modern
sediment samples (1 and 2 in Fig. 10.5a) and samples from a
stratigraphic succession (3–5 in Fig. 10.5a). Detrital ther-
mochronology can provide information on:

Average long-term erosion rates (1 in Fig. 10.5a)
Analysing minerals from samples of modern river sediments
allows one to construct grain-age distributions from each
catchment sampled (e.g., Garver et al. 1999; Brewer et al.
2003). These grain-age distributions are representative,
under certain conditions, of the FT stratigraphy within the
drainage (e.g., Bernet et al. 2004a; Resentini and Malusà
2012). The age of the youngest detrital age component, if
interpreted as an exhumation-related cooling age, can be
used to provide preliminary, although sometimes imprecise
constraints on the average long-term (106–108 yr) erosion
rate of the source area, using the lag-time approach (Garver
et al. 1999) and a zero stratigraphic age (see below). Nota-
bly, grain-age distributions are influenced by the drainage
hypsometry. Ages will be generally older in grains eroded
from summits, and younger in grains eroded from valleys,
depending on the age-elevation relationship in bedrock. In
the case of well-developed age-elevation relationships, it is
hypothetically possible to constrain the elevation from where
sediment grains were eroded (e.g., Stock et al. 2006; Ver-
meesch 2007). Grain-age distributions will also vary
depending on the mineral fertility of different upstream
eroding lithologies. The mineral fertility, which can be
defined as the variable propensity of different parent rocks to
yield detrital grains of specific minerals when exposed to
erosion (Moecher and Samson 2006; Malusà et al. 2016),
can be quite inhomogeneous. The main advantage of using
the detrital approach to constrain an average long-term
erosion rate is the possibility of getting a first-order picture
of the erosion pattern over large areas by using a relatively
low number of samples (e.g., Bernet et al. 2004a; Malusà
and Balestrieri 2012; Asti et al. 2018). However, ages related
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to exhumational cooling should be distinguished from
cooling ages that are independent from exhumation, such as
those provided by volcanic grains. These grains can be
effectively detected by double-dating (see Chap. 5, Danišík
2018; Chap. 7, Malusà and Garzanti 2018), as shown in
Chap. 15 (Bernet 2018).

Modern short-term erosion patterns (2 in Fig. 10.5a)
Grain-age distributions in modern river sediments can be
analysed to constrain sediment budgets and erosion patterns
on timescales typical of bedload river transport (generally
103–105 yr). This approach exploits the size of grain-age

populations rather than the age of mineral grains, which is
utilised instead as a provenance marker (Garver et al. 1999;
Bernet et al. 2004b; Malusà et al. 2009b). Samples are either
collected along the trunk of the river or at major confluences,
and grain-age distributions are compared by statistical
methods in order to determine the percentage of mineral
grains derived from different sub-basins (see Sect. 10.2.2).
This percentage, when integrated with the area of each
sub-basin and its mineral fertility, which is independently
derived (see Chap. 7, Malusà and Garzanti 2018), can be
used to calculate the relative erosion rates of the sub-basins
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Fig. 10.5 Detrital
thermochronologic analysis.
a Cartoon showing the range of
potential approaches and
information retrieved from the
thermochronologic analysis of
modern sediment (1, 2) and
sedimentary rocks (3, 4, 5); letters
indicate sub-basins (A to D),
hypothetical sampling sites
(S) and relative peak size (m, n).
Each approach is based on a
range of assumptions that should
be independently tested (see
Table 10.1). Reliable constraints
are best provided by integrating
thermochronologic analysis of
modern sediments, ancient
sedimentary successions and
independent mineral fertility
determinations. b, c Alternative
sampling strategies to perform
sediment budgets based on the
thermochronologic analysis of
modern sediment samples (after
Malusà et al. 2016); Dn,n′ is the
maximum distance between
cumulative frequency curves, Ka

is the critical value for a
significance level a (see Chap. 7,
Malusà and Garzanti 2018)
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(Malusà et al. 2016; 2017; Glotzbach et al. 2017, Braun
et al. 2018). Relative erosion rates can be converted into
absolute rates after integration with gauging data or
cosmogenic-derived sediment fluxes for selected basins
(e.g., Lupker et al. 2012; Wittmann et al. 2016). The same
approach can be ideally applied to ancient alluvial sedi-
ments, using samples from lithified clastic sequences,
whenever it can be reasonably assumed that the past
mountain catchment was not markedly different from its
present-day configuration (4 in Fig. 10.5a).

Evolution of long-term erosion rates (3 in Fig. 10.5a)
The same approach utilised to constrain the average
long-term erosion rate within a catchment (1 in Fig. 10.5a)
can be extrapolated to ancient sedimentary successions to
investigate the evolution of long-term erosion (106–108 yr
timescales) in an adjacent orogen (e.g., Garver et al. 1999;
Bernet et al. 2001; van der Beek et al. 2006). Samples are
collected through a stratigraphic succession, and single
minerals are analysed. The resulting grain-age distributions,
when polymodal, are deconvolved into different grain-age
populations (red and blue in Fig. 10.5), and these popula-
tions are then plotted on a lag-time diagram where the lag
time is the difference between the cooling age and the
depositional age (Garver et al. 1999), which is independently
derived (e.g., by biostratigraphy or magnetostratigraphy).
The lag time provides an estimate of the average exhumation
rate of the analysed detrital grains from the depth of the Tc
isothermal surface to the Earth’s surface (Garver et al. 1999;
Ruiz et al. 2004). The lag-time trend is often used to infer
whether an eroding mountain belt is under a constructional,
steady state or decay phase of evolution (Bernet et al. 2001;
Carrapa et al. 2003; Spotila 2005; Ruiz and Seward 2006;
Rahl et al. 2007; Zattin et al. 2010; Lang et al. 2016). More
details and examples are provided in Chap. 15 (Bernet 2018)
and Chap. 17 (Fitzgerald et al. 2018).

Depositional age (5 in Fig. 10.5a) Detrital ther-
mochronology can be also used to constrain the depositional
age of barren sedimentary successions (e.g., Carter et al.
1995; Rahn and Selbekk 2007). The depositional age of a
sedimentary sample must be younger than the central age of
the youngest grain-age population, provided that
post-depositional annealing can be excluded.

10.2.2 Sediment Budgets Using Modern River
Sediments

Constraining sediment budgets based on detrital ther-
mochronology analysis of modern river sediments requires
detrital sources with “thermochronologically distinct fin-
gerprints”. Such fingerprints are generally the result of dif-
ferent geologic or upper crustal exhumation histories (red
and blue tectonic blocks in Fig. 10.5a). In a detrital sample

exclusively derived from one of these sources (e.g., the fast
exhuming red block sampled in catchment C), the grain-age
distribution depends on the catchment hypsometry and on
the catchment age-elevation relationship. Detrital samples
derived from the mixing of various sources (e.g., samples SA
+B and SC+D, Fig. 10.5a) likely yield polymodal grain-age
distributions including different grain-age populations. Two
alternative sampling strategies are employed for an effective
partitioning of mineral grains (i.e., to determine the relative
proportion of grains from each source), and to perform a
sediment budget starting from the analysis of grain-age
distributions. These are the confluence sampling and the
along-trunk sampling approaches (Malusà et al. 2016).

Confluence sampling approach This requires collecting
samples from major tributaries (SA and SB in Fig. 10.5a) and
from the trunk river downstream of their confluence (SA+B in
Fig. 10.5a). Partitioning of detrital grains is based on a linear
combination of grain-age distributions upstream of the
confluence (e.g., Bernet et al. 2004b). The best-fit solution is
defined by the mixing proportion that minimises the misfit
between the modelled distributions resulting from the linear
combination, and the empirical grain-age distribution
observed downstream of the confluence (squares and black
line, respectively, in the cumulative probability diagram in
Fig. 10.5b). The goodness of fit between modelled and
empirical grain-age distributions can be evaluated using the
parameter Dn,n′ of the Kolmogorov–Smirnov statistics
(Dunkl and Székely 2002; Malusà et al. 2013; Vermeesch
2013), which shows a minimum in correspondence of the
best-fit solution. In order to avoid meaningless linear com-
binations between indistinguishable grain-age distributions,
a two-sample Kolmogorov–Smirnov test can be used to
check whether grain-age distributions in samples SA and SB
are statistically different or not. The confluence sampling
approach requires at least three samples at each node (SA,
SB, and SA+B). It allows a direct measurement of mineral
fertility in sub-basins A and B using the same samples
collected for thermochronologic analysis (see Chap. 7,
Malusà and Garzanti 2018) and does not require any inde-
pendent information on the thermochronologic fingerprint of
the parent bedrock.

Along-trunk approach This approach can be used when
a river cuts across rock units that have distinct, indepen-
dently known thermochronologic signatures that do not
overlap. Thus, the age populations can be used to unequiv-
ocally discriminate the provenance of detrital grains
(Resentini and Malusà 2012). The relative proportion of
grains from each source, according to the along-trunk
approach is based on the deconvolution of grain-age distri-
butions in individual age components of specific size (m and
n in Fig. 10.5a, c) (e.g., Brandon 1996; Dunkl and Székely
2002). Only two samples (SC and SC+D) are needed for
unmixing the thermochronologic signal and characterising
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sub-basins C and D in terms of mineral fertility. Fertility of
sub-basin C (FC) is directly measured, fertility of sub-basin
D (FD) is calculated by the formula in Fig. 10.5c.

10.2.3 Assumptions in Detrital
Thermochronology Studies

The approaches to detrital thermochronologic analysis
illustrated in Fig. 10.5a rely on a range of assumptions that
should be carefully considered and independently tested (see
Table 10.1). When the age of a detrital population in a
modern sediment sample is employed to constrain the
long-term exhumation of bedrock exposed upstream of the
sampling site (1 in Fig. 10.5a), the assumption is that the
thermochronologic fingerprint of eroded bedrock reflects
cooling during erosion. However, this assumption is not
always valid. Thermochronologic ages may also reflect past
transient changes in the thermal structure of the crust (Braun
2016), episodes of metamorphic or magmatic crystallisation
within the eroded bedrock (Malusà et al. 2011; Kohn et al.
2015), or the cooling history of a different (distant) eroding
source that provided detritus to sedimentary rocks now
exposed within the drainage (Bernet and Garver 2005; von
Eynatten and Dunkl 2012). Beside a careful evaluation of the
geologic setting, the risk of misinterpretation can be min-
imised by multiple dating of detrital mineral grains (see
Chap. 5, Danišík 2018), by the integration with ther-
mochronologic analyses of cobbles (Chap. 17, Fitzgerald
et al. 2018) and bedrock (Chap. 13, Baldwin et al. 2018),
and by complementing detrital thermochronology analysis
with thermal modelling (Ehlers et al. 2005; Braun et al.
2012).

The assumption of uniform mineral fertility in the
catchment upstream of a sampling site, which is common to
many detrital thermochronology studies (e.g., Glotzbach
et al. 2013), should be carefully tested even in small basins,
because grain ages sourced from elevation ranges charac-
terised by low-fertility rocks would be under-represented in
corresponding detrital grain-age distributions. This is par-
ticularly important when detrital and bedrock ther-
mochronology data are compared to test if a mountain range
is in steady state (e.g., Brewer et al. 2003; Ruhl and Hodges
2005). The analysis of the short-term erosion pattern based
on the relative proportion of different grain-age populations
in polymodal samples (2, Fig. 10.5a) relies on the additional
assumption that the sediment is effectively mixed, and that
the potential bias possibly introduced by hydraulic processes

during sediment transport and deposition is negligible. These
assumptions can be tested using the strategies described in
Chap. 7 (Malusà and Garzanti 2018).

The number of often untestable assumptions underlying the
detrital thermochronologic approach largely increases in
ancient sedimentary successions (see Table 10.1 and references
therein). Compared to approaches 1 and 2 in Fig. 10.5a,
lag-time analysis (3 in Fig. 10.5a) additionally implies that:
(i) the time elapsed during sediment transport is negligible;
(ii) the isothermal surfaces relevant for the chosen ther-
mochronologic system have remained steady during exhuma-
tion; (iii) major changes in provenance can be excluded or can
be detected and accounted for; (iv) the thermochronologic
signal is not modified by post-depositional annealing.

Apart from transport by turbidity currents, the zero
transport time assumption from erosion to deposition should
be evaluated on a case-by-case basis. As an example, the
transportation of apatite and zircon as river bedload in the
Amazon basin may require a few millions of years, as
attested by cosmogenic data (Wittmann et al. 2011). Thus,
transportation time may become relevant for lag-time inter-
pretation. The behaviour of isothermal surfaces during
exhumation is generally difficult to predict (see Chap. 8,
Malusà and Fitzgerald 2018) and may require an integrated
approach including thermochronologic data from the source
region and thermal modelling. A reliable assessment of
detritus provenance generally requires a multiple-method
approach to single-grain analysis (see Chap. 5, Danišík
2018; Chap. 14, Carter 2018) and a careful inspection of
thermochronologic age trends along a stratigraphic succes-
sion (see Chap. 16, Malusà 2018). Lag-time analysis of
detrital mineral grains is often utilised to infer the long-term
evolution of an entire mountain range, but it is noteworthy
that it may emphasise the cooling history of small parts of
the mountain range that are characterised by highest mineral
fertility (Malusà et al. 2017). The potential impact of
post-depositional annealing may represent a problem not
only for lag-time analysis, but also for the determination of
the depositional age of a sedimentary rock by ther-
mochronologic methods (5 in Fig. 10.5a). However,
post-depositional annealing produces age trends that can be
recognised when multiple samples are analysed along a
stratigraphic succession (van der Beek et al. 2006, see
Chap. 16, Malusà 2018 and Chap. 17, Fitzgerald et al. 2018).
In this perspective, information on burial-related annealing
derived from AFT length distributions gives this method a
further advantage over other thermochronology methods that
rely on age values only.
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Table 10.1 Main assumptions for different approaches to detrital thermochronology and potential impact on data interpretation

Assumption and approach
(identified by number code)

Alternative scenarios References Potential impact on data
interpretation

How to test This book

Thermochronologic ages in
detritus reflect cooling of
eroded bedrock during
erosional exhumation (1, 3)

Ages may reflect transient
changes in the thermal
structure of the crust,
episodes of metamorphic or
magmatic crystallisation, or
cooling of distant sediment
sources

Bernet and
Garver
(2005),
Malusà
et al.
(2011),
Braun
(2016)

Major:
misinterpretation of
cooling ages in terms of
exhumation of eroded
bedrock

Multiple dating of
mineral grains;
integration with
analysis of cobbles
and bedrock, and
thermal modelling

Chaps. 5,
8 and 17

Sediment is effectively
mixed, grain-age
distributions are not
affected by hydraulic
sorting (1, 2, 3, 4)

A relationship between
grain age and grain size
may imply a potential
vulnerability of grain-age
distributions to hydraulic
processes

Bernet
et al.
(2004a),
Malusà
et al.
(2013)

Moderate:
under-representation of
specific grain-age
populations in detritus

Assessment of
age-size
relationships in
detritus, detection of
placer lags

Chap. 7

Mineral fertility does not
vary within the river
catchment upstream of the
sampling site (1)

Bedrock shows variable
mineral fertility depending
on the elevation (grain ages
associated to low-fertility
rocks are under-represented
in detritus)

Brewer
et al.
(2003),
Malusà
et al.
(2016)

Moderate to major:
biased reconstruction of
catchment FT
stratigraphy; flawed
evaluation of
steady-state conditions

Inspection of
bedrock geology;
measurement of
mineral fertility

Chap. 7

Mineral fertility does not
vary regionally in a
mountain belt, units are
represented in detritus
according to their size and
erosion rate (2, 3)

Mineral fertility varies over
orders of magnitude across
a mountain belt, tectonic
units with lower mineral
fertility are
under-represented in the
detrital record

Dickinson
(2008),
Malusà
et al.
(2017)

Major: lag-time
analysis only constrains
the evolution of
high-fertility tectonic
units; sediment budgets
are incorrect

Inspection of
bedrock geology;
measurement of
mineral fertility

Chap. 7

Sediment transport time
from the source rocks to the
final sink is negligible (3)

Minerals grains transported
as bedload (e.g., apatite and
zircon) may take a few
millions of years to reach
their final sediment sink

Garver
et al.
(1999),
Wittmann
et al.
(2011)

Moderate:
underestimation of
exhumation rates based
on lag-time analysis

Comparison
between
magmatic-age peaks
and stratigraphic
age of analysed
samples

Chaps. 7
and 16

Tc isotherms have remained
steady during exhumation
(3)

Isotherms move upward
due to heat advection
triggered by fast erosion,
and are then restored after
thermal relaxation

Rahl et al.
(2007),
Braun
(2016)

Major: unreliable
erosion rate estimations;
ages may record
thermal relaxation, not
erosion

Integration with
thermal modelling

Chap. 8

No provenance change,
lag-time pertains to a single
eroding source (3)

Major provenance changes
are recorded along the
stratigraphic sequence

Ruiz et al.
(2004),
Glotzbach
et al.
(2011)

Major: incorrect
recognition of lag-time
trends if provenance
changes remain
undetected

Multi-dating
approach and
integration with
other provenance
constraints

Chaps. 5,
14 and 16

The drainage network has
remained steady through
time, same mineral fertility
in bedrock eroded in the
past and in bedrock eroded
today (4)

Major drainage
reorganisation, different
bedrock geology in paleo-
and modern river
catchments

Garzanti
and
Malusà
(2008)

Major: the past
short-term erosion
pattern based on
sediment budgets is
incorrect

Geomorphologic
analysis;
independent
provenance
constraints

Chap. 14

The detrital
thermochronologic signal
is preserved after
deposition (3, 5)

The detrital
thermochronologic signal
is modified by
post-depositional annealing

van der
Beek et al.
(2006),
Chirouze
et al.
(2012)

Major: incorrect
constraints to the
maximum depositional
age; overestimation of
exhumation rates based
on lag-time analysis

Careful inspection
of age trends along
the stratigraphic
succession

Chaps. 16
and 17

1 Average long-term erosion rates; 2 Modern short-term erosion patterns; 3 Evolution of long-term erosion rates by the lag-time approach; 4 Past
short-term erosion patterns; 5 Determination of depositional age (in italics, approaches based on the analysis of modern sediments; in bold,
approaches based on the analysis of sedimentary rocks)
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10.3 Conclusions

Low-temperature thermochronology can be used to constrain a
range of geologic processes using bedrock and/or detrital
samples. In bedrock studies, the multiple-method and
age-elevation approaches provide useful constraints on the
exhumation history of rocks now exposed at the surface, pro-
vided that a range of assumptions are properly evaluated. The
multiple-method approach provides direct constraints on the
cooling history of a sample, but the paleogeothermal gradient
must be independently known to convert an average cooling
rate to an average exhumation rate. The age-elevation approach
does not require explicit assumptions on the paleogeothermal
gradient. A careful analysis of the relationships between the
topography and the thermal reference frame is anyway
required, as is an understanding of the various factors that may
change the slope of an age-elevation profile. Multiple methods
can be applied to the same array of vertical profile samples,
which allows exhumation to be constrained over longer time
intervals. FT stratigraphy provides a suitable reference frame to
constrain virtual configurations of eroded rock units above the
present-day topography. A range of thermochronologic mark-
ers can be used to highlight episodes of differential exhumation
across a major fault and constrain the timing of fault activity.
However, in some cases, major episodes of faulting are not
revealed by low-temperature thermochronology. FT data
combined with the analysis of fault rocks also provide useful
constraints on the timing of mesoscale deformation, and a
reliable tool for the correlation over large areas of mesoscale
strain axes derived from fault-slip analysis.

Detrital thermochronologic analysis can be used to provide
an averaged image of the thermochronologic age structure in
bedrock and to constrain the erosion pattern of the sediment
sources on short-term (103–105 yr) and long-term (106–108 yr)
timescales. Detrital thermochronologic analysis can also be
used to constrain the provenance of the dated grains. The
analysis of modern sediment samples provides the baseline for
the thermochronologic interpretation of older stratigraphic
levels. The lag-time approach to detrital thermochronology
provides information that can be used to investigate the evo-
lutionary stage of an entire orogenic belt, and infer whether it is
under a constructional, steady state or decay phase of evolution.
Different approaches to detrital thermocronology are based on a
range of assumptions that should be independently tested to
avoid meaningless geologic interpretations. Depending on the
objectives, the full potential of the detrital thermochronologic
approach is best exploited by the integrated analysis of samples
collected along a sedimentary succession, samples of modern
river sediment, and independent mineral fertility
determinations.
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11Fission-Track Thermochronology
in Structural Geology and Tectonic Studies

David A. Foster

Abstract
Apatite fission-track (AFT) and zircon fission-track
(ZFT) data along with other low-temperature ther-
mochronologic data are widely used in the fields of
structural geology and tectonics to determine the
timing/duration of events, the amount of exhumation in
mountain belts, rates of slip on faults, and the geometries
of fault networks. In this chapter, I review applications of
AFT and ZFT data in extensional tectonic settings.
Examples of data sets and interpretations are summarized
from the Cenozoic-Recent North American Basin and
Range Province. These data constrain displacements of
normal faults, rates of slip on faults, paleogeothermal
gradients, and the original dip of low-angle normal faults.

11.1 Introduction

Fission-track (FT) data on apatite and zircon (AFT and ZFT,
respectively) are important tools for structural geology and
tectonics, as was recognized from the earliest studies in
mountain belts (Wagner and Reimer 1972). These
low-temperature thermochronometers have been widely
used to constrain the magnitude and timing of faulting in the
brittle upper crust through displaced age–elevation profiles,
and the rates of displacement of crust being exhumed
through closure temperature (Tc) isotherms by faulting and
erosion. The direct application of FT thermochronology in
structural geology is more common for extensional or
transtensional tectonic settings where cooling is a result of
“tectonic” exhumation along with erosion (e.g., Fitzgerald
et al. 1991; Foster et al. 1991). There are, however, many
excellent examples of FT data being applied to thrust and

fold belt systems (e.g., O’Sullivan et al. 1993; McQuarrie
et al. 2008; Espurt et al. 2011; Mora et al. 2014) to determine
when particular thrusts or thrust systems were active. When
thrusting forms topographic relief and induces rapid erosion
and cooling, the FT data constrain the timing of thrusting
(e.g., Metcalf et al. 2009). The delay in time between
thrusting and erosion in some orogenic belts, however, limits
direct measurement of fault parameters from cooling ages
in many shortening systems. This chapter is, therefore,
focused on examples from rifts, fault blocks, and meta-
morphic core complexes, particularly in environments where
tectonic exhumation usually dominates over erosion.

11.2 Faulted Partial Annealing Zone
(PAZ) Profiles to Constrain Fault
Geometry

In regions lacking traditional sedimentary or volcanic
stratigraphic markers, geologic structure and fault block
geometry may be constrained using relative displacements of
a reference AFT or ZFT age/track length relief profile, if
regional consistency in the profile is established (e.g.,
Gleadow and Fitzgerald 1987; Brown 1991; Fitzgerald
1992; Foster and Gleadow 1992; Foster et al. 1993; Stockli
et al. 2003). Reference profiles are constructed by measuring
FT ages and track lengths from samples collected over a
wide range of elevations in steep mountainous terrain or
from drill holes. Paleo-PAZ inflection(s) in the FT age–el-
evation profile and steep gradients in the reference profile
reveal the upper crustal thermal history of an area (e.g.,
Foster and Gleadow 1993) and form the basis for a
pseudo-stratigraphy (Brown 1991) (see also Chap. 10,
Malusà and Fitzgerald 2018a, b). Vertical offsets in the
reference profile are due to normal faulting and block tilting
that has occurred after the PAZ profile was formed in an
originally stable region. An AFT age and mean track length
stratigraphy can be viewed as being composed of layers of
crust with similar (to within ±10–20 °C) thermal histories
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for temperatures below *100–120 °C prior to faulting
(Brown 1991). Vertical offsets between reference age–ele-
vation profiles that are beyond two-sigma errors are used to
constrain displacements on faults; sample traverses perpen-
dicular to structural trends may elucidate block tilting and
horizontal displacement. This approach is generally able to
detect faults with displacements of the order of hundreds of
meters or more and is most applicable to regions that had
been geologically stable and slowly eroded for timescales
of >107 year prior to extension (Brown et al. 1994).
A comprehensive review of AFT PAZ profiles is given in
Chap. 9, (Fitzgerald and Malusà 2018).

11.3 Kenya and Anza Rifts Example of Fault
Geometry

The plot in Fig. 11.1a shows a reference AFT age–elevation
profile for basement rocks exposed east and west of the Kenya
Rift in central Kenya (Foster and Gleadow 1993, 1996). The
reference profile is composed of data from samples collected
from steep mountain fronts at intervals of <100 m. The filled
boxes are data from the Cherangani Hills, a range west of the
Kenya Rift that reaches elevations of >3000 m, and the
remaining data are from the Mathews Range and Karisia
Hills, which are east of the Kenya Rift (Foster and Gleadow
1996). The samples from the Karisia Hills are elevated 1100
m to reconstruct displacement due to Cenozoic faulting
(Foster and Gleadow 1992). The reference profile exhibits
three segments where the age–elevation relationship is linear
with a rather steep slope (and long track lengths for the lowest
segment). These are separated by two preserved PAZ inter-
vals, which were established before periods of more rapid
erosion at about 120 Ma and about 65 Ma. A similar age–
elevation relationship is found throughout Kenya and Tan-
zania, establishing the regional nature of the FT stratigraphy
(e.g., Foster and Gleadow 1996; Noble et al. 1997; Spiegel
et al. 2007; Toores Acosta et al. 2015).

Figure 11.1b shows a plot of the topography along an
east–west section at 1˚10′N latitude. The section crosses the
Miocene-Recent Kenya Rift and the Cretaceous–Paleogene
Anza Rift. The variation in AFT age with elevation in the
mountain ranges, and with distance along the traverses
between the ranges, is superimposed on the topographic
section from the reference stratigraphy in the inset box. The
three segments with steep slopes (and consistent mean track
lengths), and the two paleo-PAZs in Fig. 11.1a, define five
FT stratigraphic markers. Offsets in segments of the refer-
ence profile indicate the presence of faults with displace-
ments estimated by restoring the formerly continuous layers.
The FT stratigraphy also reveals the tilt direction for the
footwall blocks bounded by the normal faults, which in this

case is consistent across the section. These data suggest that
the normal faults were related to extension that formed the
Anza Rift, and that the modern East Africa Rift, in Kenya, is
superimposed on structures related to previous rifting. In this
example, the AFT stratigraphy reveals the broad structural
framework of the basement areas east and west of the Kenya
Rift where traditional stratigraphic markers are lacking. It is
important to note that the small-scale structure may be sig-
nificantly more complex than shown in Fig. 11.1b, because
the resolution of the FT data reveals only structures with
displacements of the order of hundreds of meters.

11.4 Normal Fault Slip Rates

Low-temperature thermochronometers are an effective way
to determine the rate of slip on normal faults, which is a key
parameter for understanding the development of fault sys-
tems, particularly low-angle normal faults bounding meta-
morphic core complexes (e.g., Foster et al. 1993; John and
Foster 1993; Foster and John 1999; Wells et al. 2000;
Campbell-Stone et al. 2000; Carter et al. 2004, 2006; Stockli
2005; Brichau et al. 2006; Fitzgerald et al. 2009). Lateral
gradients in apparent age along strike in the displacement
direction of normal faults are related to the progressive
quenching of footwall rocks as they moved through the PAZ
(or the partial retention zone—PRZ) for the ther-
mochronometer (Fig. 11.2), as long as the footwall was
below (at higher temperature) the base of the PAZ before
slip occurred (Foster et al. 2010). The inverse of the slope on
a plot of apparent age versus distance in the slip direction
reveals the slip rate. For accurate slip rate estimates, the Tc
isotherm for the thermochronometer must have remained
approximately horizontal or fixed during the interval of slip
revealed by the data (Ketcham 1996; Ehlers et al. 2003).
This assumption was investigated for low-angle normal
faults using 2-D conductive cooling models by Ketcham
(1996) and found to be reasonable with a few million years
after the onset of extension, because the isotherms reach a
steady-state position by that time. Before the first few mil-
lion years, the isotherms advance along the detachment
surface causing uncertainties in the slip rate (Ketcham 1996).
Advection of isotherms will result in an underestimate of the
slip rate (Ehlers et al. 2001; Fitzgerald et al. 2009). The
thermochronometric data alone give time-averaged slip rates
on timescales of about a million years and do not rule out
significantly faster or slower rates of detachment slip over
shorter timescales. Ehlers et al. (2003) showed that com-
bining low-temperature thermochronologic data, along with
thermal–kinematic modeling of the evolving isotherms,
revealed changes in slip rate on the steeply dipping (45°–
60°) Wasatch normal fault.
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11.5 Bullard Detachment Example
to Constrain Slip Rates

The Bullard detachment is a large-scale, low-angle normal
fault that separates footwall rocks of the Miocene
Buckskin-Rawhide and Harcuvar metamorphic core com-
plexes in Arizona, USA (Spencer and Reynolds 1991; Scott
et al. 1998). Spencer and Reynolds (1991) estimated about
90 km of displacement for this detachment system based on
reconstructing distinctive sedimentary and plutonic units in
the hanging wall and footwall. Figure 11.3 is a plot of the
variation of AFT age with distance in the slip direction for
Buckskin-Rawhide and Harcuvar metamorphic core com-
plex footwall rocks, immediately beneath the projection of
the detachment (Foster et al. 1993). The inverse slope of the
Buckskin-Rawhide core complex data suggests a detachment
fault slip rate of 7.7 ± 3.6 km/Myr (±2 sigma). Regressions
of the slip rate and two-sigma errors, for these and other slip
rates, were calculated using methods of York (1969) for

non-correlated errors, considering two-sigma errors in age
and sample location/projection. For the regressions of the
AFT data, in those cases where the number of data points is
relatively small the two-sigma errors are considered to
approximate the uncertainties.

All of the samples from the Buckskin-Rawhide footwall
give cooling ages at least 5 or 6 million years younger than
the onset of extension and have long mean track lengths,
indicating rapid cooling. A value of 6.5 ± 3.0 km/Myr for
slip rate along that detachment is given by results from the
adjacent Harcuvar Mountains core complex. The trend in the
Harcuvar Mountains is influenced by one relatively precise
AFT age of about 21 Ma from the structurally shallowest
sample. Removing this one sample, because of the possi-
bility it may have cooled before the depth of the 110 °C
isotherm was stationary (e.g., Ketcham 1996), gives a slip
rate of 7.7 ± 3.1 km/Myr. As expected, this rate is similar to
that from the Buckskin Mountains because both footwalls
were unroofed from beneath the same detachment system
(Spencer and Reynolds 1991).
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and Gleadow 1996). This age–
elevation profile establishes an
AFT stratigraphy, which is used
to reconstruct offsets on normal
faults and constrain tilting of fault
blocks. b Offsets of the regional
AFT age–elevation profile show
the gross framework of normal
faults that bound the basement
mountain ranges in central Kenya
(after Foster and Gleadow 1996).
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be possible to determine the
regional-scale normal faults or
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Rift, because no regional
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areas where mainly Precambrian
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Spencer and Reynolds (1991) independently estimated an
extension rate of 8–9 km/Myr along the Buckskin-Rawhide
detachment, based on the amount of slip (*90 km) that had
occurred between 23 and 25 Ma (when syn-extensional
basins started to form) and about 15 Ma (when the lower
plate rocks cooled >100 °C). The timing of initial exposure
of footwall rocks at the southwestern and northeastern ends
of the Buckskin-Rawhide core complex, based on distinctive
clasts in conglomerates, also indicates a slip rate
of *7 km/Myr for this fault (Scott et al. 1998).

The relatively large errors for the Miocene AFT ages
result in significant two-sigma errors for slip rate examples
in Fig. 11.3. Carter et al. (2004) and Singleton et al. (2014)
showed that a more precise measurement of slip rate of this
fault could be constrained using (U-Th)/He data. Although
the results of these two studies are not in agreement on the
slip rate (for reasons listed below), they are within error of
the values in Fig. 11.3. Displacement rates for other normal
faults in the Basin and Range using FT data referenced in
this section range from <1 km/Myr to >10 km/Myr.

The example in Fig. 11.3 appears relatively clear with the
exception of the relatively large errors. There are notable
examples in the literature where AFT and/or other
low-temperature thermochronologic data from normal fault
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systems are much more complicated and reasonable esti-
mates of slip rate are not possible to constrain. Many
detachment faults are composite structures that form from
the merger of discrete segments active at different times
(e.g., Lister and Davis 1989). This occurs when fault seg-
ments are transferred from the footwall to the hanging wall,
or from the hanging wall to the footwall, and where sec-
ondary breakaway zones develop (e.g., Lister and Davis
1989). Data sets from composite detachments may show
overlapping segments or repeated age/distance relationships
parallel to the slip direction (e.g., Pease et al. 1999;
Campbell-Stone et al. 2000; Stockli et al. 2006; Fitzgerald
et al. 2009; Singleton et al. 2014) that need to be assessed
separately. Hydrothermal flow within active normal fault
systems may result in rapid quenching of the footwall or
heating along the detachment (e.g., Morrison and Anderson
1998). The data quality from some detachments is poor due
to low uranium concentration, numerous fluid inclusions,
and other factors which may mean the slip rate cannot be
constrained (e.g., Fitzgerald et al. 1993). Finally, the foot-
walls of some normal fault systems are too deeply eroded
and/or folded by isostatic rebound to project sample loca-
tions to the level of the former fault surface (e.g., Foster and
Raza 2002).

11.6 Paleogeothermal Gradient

An elusive, but important parameter, for understanding
extensional tectonics is the value of the geothermal gradient
before extension started. Knowing the geothermal gradient
prior to the onset of extension is important for elucidating
processes that drive extension in a particular region. Active
or passive extension processes, and those driven by mag-
matism or thermal weakening of the lithosphere, are partly
related to different geothermal gradients. Elevated geother-
mal gradients commonly accompany extension due to
mantle upwelling and decompression melting. Gradients
prior to extension, however, are often much different and
relate to a previous tectonic regime, but are invaluable for
calculating the paleodepths of Tc isotherms before
exhumation.

There are several examples where FT studies from tilted
fault blocks have yielded information about the geothermal
gradient prior to extension (Foster et al. 1991; Fitzgerald
et al. 1991, 2009; Howard and Foster 1996; Stockli et al.
2003; see also Chap 9, Fitzgerald and Malusà 2018). Pale-
ogeothermal gradient data may then be used to determine,
for example, the amount of exhumation that has taken place
in metamorphic core complexes and the original dip of
faults. Samples collected along traverses from tilted crustal
sections (thick fault blocks) parallel to the movement
direction of normal faults reveal thermal histories from

increasingly deeper paleodepths. Paleoisotherms are identi-
fied at the depth where isotopic systems recording
pre-extension cooling ages, at shallow depths, give way, at
deeper levels, to cooling ages that mark rapid exhumation
during extension. The transition where the age–depth curve
forms a break-in slope and intersects the age versus pale-
odepth curve at the time that extension started represents the
base of an exhumed PAZ (Fitzgerald et al. 1991; Howard
and Foster 1996). A geothermal gradient may be calculated
when two paleoisotherms are revealed by thermochronologic
data (see Chap. 8, Malusà and Fitzgerald 2018a, b), or one
paleoisotherm combined with the location of an unconfor-
mity with known depth beneath the surface.

In the Basin and Range Province, examples of this
method include studies of the Gold Butte fault block in Utah
(Fitzgerald et al. 1991, 2009; Reiners et al. 2000; Bernet
2009; Karlstrom et al. 2010), the Grayback fault block in
Arizona (Howard and Foster 1996), and the White Moun-
tains fault block in California/Nevada (Stockli et al. 2003).
In each of these cases, the depth below an unconformity (of
known depth) for the PAZ for AFT and ZFT (or PRZ for
(U-Th)/He ages) is relatively well constrained. The depth of
the base of an exhumed PAZ/PRZ relating to the depth of a
particular geotherm (e.g., 110° for base of the apatite PAZ)
within a relatively intact fault block then allows the calcu-
lation of the paleogeothermal gradient.

In the three southern Basin and Range examples listed
above, the pre-extension gradients were found to have been
relatively low (� 20 °C/km, e.g., Grayback) or normal
(� 25 °C/km, Gold Butte). This has important implications
for the tectonic setting of the region in Paleogene time.
Relatively, normal paleogeothermal gradients indicate that
magmatism was unlikely to have weakened the crust prior to
extension and even lower geothermal gradients (<20 °C/km)
are more typical of subduction zone settings rather than
orogenic highlands. In the case of the US Cordillera, the
relatively low Paleogene geothermal gradients may be rela-
ted to cooling of the lithosphere over a flat slab segment of
the subducting Farallon Plate (e.g., Dumitru et al. 1991).

11.7 Grayback Fault Block Example
to Constrain Paleogeothermal
Gradients

The Grayback fault block in the Tortilla Mountains, Arizona
(Fig. 11.4), exposes a Proterozoic through Paleocene
granitic crustal section about 12-km thick (Howard and
Foster 1996). The crustal section was tilted eastward during
Oligocene to Miocene extension, which led to the exhuma-
tion of core complexes in the Santa Catalina, Rincon, Tor-
tolita, and Picacho Mountains (Dickinson 1991).
Stratigraphy of the overlying Tertiary rocks indicates that
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tilting of the Grayback block took place between 25 and
16 Ma. The block was titled to near-vertical or a slightly
overturned orientation based on the dip of Proterozoic
Apache Group and diabase dikes that were horizontal prior
to tilting (Howard 1991).

AFT and ZFT ages from the Grayback fault block are
shown in a plot of age against paleodepth (Fig. 11.4b).
The AFT ages decrease westward (deeper paleodepths)
from *83 Ma at the unconformity to a break-in slope
at *24 Ma and *5–6 km depth. Mean track lengths for
samples between 0 and 6 km depth are <13 µm, indicating
relatively slow cooling through the apatite PAZ.
Below *5–6 km depth, the AFT ages decrease from *24–
15 Ma and have long mean track lengths (>14 µm),

indicating more rapid cooling. The ZFT ages also decrease
to the west and become concordant with the initiation of
extension at paleodepths of 12.1–12.3 km.

The break-in slope in the AFT age transect represents the
position of the base of the apatite PAZ (*110 °C) (Gleadow
and Fitzgerald 1987) prior to Tertiary tilting. All of the
apatite samples below the break-in slope were cooled rapidly
from temperatures where tracks were totally annealed, based
on the long mean track lengths. The form of the ZFT age
profile with no Oligocene–Miocene break-in slope suggests
that all of the samples were at or colder than and structurally
above the temperature of total annealing (*220–250 °C for
107 year timescales, e.g., Brandon et al. 1998; Bernet 2009).
However, the fact that the ages of the two deepest samples
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are concordant with, but not younger than, start of tilting
suggests the samples at 12.3 km were at 220 ± 30 °C
at *25 Ma.

Howard and Foster (1996) calculated the paleogeother-
mal gradient for the Grayback block from the difference in

depth of the paleoisotherms at 5.7 ± 0.4 km (110 ± 10 °C)
and 12.15 ± 0.7 km (220 ± 30 °C). This gives a gradient
of 17.1 ± 5.3 °C/km. The errors include values of known
and estimated errors in annealing temperatures and the
projections. A gradient calculated between the surface and

Fig. 11.5 Geological map of the
Chemehuevi Mountains,
California (modified from John
and Foster 1993; Foster and John
1999). The section A–B is the
projection through the southern
part of the footwall in Fig. 11.6.
The thick dashed lines are
paleoisotherms for the southern
and central parts of the footwall to
the Chemehuevi detachment fault
when extension started
at *22 Ma. Paleotemperatures
for sample points constraining the
isotherms were calculated from
thermal histories of the footwall
rocks obtained from 40Ar/39Ar
and FT data, where three to five
minerals with different Tc were
analyzed from each sample. The
isotherms show a gradual increase
in temperature to the northeast in
the known direction of tectonic
transport. Isotherms are not
shown for the northern part of the
footwall, because of
syn-extensional plutons in that
area
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the 110 ± 10 °C isotherm, assuming a surface temperature
of 15 ± 10 °C for the late Oligocene, gives a gradient of
16.7 ± 4.9 °C/km. The mean of these two estimates gives a
paleogeothermal gradient of 17 ± 5 °C/km.

11.8 Dip Angles of Faults Prior to Tilting
and Isostatic Rebound

One of the fundamental parameters in structural recon-
structions of normal and detachment fault systems is the dip
of normal faults, when they were initiated and while they are
active. This information is essential for calculating exten-
sional strain on local and regional scales and is needed to
assess models for the formation of low-angle detachment
faults in the light of apparent contradictions with Anderso-
nian fault mechanics (e.g., John and Foster 1993; Wernicke
1995). Tilting of fault blocks and isostatic rebound com-
monly reduces the dip of faults during and after displacement
(e.g., Wernicke and Axen 1988; Spenser and Reynolds
1991). Reconstructing the original dips of faults that do not
intersect or offset stratigraphic or other geometric indicators
in crystalline rocks is particularly difficult. The controversy
regarding the original dips of low-angle detachment faults
through the seismogenic crust serves as an example of how
difficult it is at times to reconstruct extensional fault systems.
Thermochronology data, including FT data, have con-
tributed greatly to the understanding of normal fault systems
and initial dips of faults (e.g., Foster et al. 1990; John and
Foster 1993; Lee 1995; Foster and John 1999; Pease et al.
1999; Stockli 2005; Fitzgerald et al. 2009).

There are several approaches to constrain fault dips with
thermochronologic data. The calculation requires knowing:
(1) the direction of slip on the fault, (2) the location of at
least two temperatures at a particular time (before or during
faulting) along the fault trace as defined by FT or other
thermochronometers, and (3) either an assumption about the
geothermal gradient or a measure of the paleogeothermal
gradient from a titled hanging-wall crustal section. The
geothermal gradient should be constrained to within about
±10 °C/km for a reasonable estimate of dip (John and Foster
1993; Foster and John 1999; Stockli 2005; Fitzgerald et al.
2009). The variation in paleotemperature along the slip
direction of a detachment fault at a particular time is related
to the dip of the fault provided that: (1) lateral variations in
the thermal gradient (due to voluminous intrusions or
hydrothermal flow in the footwall) can be ruled out, and
(2) that the samples are from below a single fault system.
The second may introduce uncertainty for detachment sys-
tems with secondary breakaway faults that result in greater
extension in down-dip section.

11.9 Chemehuevi Detachment Example
to Constrain Fault Dip

FT and 40Ar/39Ar data from rocks in the footwall of the
Chemehuevi detachment in Southeastern California con-
strain the initiation angle of this regional detachment fault
system (Foster et al. 1990; John and Foster 1993; Foster and
John 1999). Contoured values of mineral cooling age from
biotite (40Ar/39Ar), K-feldspar (40Ar/39Ar), ZFT, AFT, and
titanite FT decrease north eastward in the slip direction and
define the locations of paleoisotherms in the footwall before
and during extension (Fig. 11.5). These thermochronologic
data indicate a moderate paleotemperature field gradient
across the footwall prior to faulting.

At *22 Ma, granitic rocks exposed in the southwestern
and northeastern portions of the footwall were at � 200
and � 400 °C, respectively, and were separated by a dis-
tance of some 23 km along the known slip direction. This
gradual increase in temperature with depth is attributed to
the gentle warping of originally subhorizontal isothermal
surfaces and constrains the exposed part of the Chemehuevi
detachment fault to have had an initial dip of 15° to 30°
using a range of geothermal gradients (Fig. 11.6).
Syn-extensional plutons are not present in the southern part
of the footwall, so the smooth gradient in paleotemperature
is not likely to be due to local variations in the geotherm.
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11.10 Conclusions

Many other excellent examples of applications of FT data to
structural geology and tectonics exist in the literature. The
examples summarized in this chapter provide a general
outline for using FT data in normal fault studies. In all cases,
a relatively large data set is needed to reduce uncertainty and
some of the more powerful applications combine FT,
(U-Th)/He, and/or 40Ar/39Ar data from the same samples or
from the same structure.
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12Application of Fission-Track
Thermochronology to Understand Fault
Zones

Takahiro Tagami

Abstract
The timing and thermal effects of fault motions can be
constrained by fission-track (FT) thermochronology and
other thermochronological analyses of fault zone rocks.
Materials suitable for such analyses are produced by fault
zone processes, such as: (1) mechanical fragmentation of
host rocks, grain-size reduction of fragments and recrys-
tallisation of grains to form mica and clay minerals,
(2) secondary heating/melting of host rocks as the result
of friction and (3) mineral vein formation as a conse-
quence of fluid flow associated with fault motion. The
geothermal structure of fault zones is primarily controlled
by three factors: (a) the regional geothermal structure
around the fault zone that reflects the background
thermotectonic history of the study area, (b) frictional
heating of wall rocks by fault motion and consequent heat
transfer into surrounding rocks and (c) thermal effects of
hot fluid flow in and around the fault zone. The thermal
sensitivity of FTs is briefly reviewed, with a particular
focus on the fault zone thermal processes, i.e., flash and
hydrothermal heating. Based on these factors, represen-
tative examples as well as key issues, including sampling
strategy, are highlighted for using thermochronology to
analyse fault zone materials, such as fault gouges,
pseudotachylytes and mylonites. The thermochronologic
analyses of the Nojima fault in Japan are summarised, as
an example of multidisciplinary investigations of an
active seismogenic fault system. Geological, geomorpho-
logical and seismological implications of these studies are
also discussed.

12.1 Introduction

Seismic activity and faulting are manifestations of geody-
namic processes of the dynamic Earth. They involve a series
of fault zone processes and products, such as gouge and
pseudotachylyte formation, as a result of repeated fault
motions on a geologic timescale at different crustal depths.
Because those processes are accompanied by temperature
changes along the fault zone, geo- and thermochronological
techniques are potentially useful to detect and date the
thermal episodes under active and ancient faulting regimes.
In particular, fission-track (FT), K–Ar (Ar/Ar) and U–Th
methods have successfully been applied to fault zone rocks
at a variety of tectonic settings (e.g. Flotte et al. 2001; van
der Pluijm et al. 2001; Mulch et al. 2002; Boles et al. 2004;
Murakami and Tagami 2004; Sherlock et al. 2004; Zwing-
mann and Mancktelow 2004; Murakami et al. 2006a; Rol-
land et al. 2007; Haines and van der Pluijm 2008; see
Tagami 2012 for a review). In addition, (U–Th)/He analyses
have recently been conducted on zircon separates from fault
zones (Yamada et al. 2012; Maino et al. 2015; see also Ault
et al. 2015 for haematite analysis).

Compared to other techniques, the advantages of the FT
(and also the (U–Th)/He) method where applied to fault
zones are: (1) greater thermal sensitivity for secondary
heating episodes associated with faulting; (2) higher
mechanical/chemical survivability of mineral grains used for
FT analysis (e.g. zircon) in the core of fault zones and
(3) widespread occurrence of mineral grains used for FT
analysis (i.e. apatite and zircon) within continental crust
rocks. As a result, FT analysis revealed thermal histories in
or near fault zones in various regions, for example, the
Median Tectonic Line in Japan (Tagami et al. 1988), the
Alpine fault in New Zealand (Kamp et al. 1989), the Pejo
fault system in the Italian Eastern Alps (Viola et al. 2003),
the San Gabriel Fault in California (d’Alessio et al. 2003)
and the Nojima Fault in Japan (Murakami and Tagami
2004).
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This chapter reviews the state-of-the-art of FT ther-
mochronology of seismogenic fault zones and illustrates the
relevant scientific backgrounds of fault zone processes and
materials, geothermal regime of fault zones, thermal stability
of FTs in fault settings and key studies of application to
different fault lithologies.

12.2 Fault Zone Processes and Materials

12.2.1 Faults and Fault Zone Rocks

The schematic cross-section of a typical fault zone1 is shown
in Fig. 12.1a, where the geologic features of fault rocks are
presented along with thermomechanical characteristics (see
also Chap. 10, Malusà and Fitzgerald 2018). Fault zone
rocks are classified as gouges, cataclasites, pseudotachylytes,
mylonites, etc., based primarily on their textures (Sibson
1977). The formation process of fault zone materials
includes three primary categories: (1) mechanical fragmen-
tation of host rocks, coupled with grain-size reduction and
recrystallisation to form secondary minerals, such as clay;
(2) frictional heating by fault motions that occasionally leads
to melting of wall rocks and (3) fluid flow and chemical
precipitation to form mineral veins. These processes are
described below in more detail.

12.2.2 Grain-Size Reduction
and Recrystallisation

Frictional fault motion, which is controlled by brittle fracture
at shallow crustal levels, causes damage and abrasion of
host-rock surfaces. As a result, loose particles with angular
shapes, called gouge, are formed. As the faulting progresses,
the gouge shears as a granular material, resulting in a sys-
tematic reduction in the average grain size.

Fault gouges generally contain a variety of neoformed
clay minerals, such as illite and smectite. In igneous and
metamorphic environments, in situ clay mineralisation plays
a major role in forming authigenic clays in gouge. Fluid flow
is likely a key factor to promote mineralogical reactions, and
the authigenic illites formed are useful for K–Ar (Ar/Ar)
dating.

At deeper crustal levels where rock-forming minerals are
semi-brittle to plastic, ductile faulting (or shearing) is dom-
inant and likely forms mylonites. Recrystallisation of biotite
takes place at *350–400 °C (Simpson 1985), whereas
white micas are formed by synkinematic crystallisation at

the expense of feldspars at *400 °C (Rolland et al. 2007).
Those newly formed micas are widely used for Ar/Ar ther-
mochronology (see Tagami 2012 for more details).

12.2.3 Frictional Heating and Pseudotachylyte
Formation

The mechanical work of faulting primarily comprises three
factors: (a) frictional heating, (b) surface energy of gouge
formation and (c) elastic radiation (Scholz 2002). Factors
(b) and (c) are in general much less important than frictional
heating, and thus the mechanical work is primarily expended
by the generation of frictional heat. The generation of heat
on a fault plane can accordingly be approximated as:

sv ¼ q ð12:1Þ
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Fig. 12.1 Synoptic model of a fault zone. a Fault rocks and
deformation mechanisms against depth (and temperature). b Permeabil-
ity structure and thermal regime (after Scholz 1988; Tagami 2012, as
modified from Fig. 10.4a—Malusà and Fitzgerald 2018)

1“Fault zone” is a term to describe the spatial extent along a fault where
rocks are significantly deformed by the faulting.
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where s is the mean shear stress acting on a fault sliding at
velocity m, and q is the heat flow generated by the fault
motion (Scholz 2002).

The thermomechanical behaviour of faulting is classified
into two general regimes: (a) under brittle conditions, a
transient heat pulse is generated by rapid coseismic fault slip,
with m = *10–100 cm/s; (b) under ductile conditions, heat
generation can be regarded as steady-state, due to a
long-term fault motion averaged over geological time, with
m = *1–10 cm/year (Scholz 2002).

In the brittle regime, heat generation is highly localised
near the fault zone owing to the greater m coupled with low
thermal conductivity of rocks. In this case, fault zone rocks
can occasionally be molten to form glassy vein-shaped
rocks, called pseudotachylytes (Sibson 1975). In contrast,
the latter type of heating is expected to form a broader,
regional thermal anomaly across the fault zone due to the
smaller m and constant heat generation. Some regional
metamorphic aureoles in convergent plate boundaries (or
transcurrent shear zones) may be attributable to such
long-term heating at depths (Scholz 1980). In both regimes,
the time and magnitude of heating can be assessed quanti-
tatively by thermochronology using FT and other tech-
niques, although the rock sampling strategy is substantially
different between the two.

The energy budget of earthquakes can also be estimated
by thermochronological methods. The mechanical work of
fault motion, Wf, is a function of mean shear stress, which is
difficult to measure directly on the fault plane. Thus, an
available approach to constrain Wf is to measure the gener-
ated heat flow q during an earthquake. This can be achieved
either by: (a) detection of the temperature anomaly across
the fault zone by drilling into the fault soon after the
earthquake (Brodsky et al. 2010, and references therein), or
(b) geothermometric analyses of fault zone rocks that
experienced frictional heating, such as vitrinite reflectance or
FT analysis (e.g. O’Hara 2004).

12.2.4 Fluid Flow and Mineral Vein Formation

A variety of mineral veins in fault zones, such as calcite,
quartz and ore deposits, are typically formed as fracture
fillings under an extensional regime, as a consequence of
fluid flow and in situ chemical precipitation. At crustal
temperatures exceeding 200–300 °C, the healing and sealing
of fractures effectively proceeds to produce veins, probably
within the conventional lifetime of hydrothermal systems
(Cox 2005). Hence, the formation of extensional vein arrays
in seismogenic crustal depths can closely represent the time
of brittle failure and permeability enhancement that induce
fluid flow. During the seismic cycle of a fault system, a

significant slip event likely produces large ruptures in the
fault zone, reduces the fault strength, enhances fluid flow
and eventually leads to veins formation (e.g., Sibson 1992).
This seismic episode is followed by an interseismic period
when the fault strength is progressively recovered as the
healing and sealing of ruptures progresses. This evolution is
called fault-valve behaviour (Sibson 1992).

The time of brittle failure and permeability enhancement
of a fault zone can be constrained by dating mineral veins.
U–Th disequilibrium analysis of carbonate veins has suc-
cessfully been applied to date neo-tectonic fault systems
(Flotte et al. 2001; Boles et al. 2004; Verhaert et al. 2004;
Watanabe et al. 2008; Nuriel et al. 2012). In addition, hot
fluid flow caused by brittle faulting should be recorded in
adjacent wall rocks as a thermal anomaly, which may be
detected by low-temperature thermochronology of host
minerals, e.g. FT analysis on apatite and zircon separated
from fault zone rocks.

12.3 Thermal Regime of Fault Zones

This section provides a brief overview of temperature vari-
ations in a fault zone in space and time. The thermal regime
is a key parameter governing the response of applied ther-
mochronometers in terms of thermal stability (or
retentivity/diffusivity) of accumulated daughter nuclides (or
lattice damages) in the target mineral.

12.3.1 Regional Geothermal Structure
and Background Thermal History

The geothermal structure of solid Earth can be approximated
by a one-dimensional temperature profile against depth from
the Earth’s surface. The temperature increases toward the
centre of the Earth, with a higher geothermal gradient within
the lithosphere. Tectonics perturbs the first-order geothermal
structure of the upper continental crust with significant
departures from its average geothermal gradients, generally
assumed to be on the order of 30 °C/km (see discussion in
Chap. 8, Malusà and Fitzgerald 2018). The thermal regime
of a fault zone is controlled by three factors (Fig. 12.1b):
(a) the regional geothermal structure and background ther-
mal history of the study area, (b) frictional heating of the
wall rocks during faulting in the brittle regime and (c) heat-
ing of the wall rocks by hot fluid flow in and around the fault
zone.

Where the fault motion has some vertical component, the
two blocks separated by the fault show differential
uplift/subsidence movements with respect to each other. If
uplift is accompanied by exhumation, the rocks within the
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uplifted block effectively cool down, due to the resultant
long-term downward motion of geotherms to adjust for the new
state of geothermal equilibrium. Conversely, if subsidence is
accompanied by sediment deposition, the rocks within the
subsided block are effectively heated, as a result of burial and
long-term upward motion of geotherms (note that the thermal
effects of thrust faulting can be grossly different (e.g. Metcalf
et al. 2009)). As the fault motion continues, the amount of fault
slip accumulates and thus the difference in the thermal signa-
ture progressively increases between rocks that were once
juxtaposed each other across the fault boundary. The difference
eventually may become large enough to be resolved by an
appropriate thermochronometric technique, which then places
constraints on the timing and magnitude of vertical components
of the accumulated fault motions. Low-temperature ther-
mochronology using (U–Th)/He, FT and/or K–Ar (40Ar/39Ar)
techniques is particularly useful for reconstructing such regio-
nal thermal histories. Note that such modifications to the
background thermal structure occur over timescales that are
much longer than those characterising thermal processes within
a fault zone, i.e. frictional heating in the brittle regime and hot
fluid flow. Also note that, on a regional scale, the background
thermal history may vary depending on a variety of factors,
such as surface topography, spatial variation of geothermal
structure, tectonic tilting and ductile deformation at depth (see
Chap. 8, Malusà and Fitzgerald 2018).

12.3.2 Frictional Heating of Wall Rocks by Fault
Motion

Frictional heating in the brittle deformation regime is char-
acterised by episodic temperature increase up to *1000 °C,
within a typical time period of several seconds and a spatial
range of several mm from the fault (Fig. 11.1b). Lachen-
bruch (1986) quantified the production of frictional heat and
its conductive transfer into wall rocks, using the heat con-
duction models of Carslaw and Jaeger (1959). Suppose a
fault slips along a fault zone of width 2a during a time
interval 0 < t < t*, where t* is a duration of the slip. Within
the fault zone (0 < x < a, where x is a distance to the fault
plane), the temperature rise DT during faulting (t < t*) is
given by

DT ¼ s
qc
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where q is the density, c is the specific heat and a is the
thermal diffusivity (Fig. 12.2), whereas the temperature rise
after faulting (t* < t) is given by
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Instead, outside of the fault zone (x > a), the temperature

rise DT during faulting (t < t*) is given by
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and the temperature elevation after faulting (t* < t) is given
by
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The mean shear stress s can then be estimated using these
equations, where geothermometric analysis of known
kinetics is carried out (O’Hara 2004; Tagami 2012).
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According to Lachenbruch (1986), if the slip duration t*
is negligibly small relative to post-seismic observation time
(t − t*), and also if our observation time t is sufficiently
large compared to the time constant k of the shear zone
(k = a2/4a), Eqs. (12.2)–(12.5) can be simplified (for any x,
t � t*, and t � k) to

DT ¼ ðsu=qcÞ ðpatÞ�1=2 exp ð�x2=4atÞ ð12:6Þ
where u is the slip distance (u = mt*). The mean shear stress
s can accordingly be calculated for certain x and t conditions
by substituting individual appropriate values to q, c and a,
and by measuring DT and u. This approach was applied to
the case of temperature anomaly measurement across a fault
zone, conducted by drilling into the fault soon after the
earthquake (Brodsky et al. 2010).

12.3.3 Hot Fluid Flow in and Around the Fault
Zone

Fluid flow within a fault zone can be inferred from the
occurrence of mineral veins formed by in situ chemical
precipitation (see Sect. 12.2.4). The spatial range of the
effective flow is primarily on the order of 1–100 m normal to
the fault, based on natural occurrences of mineral veins (e.g.
Boles et al. 2004; Watanabe et al. 2008; Cox 2010). The
permeability structure of fault zones, which is a key to
control the flow, in general consists of three regions: (a) the
fault core, which comprises fault gouge and breccia, both
characterised by low permeability; (b) the damage zone,
which consists of fractured rocks and has high permeability
that offers effective pathways for seepage flows and (c) the
bedrock protolith with low permeability (Evans et al. 1997;
Seront et al. 1998). The mean permeability of a fault zone is
inferred to decrease with time, as a result of
narrowing/closure of pathways due to the continued fluid
flow with chemical precipitation to form veins. The perme-
ability likely recovers if the fault zone experiences new
seismic activity and resultant reopening of the pathways.
This temporal model was first tested by the Nojima Fault
Zone Probe Project (see review in Tagami 2012).

If the seepage flow in a fault zone is dominated by
upward components, the fault zone is heated by flows from
deeper crustal levels and is hotter than the environmental
temperature (Fig. 12.1b). Hot springs are often found near
active fault systems, and some of them likely have deep
origins as indicated by their geochemical signatures (e.g.,
Fujimoto et al. 2007). Some of the large faults continue from
the surface to >10 km depths (Scholz 2002), and the tem-
perature of upcoming fluids is estimated to exceed 300 °C
under the assumption of a normal geothermal gradient of
*30 °C/km, and neglecting heat loss during seepage flow.

12.4 FT Stability During Flash
and Hydrothermal Heating

This section gives a brief overview of the kinetic formulation
of FT annealing and its application to fault zone settings. If a
host rock undergoes a temperature increase, fission tracks
that have been accumulated are shortened progressively and
eventually erased by thermal annealing. The reduction of FT
lengths is a function of heating time and temperature, and the
temperature interval of partial annealing is substantially
variable among different minerals. FT annealing is more
precisely quantified by using the reduction of etched track
length than the etched track density (see Chap. 3, Ketcham
2018), and the shape of the track-length distribution is
diagnostic of the thermal history of the rock. Accordingly,
horizontal confined track lengths are routinely analysed to
determine the annealing kinetic functions, an example of
which is:

l ¼ 11:35 1� exp �6:502þ 0:1431
ðln tþ 23:515Þ

ð1000=T � 0:4459Þ
� �� �

ð12:7Þ
where l is the mean FT length in zircon, after annealing at
T Kelvin for t hours (Tagami et al. 1998). For more details,
see other comprehensive reviews (e.g. Donelick et al. 2005;
Tagami 2005; Tagami and O’Sullivan 2005).

The thermal regime of fault zones is characterised by
frictional heating and hot fluid flow, in addition to the
regional background geothermal structure. Hence, for reli-
able FT thermochronologic analysis of fault zones, addi-
tional consideration is needed to assess the influence of both
high-temperature short-term heating and hydrothermal
heating on the FT annealing kinetics (which is usually
determined in a dry atmospheric environment in a conven-
tional laboratory and extrapolated to geological timescales).

Laboratory heating experiments to simulate thermal per-
turbations at hydrothermally pressurised conditions due to
hot fluid flow were performed on zircon (Brix et al. 2002;
Yamada et al. 2003) using a hydrothermal synthetic appa-
ratus. It was found using the same zircon sample and ana-
lytical procedure that the observed FT length reduction in the
atmosphere is indistinguishable from that under hydrother-
mal conditions (Yamada et al. 2003). The results of Brix
et al. (2002) using Fish Canyon Tuff zircon also exhibit
consistency of annealing kinetics between dry and
hydrothermal conditions. It thus suggests that the conven-
tional zircon annealing kinetics can also be applied to
hydrothermal heating conditions in nature, such as fault
zones and sedimentary basins settings.

Frictional heating along a fault in the brittle regime is a
short-term geological phenomenon with an effective heating
duration on the order of seconds, which is significantly
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shorter than the conventional laboratory heating of*10−1 to
104 h. Thus, high-temperature and short-term heating (i.e.
flash heating) experiments were specially designed and
conducted using a graphite furnace coupled with infrared
radiation thermometers (Murakami et al. 2006b). The
observed track-length reduction in zircon by 3.6–10 s of
heating at 599–912 °C is, overall, slightly greater than that
predicted by the zircon FT annealing kinetics, based upon
the heating for *10−1 to 104 h at *350–750 °C (Yamada
et al. 1995; Tagami et al. 1998). Yamada et al. (2007) pro-
posed revised kinetic models that integrate results of both the
flash heating and conventional laboratory to geological
heating. It should be noted here that spontaneous tracks in
zircon are totally annealed at 850 ± 50 °C for *4 s, sug-
gesting that the zircon FT system can be completely reset
during the ordinary pseudotachylyte formation in nature
(Otsuki et al. 2003).

A note should be added concerning FT annealing kinetics
of apatite. The kinetics has been established in dry atmo-
spheric environments in conventional laboratories and also
tested and calibrated on geological timescales by analysing
drilled cores of sedimentary basins. However, the influences
of both flash and hydrothermal heating on the kinetics are
not well known yet, and thus specially designed experiments
are strongly needed for apatite. These experiments will
provide a more robust basis for interpreting apatite FT data
in terms of frictional heating and hot fluid flow in fault
zones.

12.5 Rock Sampling Strategy

The rock sampling strategy for fault zone studies may be
different from other applications primarily due to the char-
acteristic heat source associated with faulting in the brittle
regime (cf. Chap. 10, Malusà and Fitzgerald 2018, and
Chap. 11, Foster 2018). As argued above, three thermal
factors relevant to the fault zone generally yield character-
istic thermal histories (i.e. temperature–time paths) with
different spatial ranges (Fig. 12.1b): (a) background thermal
history that reflects long-term tectonics of crustal basement,
with an ordinary spatial range of*1–100 km from the fault;
(b) episodic frictional heating up to an order of 1000 °C (i.e.,
occasionally above the melting temperature of wall rocks),
with a typical time period of several seconds and spatial
range of several mm from the fault (in case of brittle
deformation) and (c) heating by hot fluid flow, with tem-
peratures below the melting point of host rock, within
*100 m of the fault zone. In theory, we can place con-
straints on each of these three factors by analysing a series of
rocks in and around the fault zone using thermochronolog-
ical techniques. In planning the research strategy toward this

goal, we need to take into account the following geological
and analytical aspects:

• First of all, we need to choose appropriate ther-
mochronometers with thermal sensitivities suited to the
expected temperature and time ranges of the thermal
history of interest.

• If we want to analyse heating events localised to the fault
zone, i.e. factors (b) and (c), the background thermal
history of the protolith needs to be simple, so that we can
readily extract the thermal history signals of interest from
the background noise. In addition, the background ther-
mal history needs to be the same along the fault; other-
wise, each locality chosen for analysis will have different
boundary conditions.

• To conduct thermochronologic analysis with good reso-
lution, it is also desirable to have a large age contrast
between the background thermal history and the heating
event(s) of the fault zone.

• In order to reveal localised heating events, it is essential
to choose the optimal traverse(s) across the fault zone
that will satisfy the above conditions. Hence, adequate
knowledge is required also on the spatial geometry of the
fault plane.
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Fig. 12.3 Lithology of the sampled fault rock section in the
Hirabayashi trench of the Nojima Fault, Japan, along with a plot of
mean age, mean length and type of length distributions of fission tracks
in zircon (ZFT). Another sample from the pseudotachylyte layer is also
plotted (grey circle). The grey-dashed lines represent the mean age and
length of a sample from the Ryoke host rock collected at *200 m
away from the fault. The sample from the pseudotachylyte layer has an
age significantly younger than that of initial cooling of the samples
from the Ryoke host rock. Error bars are ±1 SE (after Murakami and
Tagami 2004)
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To constrain the three factors (a)–(c) with good confi-
dence, we need to collect rock samples at different spatial
intervals toward the fault plane. At localities >100 m distant
from the fault, the interval is not necessarily short and thus
rocks can be sampled as for ordinary thermochronologic
studies. As approaching the fault, however, we need to make
the sample interval shorter in order to determine the possible
spatial change of thermochronologic data. In particular,
where we intend to detect the thermal effects of the factor
(b) (i.e. frictional heating), the interval should be kept as
short as several mm within *10 cm of the fault plane
(d’Alessio et al. 2003; Murakami and Tagami 2004)
(Figs. 12.3 and 12.4). Such rock sampling requires a special
caution for handling brittle fault rocks, such as cataclasites
and mylonites. If possible, the section across the fault plane
could be cut into blocks by a portable rock saw, so that the
sample blocks can be brought back to the laboratory for
precise and contamination-free sampling (e.g. manual cut-
ting by metal blades, handpicking pieces by tweezers).
Otherwise, fault rocks need to be precisely divided and
sampled in situ, with special care to avoid possible con-
tamination. In these regards, the ideal condition may be to
sample rocks from a continuous drill core section across the

fault. Alternatively, trenching the fault will offer an oppor-
tunity to sample fault zone rocks in a three-dimensional
geometry. In contrast, the sampling strategy for fault zones
in the ductile regime is substantially different from that of
the brittle regime mentioned above. This is because the
expected heat generation in the ductile regime is steady state
over geological time, with a faulting velocity of *1–
10 cm/year (see Sect. 12.2.3), and this likely results in a
broader, regional thermal anomaly across the fault zone. As
will be documented in Sect. 12.6.2, the spatial extent of the
thermal anomaly may reach 10 km away from the fault.
Hence, the spatial interval between individual rock sampling
localities need not be short, as for sampling within the brittle
regime, and thus rocks can be sampled as the ordinary
thermochronologic studies. It is noted, however, that the
thermal anomaly formed by ductile faulting may be difficult
to distinguish from the background thermal history using
thermochronology, because the two thermal processes may
lead to similar spatial distributions of thermochronologic
data.

12.6 Key Studies

12.6.1 The Nojima Fault

The Nojima Fault runs along the northwestern coast of the
Awaji Island, Hyogo Prefecture, Japan and is a high-angle
reverse fault dipping 83° SE with a right-lateral slip com-
ponent. A >10 km long surface rupture was formed along
the active Nojima Fault, as a result of the 1995 Kobe
earthquake (Hyogoken-Nanbu earthquake; M7.2). Shortly
after the earthquake, the Nojima Fault Zone Probe Project
was initiated as a multidisciplinary geoscience program
(Oshiman et al. 2001; Shimamoto et al. 2001; Tanaka et al.
2007), involving drilling a series of boreholes that penetrated
the fault at depth. Two boreholes penetrated the Nojima
Fault at different depths with nearly complete core recov-
eries: at 625.27 m by the Geological Survey of Japan 750 m
(GSJ-750) borehole at the Hirabayashi (northern) site; and at
389.4 m by the University Group 500 m (UG-500) borehole
at the Toshima (southern) site. In addition, the Nojima Fault
was also trenched at Hirabayashi, where the fault rocks
exposed include, from the hanging wall to the footwall, a
granitic cataclasite, a 2–10 mm wide pseudotachylyte layer
and the siltstone of the Osaka Group. At Hirabayashi, the
fault rupture formed in 1995 is located about 10 cm below
the pseudotachylyte.

Using the Hirabayashi trench, Murakami and Tagami
(2004) carried out FT analysis on zircon separates from a
50-cm-wide grey fault rock that, from the footwall toward
the hanging wall, consists of (1) greenish-grey gouge of the
footwall (NT-LG; *20 mm wide), (2) pseudotachylyte
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Fig. 12.4 Lithology of the sampled fault rock section of the San
Gabriel fault zone, southern California, along with a plot of mean age
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(NT-Pta; *2–10 mm wide), (3) grey gouge of the hanging
wall (NT-UG; *30 mm wide) and (4) reddish granite
(NF-HB1; *20 mm wide) (Fig. 12.3). Otsuki et al. (2003)
estimated the temperature of the pseudotachylyte formation
as *750–1280 °C, based primarily on the observation of
melting of K-feldspar and plagioclase. Both FT ages and
track lengths systematically vary with distance to the pseu-
dotachylyte, with the youngest age of 56 ± 4 (1SE) Ma
from the pseudotachylyte layer. While the age of back-
ground regional cooling is 74 ± 3 Ma, four gouge samples
from the hanging wall (i.e. NT-UG 1–4) and two gouge
samples from the footwall yielded ages of 65–76 Ma, with
progressive younging toward the pseudotachylyte. The
track-length distribution changes when approaching the
pseudotachylyte from unimodal (long tracks) to widespread
multimodal (long and short tracks), and eventually to uni-
modal again (long tracks). These data suggest that the zircon
FT system in the pseudotachylyte layer was totally reset and
subsequently cooled at*56 Ma, with a thermal perturbation
occurring in the surrounding fault zone rocks. This inter-
pretation is supported by a combination of (a) the tempera-
ture estimate for the Nojima pseudotachylyte formation of
*750–1280 °C, on the basis of feldspar melting textures
(Otsuki et al. 2003) and (b) laboratory flash heating exper-
iments of zircon FT system (Murakami et al. 2006b).

The borehole rocks from GSJ-750 and UG-500 were also
analysed by zircon FT thermochronology (Tagami et al.
2001; Murakami et al. 2002; Tagami and Murakami 2007).
Zircon age and length data suggest: (a) an ancient heating
event causing a temperature increase into the zircon partial
annealing zone (PAZ) within *25 m in both the footwall
and hanging wall at the Hirabayashi borehole (GSJ-750) and
(b) an ancient heating into the zircon PAZ within 3 m of the
fault in the hanging wall only at Toshima (UG-500). The age
of the last cooling after the secondary heating was estimated
on partially annealed samples near the fault using the Monte
Trax inverse modelling (Gallagher 1995) as 35.0 ± 1.1
(1SE), 38.1 ± 1.7 and 31.3 ± 1.4 Ma at the Hirabayashi
borehole (GSJ-750), and 4.4 ± 0.3 Ma at Toshima
(UG-500). The maximum temperature experienced during
the secondary heating is not uniquely determined since the
degree of FT annealing also depends on the heating duration.
The source of the secondary heating is likely heat transfer
and dispersion via fluids within the fault zone because the
spatial range of the annealing zone (i.e. *25 m and *3 m
from the fault) is too large to be attributed to simple heat
conduction. This interpretation is also favoured by the fact
that the degree of FT annealing is positively correlated with
deformation/alteration of the borehole rocks. The result of
the in situ heat dispersion calculation indicates that in situ
frictional heat is not sufficient to explain the degree of FT
annealing, and hence some additional heat is required, for

example, upward flow of hot fluid along the fault zone from
deeper crustal levels.

Zwingmann et al. (2010a) reported authigenic illite K–Ar
ages from six granitic samples outcropping at Hirabayashi,
including three fault gouge samples in close proximity to the
pseudotachylyte layer. The six ages of the <2 lm fractions
fall in the range of 56.8 ± 1.5 (1SE) to 42.2 ± 1.0 Ma,
whereas the <0.1 and <0.4 lm fractions of the three gouge
samples are anomalously younger at 30.3 ± 0.9 to
9.1 ± 1.6 Ma. The former ages (57–42 Ma) are younger than
the time of regional cooling of the granitic protolith
(74 ± 3 Ma) and interpreted as the time of brittle faulting.
The latter ages (30–9 Ma) on the finer fractions, which have
lower effective closure temperatures, probably reflect a sec-
ondary loss of radiogenic 40Ar, likely as a result of thermal
overprints near the fault caused by hot fluid flow. Five
UG-500 core samples were also analysed at Toshima, with
three ages from 50.7 ± 1.2 to 45.0 ± 0.9 Ma for the <0.4
and <2 lm fractions (less K-feldspar contamination), sug-
gesting a time of brittle faulting similar to that of the Hir-
abayashi outcrop.

In addition, Watanabe et al. (2008) measured U–Th
radioactive disequilibrium on calcite veins from 1484 m
depth from the UG-1800 m borehole at Toshima (*1 km
southwest of the UG-500 drilling locality). The presence of
radioactive disequilibrium in 234U/238U suggests that the age
of calcite precipitation was younger than 1 Ma, which
constrains the time of fluid infiltration into the fault zone.
Furthermore, electron spin resonance (ESR) analyses con-
ducted on borehole rocks from the UG-500, documented that
the ESR intensity (Al and E′ centres) is significantly reduced
within *3 mm from the fault plane (Fukuchi and Imai
2001; Matsumoto et al. 2001). This is likely caused by
frictional heating of the Nojima Fault, suggesting that the
ESR method can potentially be applied to dating recent
movements of an active fault system.

Based on the thermochronologic and other constraints
mentioned above, a plausible evolution for the Nojima Fault
is reconstructed as follows (see Tagami and Murakami
(2007) and Zwingmann et al. (2010a) for more details):

• By*56 Ma, the fault had already initiated as an in-plane
fault offset at crustal depths. The depth may have been
>15 km based on fluid inclusion data (Boullier et al.
2001).

• From *56 to 42 Ma, brittle faulting took place (or had
continued) in some of the segments of the ancient Nojima
fault.

• At *35 and 4 Ma at Hirabayashi and Toshima,
respectively, fault activity was accompanied by heat
transfer and dispersion via fluids circulating within the
fault zone.
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• At *1.2 Ma, the present Nojima fault system was
formed by the reactivation of the ancient Nojima Fault.
Note that such reactivation phenomena have been widely
recognised elsewhere (e.g. Holdsworth et al. 1997).

Another important tectonic constraint derived from zircon
FT data of the Nojima pseudotachylyte is that the mean
shear stress s can be estimated by combining Eqs. (12.2) to
(12.5) of frictional heat production and conductive transfer
and Eq. (12.7) of zircon FT annealing (Murakami 2010).
The logic of this approach is:

• Temperature profiles are given through time t for a
specific s by assigning or assuming parameters of
Eqs. (12.2) to (12.5), i.e. the density q, specific heat c,
thermal diffusivity a, fault zone width a, sliding velocity
m and slip duration t*.

• The thermal history at each locality can be derived from
the series of temperature profiles above, by specifying a
certain distance from the fault centre, x.

• For a certain combination of s and x values, a mean FT
length l is predicted using Eq. (12.7), by integrating the
annealing effects for each of the divided time intervals of
the thermal history.

• Accordingly, for a certain s value, a spatial profile of
predicted l is constructed against x.

• For a range of s values, the spatial profiles of l are
computed and compared with measured FT length data,
in order to search for the best fitting s value.

Consequently, the net shear work (i.e. smt*) was esti-
mated as *50 MPa m for the faulting event at *56 Ma
(Murakami 2010), which likely favours the “strong” fault
model that supports higher shear stresses (Scholz 2002).

12.6.2 Other Examples

Fault Gouges Although fault gouges are widespread along
fault cores in most active fault systems, the application of the
FT techniques to these rocks is quite limited and has not
been very successful in constraining the areal extent of
thermal perturbation or the age of faulting. D’Alessio et al.
(2003) conducted apatite FT analysis on the samples adja-
cent to and within the San Gabriel fault zone, southern
California, which was likely active from 13 to 4 Ma and has
since been exhumed from depths of 2 to 5 km. At the studied
locality, the San Gabriel fault consists of an ultracataclasite
zone of 1–8 cm width that juxtaposes the Medenhall gneiss
to the north with the Josephine granodiorite to the south
(Fig. 12.4). Apatite FT ages and lengths show no significant

reductions by the fault activity, even in samples within just
2 cm from the ultracataclasite. The absence of any measur-
able FT annealing implies that either each slip was never
larger than 4 m, or the average apparent coefficient of fric-
tion was <0.4, on the basis of the forward modelling of heat
generation, heat transport and apatite FT annealing.

Wolfler et al. (2010) applied the apatite FT and (U–Th)/He
techniques to the samples from drill cores transecting the
Lavanttal fault system, Eastern Alps. Apatite FT ages and
lengths exhibit slight reductions toward the fault cores,
whereas apatite (U–Th)/He ages also show younger ages in
the fault cores. These results suggest that the samples were
reheated either by frictional heating and/or by hot fluid flow
within the fault zone.

Instead, illite K–Ar and 40Ar/39Ar analyses have widely
been applied to date fault gouges under a variety of tectonic
settings. The age of authigenic illite, formed in situ within
the fault zone, should directly date the time of (some stages
of) fault zone activity. After some pioneering studies, van
der Pluijm and collaborators succeeded in quantifying the
ratio of authigenic and detrital micas for individual clay size
fractions by using quantitative X-ray analysis of clay
grain-size populations (e.g. van der Pluijm et al. 2001, 2006;
Solum et al. 2005; Haines and van der Pluijm 2008). In
addition, Zwingmann and collaborators further demonstrated
the applicability of illite K–Ar dating by analysing Alpine
fault gouges (e.g., Zwingmann and Mancktelow 2004;
Zwingmann et al. 2010b).

Pseudotachylytes Dating the glassy matrix of pseudo-
tachylytes has been attempted by several studies, including
40Ar/39Ar thermochronology (Vredefort dome, South Africa,
by Reimold et al. 1990; North Cascade Mountains, western
USA, by Magloughlin et al. 2001; Alpine Fault, New
Zealand, by Warr et al. 2003; More-Trondelag Fault, Central
Norway, by Sherlock et al. 2004), glass FT ther-
mochronology (Alpine Fault, New Zealand, by Seward and
Sibson 1985) and Rb–Sr geochronology (Quetico and Rainy
Lake-Seine River fault, western Superior Canadian Shield,
by Peterman and Day 1989). As shown in those studies,
constraining the ages of the glassy matrix of pseudotachylyte
likely encountered three potential pitfalls: i.e. we do not
know whether or not:

• Complete age resetting occurs as the result of frictional
heating during pseudotachylyte formation. This is pri-
marily an issue of diffusion kinetics of the radiogenic
isotope during flash heating. In the case of 40Ar/39Ar
thermochronology, however, the presence of inherited
argon at crustal depths may further violate the key
assumptions of dating pseudotachylyte, i.e. the host-rock
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argon is lost to an infinite reservoir during
near-instantaneous frictional melting (Sherlock et al.
2004).

• The isotopic system has been affected by later thermal
events. Possible breakdown of the radiometric closed
system is probably an issue of diffusion kinetics of the
radiogenic isotope in hydrothermal heating environ-
ments, but could also be caused by devitrification of the
glassy matrix of pseudotachylytes, as often observed in
nature.

• The glassy matrix of the pseudotachylyte is completely
free of pieces of country rock. If not, the complete
resetting of the age will be extremely difficult for some of
the thermochronologic techniques, such as 40Ar/39Ar
method.

An alternative thermochronologic approach was adopted
by Murakami and Tagami (2004), who carried out zircon FT
analyses on a pseudotachylyte and its host rocks of the
Nojima fault zone, southwest Japan (Fig. 12.3) (see
Sect. 12.6.1). This new approach was subsequently applied
to a variety of pseudotachylytes formed in different tectonic
settings (e.g. Takagi et al. 2007, Tsergo Ri Landslide, Nepal;
Takagi et al. 2010, Median Tectonic Line, southwest Japan).
Both FT and U–Pb analyses were conducted on zircons
separated from a pseudotachylyte layer and surrounding
granitic fault rocks of the ancient Asuke shear zone, central
Japan (Murakami et al. 2006a). The FT age of the pseudo-
tachylyte is 53 ± 4 (1SE) Ma, which is significantly
younger than the 73 ± 4 Ma age of the host rock away from
the fault that gives the time of regional cooling. According to
track-length information, the zircon FT data from the pseu-
dotachylyte were interpreted to have been totally reset and
subsequently cooled at *53 Ma. Furthermore, U–Pb anal-
ysis shows a range of ages from *67 to 76 Ma, which
confirms that all of the host rocks formed approximately at
the same time throughout the section.

Mylonites To constrain the time of ductile deformation in
mylonites (Fig. 12.1a), application of the K–Ar (and
40Ar/39Ar) systems to micas has predominantly been used in
a variety of tectonic settings (e.g. Mulch et al. 2002; Sher-
lock et al. 2004; Rolland et al. 2007 and references therein).
FT thermochronology has been applied to mylonites in
ductile fault zones, as will be mentioned below, which may
constrain steady-state heat generation by long-term faulting
averaged over geological time (m = *1–10 cm/year; see
Sect. 12.2.3). In contrast to frictional heating at shallower
depths within a brittle regime that generates short-term heat
pulses, ductile deformation at deeper levels is characterised
by long-term heating accompanied by a broader, regional
thermal anomaly across the fault zone. This may result in

regional metamorphic aureoles across convergent plate
boundaries (or transcurrent shear zones) (Scholz 1980). In
this regard, the Alpine fault, New Zealand, where the obli-
que convergence of two tectonic plates is ongoing (see
Chap. 13, Baldwin et al. 2018), has been intensively studied
by thermochronologic techniques. A systematic decrease in
K–Ar ages over *10 km was found toward the fault and
was interpreted to represent an argon depletion aureole
formed by long-term frictional heating at depth (Scholz et al.
1979, and references therein). This interpretation was based
on a tectonic model suggesting that there was constant
exhumation over the past 5 Myr throughout the study area.
A later FT thermochronologic study, however, suggested the
total amount of late Cenozoic exhumation exhibits an
exponential increase toward the Alpine fault (Kamp et al.
1989). These authors estimated a differential, asymmetric
uplift pattern across the fault, on the basis of apatite and
zircon FT ages that show systematic trends to become
younger toward the Alpine fault. They suggested that, as a
result of the asymmetric exhumation, a 13–25 km wide
regional metamorphic belt was exposed immediately to the
east of the Alpine fault. More recent studies in the Southern
Alps of New Zealand also interpreted the thermochronologic
data in terms of exhumation (e.g., Little et al. 2005; Ring and
Bernet 2010; Warren-Smith et al. 2016).

The Median Tectonic Line, southwest Japan, represents
another example of long-term faulting that involves mylonite
formation within a ductile regime. An apatite and zircon FT
thermochronologic study was conducted on the granitic
rocks of the Ryoke Belt, one of the regional metamorphic
belts along the Median Tectonic Line (Tagami et al. 1988).
A systematic age decrease of apatite FT ages over *3–
10 km toward the Median Tectonic Line was interpreted to
be a consequence of long-term shear heating in the ductile
fault zone. Recent FT and (U–Th)/He studies, however, have
revealed regional differential exhumation histories of tec-
tonic blocks that are bounded by neo-tectonic fault systems
(Sueoka et al. 2012, 2016). Therefore, the previously
observed age decrease toward the Median Tectonic Line
may also be attributed to such differential uplift, rather than
to a long-term shear heating process.

12.7 Summary and Future Perspectives

Fault zone rocks are the consequence of long-term, repeated
motions of faults that reflect both spatial and temporal varia-
tions in tectonic stress regimes. Age determination of fault
movements, therefore, plays a key role in understanding the
geotectonics of faults and, particularly, in assessing the past
seismic activity of an active fault system. The technical and
methodological advancements of FT and other
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thermochronological methods over the last few decades enable
us to date a variety of fault zone materials formed during the
development of a fault: e.g. (i) FT analysis of zircons from
pseudotachylyte layers, fault gouge and associated deformed
rocks, using the annealing kinetics based on the conventional
laboratory heating experiments and also verified by flash and
hydrothermal heating experiments; and (ii) K–Ar (40Ar/39Ar)
dating on authigenic illite within a fault gouge, coupled with
the evaluation of the influence of detrital contamination.

Furthermore, a series of drill cores into seismogenic fault
zones, such as the Nojima Fault Zone Probe Project, offered
the opportunity to systematically sample fresh fault zone
rocks. These factors have provided a notable promotion of
“fault zone thermochronology”.

Further perspectives with respect to both the methodol-
ogy and application of these techniques will be gained by:

• Additional laboratory flash and hydrothermal heatings as
well as mechanical shearing experiments for a series of
low-temperature thermochronological systems, such as
apatite and zircon FT and (U–Th)/He, illite K–Ar
(40Ar/39Ar) and quartz and feldspar ESR, TL and OSL
systems. These will provide a more robust basis to interpret
the fault zone thermochronologic data from a variety of
fault zone rock types that represent different faulting depths
and temperatures.

• A comparison of analysed data between thermochrono-
logic methods having significantly different activation
energies, such as zircon FT and (U–Th)/He. This may
help to constrain the effective duration and temperature
of fault zone thermal events, which will help to identify
their heat source(s).

• A more systematically combined usage of apatite and
zircon FT and (U–Th)/He, illite K–Ar, carbonate U–Th,
and quartz and feldspar ESR, TL and OSL analyses on
well-documented active fault systems, which will shed
further light on our understanding of the thermome-
chanical processes in (paleo-) seismogenic-zone faults.
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13Crustal Exhumation of Plutonic
and Metamorphic Rocks: Constraints
from Fission-Track Thermochronology

Suzanne L. Baldwin, Paul G. Fitzgerald and Marco G. Malusà

Abstract
The thermal evolution of plutonic and metamorphic
rocks in the upper crust may be revealed using
fission-track (FT) analyses and other low-temperature
thermochronologic methods. The segment of pressure–
temperature–time–deformation (P-T-t-D) rock paths
potentially constrained by FT data corresponds to the
lower greenschist facies, prehnite–pumpellyite, and zeo-
lite facies of metamorphic rocks and also includes regions
where diagenetic alteration occurs. When plutonic and
metamorphic rocks are exhumed, thermal perturbations
caused by fluid alteration, and crystallisation below
relevant closure/annealing temperatures at relatively
shallow crustal depths, may preclude a simplistic inter-
pretation of thermochronologic ages in terms of mono-
tonic cooling. However, FT ages and track-length
measurements provide kinetic data that allow interpreta-
tion of T-t paths, even in cases where assumptions based
on bulk closure temperatures are violated. We show that
geologically well-constrained sampling strategies, and
application of multiple thermochronologic methods on
cogenetic minerals from plutonic and metamorphic rocks,
may provide the most promising means to document the
timing, rates, and mechanisms of crustal processes. Case
studies are presented for: (1) (ultra)high-pressure (U)HP
metamorphic terranes (e.g., Papua New Guinea, Western
Alps, Western Gneiss Region, Dabie–Sulu), (2) an
extensional orogen (Transantarctic Mountains), (3) a
compressional orogen (Pyrenees), and (4) a transpres-
sional plate boundary zone (Alpine fault zone, New
Zealand).

13.1 Introduction

Plutonic and metamorphic rocks form at depth beneath the
Earth’s surface. Plutonic rocks crystallise at depth from
magmas (i.e., silicate melts). Prior to crystallising, magmas
transport heat and mass by flow at temperatures and pres-
sures that depend upon the magma’s bulk composition.
Crystallisation involves both nucleation and crystal growth
processes, with rates dependent upon the temperature–time
(T-t) history. In contrast, metamorphic rocks form by
solid-state crystallisation of protoliths (igneous, metamor-
phic or sedimentary rocks) that have been subjected to
changes in temperatures and pressures. Metamorphic min-
erals and their textures change primarily in response to
temperature that together with available fluids drive meta-
morphic reactions. The result is that original mineral
assemblages may be transformed to more stable assemblages
at new pressure and temperature conditions.

Major perturbations of crustal geothermal gradients are
required to form igneous and metamorphic rocks, so it
cannot be assumed a priori that these rocks achieved equi-
librium as a result of steady-state conditions (e.g., Spear
1993). In active plate boundary zones, where most igneous
and metamorphic rocks form, geothermal gradients are
spatially complex and change as plate boundaries evolve.
Transient geothermal gradients result from heat sources
(e.g., intruding magmas, exothermic reactions) and heat
sinks (subducting slabs, endothermic reactions). For exam-
ple, at divergent plate boundaries rising asthenosphere cau-
ses decompression melting, which results in steepening of
the geothermal gradient and high-temperature metamor-
phism of the country rock. At convergent plate boundaries,
subducting cold lithosphere leads to high-P/low-T metamor-
phism and results in low geothermal gradients relative to
steady-state geothermal gradients (Fig. 13.1a). If active
deformation is associated with rapid exhumation, geothermal
gradients are likely to change due to heat advection as rocks
move rapidly from depth towards the surface. Our ability to
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constrain crustal exhumation histories of plutonic and
metamorphic rocks largely depends on our understanding of
the dynamic thermal reference frame used to interpret ther-
mochronologic data (see Chap. 8, Malusà and Fitzgerald
2018a) and an understanding of the range of chemical and
physical processes that can potentially affect plutonic and
metamorphic rocks during exhumation.

This chapter discusses the final exhumation paths of
plutonic and metamorphic rocks, as they make their way to
the surface, and the importance of using FT ther-
mochronology to constrain and quantify the timescales,
rates, and mechanisms of crustal motion on geologic time-
scales. It is written from a “rock exhumation trajectory”
perspective, following plutonic and metamorphic rocks from
deep crustal levels where constraints on exhumation are
generally obtained using high-temperature thermochrono-
logic techniques and petrologic data, towards shallow crustal
levels where low-temperature thermochronologic techniques
are applicable. There are many common assumptions asso-
ciated with techniques used to constrain exhumation from
deep crustal levels as compared to those used to constrain
exhumation from shallow crustal levels. However, important
differences exist, such as the role of mineral (re)crystallisa-
tion in the deep crust versus the influence of topography on
isotherms at shallow crustal levels. We present case studies
from different tectonic settings to illustrate how FT ther-
mochronology on minerals from metamorphic and plutonic
rocks can be interpreted within a geologic framework. Our
synthesis takes into account potential complications due to
processes (e.g., heat advection, hydrothermal alteration) that
may affect rocks during crustal exhumation.

13.2 Thermochronologic Data Interpretation
of Plutonic and Metamorphic Rocks

13.2.1 An Integrated Approach to P-T-t-D Path
Determination

Mineral assemblages and textures preserved in plutonic and
metamorphic rocks provide a record of changing pressure
(P), temperature (T), and deformation (D) during transit from
depth to the surface. Mineral assemblages and textures are a
function of bulk rock compositions, rheology, volatile con-
tents, and P-T conditions. Principles of physical chemistry
and phase equilibria applied to natural rocks and synthetic
materials by experimentalists and thermodynamic modellers
allow petrologists to assess P-T conditions (e.g., Spear 1993;
Powell and Holland 2010; Sawyer et al. 2011). A rock’s P-
T path can be constructed by connecting regions in P-
T space where the stability of mineral assemblages, com-
positions, or changes in compositions (e.g., in the case of
zoned minerals), and their textures, are known (e.g., Spear

Fig. 13.1 a Depth–temperature diagram showing examples of P-
T paths for metamorphic rocks (in blue) (after Philpotts and Ague
2009): 1, Franciscan Complex (Ernst 1988); 2, Western Alps (Ernst
1988); 3, Dora-Maira (Rubatto and Hermann 2001); 4 and 5, central
Massachusetts (Tracy and Robinson 1980); 6, Adirondacks, NY
(Bohlen et al. 1985); 7 and 8, upper and lower units of the Tauern
window, Eastern Alps (Selverstone et al. 1984; Selverstone and Spear
1985). Note that the lowest temperature parts of all P-T paths are not
constrained. Blue box indicates P-T space relevant for constraining
histories using FT thermochronology. Metamorphic facies (in red):
AM, amphibolite; BS, blueschist; ECL, eclogite; GR, granulite; GS,
greenschist; PRH-PMP, prehnite–pumpellyite. Reaction curves for
Al2SiO5, wet and dry solidi indicated by light blue dotted lines. b T-t-
depth space for rock P-T-t paths corresponding to very low grade and
diagenetic conditions. P(depth)-T conditions are determined from fluid
inclusions (lines of constant density for the H2O system, in g/cm3, after
Goldstein and Reynolds 1994). The hypothetical T-t path includes ZFT
and AFT with partial annealing zones (PAZ) indicated. The dashed line
on the left-hand panel shows an example of a P(depth)-t path associated
with shallow crustal exhumation mechanisms
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1993). Reactions used to quantify metamorphic pressures
and temperatures typically occur diachronously, and radio-
metric dating techniques can be applied to minerals to
determine the ages associated with segments of the P-T paths
(Fig. 13.1a). Thermobarometric data provided by petrologic
analysis and T-t information provided by thermochronology
can be integrated to define P-T-t paths that shed light on
geologic processes controlling crustal rock exhumation (e.g.,
Baldwin and Harrison 1992; Duchêne et al. 1997; Malusà
et al. 2011; Baldwin 1996).

Accessory phases have proven especially useful for
linking isotopic ages to petrologic and textural information
(e.g., Kohn 2016). Most radiometric data (Rb–Sr, 40Ar/39Ar,
U–Pb, Sm–Nd, Lu–Hf) can be interpreted with respect to
mineral (re)crystallisation to infer the timing and rates of
crustal processes such as metamorphism and ductile defor-
mation. Field, macro-, micro-, and nano-structural analysis
provide the structural context required for correlating min-
eral assemblages from different outcrops and to add rheo-
logic constraints in the construction of P-T-t-D paths. In the
low-temperature range—corresponding to the lower green-
schist, prehnite–pumpellyite, and zeolite facies of meta-
morphic rocks and including diagenesis—time constraints
provided by FT thermochronology are particularly useful to
define the final portion of the exhumation path (Fig. 13.1b)
(e.g., Malusà et al. 2006). However, many published
exhumation paths do not incorporate data that allow paths to
be extended to the lowest temperature ranges (Fig. 13.1a). In
such cases, information, potentially provided by full inte-
gration of petrologic and thermochronologic data sets,
remains unexploited.

13.2.2 Processes, Timescales, and Rates

If it can be demonstrated that rocks cooled monotonically
from high to low temperatures, and minerals represent
equilibrium assemblages, application of geothermometers
and thermochronometers with equilibration temperatures
equal to isotopic closure temperatures (Tc) can be simply
applied (e.g., Hodges 1991). However, petrologic evidence,
such as mineral inclusion suites, mineral zoning patterns,
and microstructures often reveals that equilibrium has not
been achieved during exhumation, rendering ther-
mochronologic interpretations based on simple Tc models
invalid. During transit to the surface, most minerals in plu-
tonic and metamorphic rocks only partially retain their
radiogenic daughter nuclides, either due to metamorphic (re)
crystallisation which is often accompanied by deformation
or due to diffusive loss of radiogenic daughter products.
Therefore, knowledge of the minerals’ petrogenesis provides
constraints on rate-limiting daughter product loss mecha-
nisms (e.g., volume diffusion, dissolution/precipitation,

syn-kinematic recrystallisation) and aids in thermochrono-
logic data interpretation. Because apatite FT (AFT) ther-
mochronology is usually interpreted with respect
to temperatures less than *120 °C, and zircon FT
(ZFT) thermochronology less than *300 °C, taking into
account (re)crystallisation of minerals within these temper-
ature ranges is often neglected in AFT and ZFT ther-
mochronologic data interpretation. However, metamorphic
rims can form on pre-existing zircons at temperatures as low
as *250 °C (e.g., Rasmussen 2005; Hay and Dempster
2009) complicating isotopic data interpretation on zircons
with demonstrable growth zones (Zirakparvar et al. 2014).
Especially in cases where FT data are integrated with U–Pb
ages, zircon petrogenesis must be known to ensure accurate
geologic interpretations are made.

Distinguishing between the timing of mineral and rock
formation, and cooling related to exhumation, is particularly
important for the analysis of plutonic and metamorphic
rocks. Timescales for magmatic cooling may range over
orders of magnitude, from millions of years (e.g., in the case
of slowly cooled batholiths) to <100,000 years (e.g., Petford
et al. 2000). Modelled timescales of regional metamorphism
during continent–continent collision (e.g., England and
Thompson 1984) are orders of magnitude greater than
timescales derived from garnet growth zones based on dif-
fusion modelling (e.g., Dachs and Proyer 2002; Ague and
Baxter 2007; Spear 2014) and from numerical modelling of
thermochronologic data (e.g., Camacho et al. 2005; Viete
et al. 2011). Short-lived orogenic events (<1 Myr; Dewey
2005) may result in rapid rock exhumation at rates compa-
rable to plate tectonic rates (i.e., cm/year; e.g., Zeitler et al.
1993; Rubatto and Hermann 2001; Baldwin et al. 2004).

13.2.3 Approaches Used to Determine Rock
Exhumation Rates

Two approaches have commonly been used to determine
exhumation rates from thermochronologic data (e.g., Purdy and
Jager 1976; Blythe 1998; McDougall and Harrison 1999 and
references therein). These are generally known as the multiple
method and age–elevation approaches (see Chap. 10, Malusà
and Fitzgerald 2018b). The first approach utilises multiple
thermochronologic methods applied to minerals from the same
sample. Cooling rates are calculated using differences in bulk
Tc divided by the difference in apparent ages corresponding to
the minerals analysed. Cooling rates are then converted to
exhumation rates assuming a geothermal gradient. This bulk
closure temperature approach—interpolation of T-t points
obtained from analyses and assuming a nominal Tc (Dodson
1973)—has many built-in assumptions which are usually vio-
lated when considering the exhumation of metamorphic and
plutonic rocks (e.g., Harrison and Zeitler 2005). Assumptions
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made when using this approach include: (a) diffusion is the loss
mechanism operative over geologic time, (b) kinetic parameters
are known, and (c) geothermal gradients remained constant
and/or are known during the time period investigated.

The second common approach involves age determina-
tion on a suite of samples collected over a large elevation
range (i.e., “vertical profiles”; see Chap. 9; Fitzgerald and
Malusà 2018). The simple interpretation of the slope on an
age–elevation profile is that it represents an apparent
exhumation rate. However, due to advection of isotherms
and topographic effects, the slope on an age–elevation pro-
file typically provides an overestimate of the exhumation
rate (e.g., Gleadow and Brown 2000; Braun 2002; Hunt-
ington et al. 2007). In some cases, the age–elevation profile
may reveal an exhumed partial annealing zone (PAZ) or
partial retention zone (PRZ). In these cases, a distinctive
break in slope is interpreted to mark the base of a former
PAZ/PRZ, and the slope below the break in slope marks an
increase in cooling rate, usually associated with an increase
in exhumation rate (see Chap. 9; Fitzgerald and Malusà
2018). In AFT thermochronology, ages and track-length
distributions are used to determine thermal histories and
cooling rates (see Chap. 3; Ketcham 2018). Modelled AFT
thermal histories can be extended to higher temperatures
through integration of modelled 40Ar/39Ar step heat data on
cogenetic K-feldspar (e.g., Lovera et al. 2002; see examples
below).

13.3 Application of FT Thermochronology
to the Exhumation of (U)HP Terranes

Blueschist and eclogite-facies metamorphic rocks form when
lithosphere is subducted faster than it can thermally equili-
brate, and isotherms are depressed leading to characteristic
high-P/T geothermal gradients (Fig. 13.1a). The discovery
of coesite (the high-pressure SiO2 polymorph) in
eclogite-facies metamorphic rocks (Chopin 1984; Smith
1984) led to development of the field of UHP metamorphism
(e.g., Coleman and Wang 1995; Hacker 2006; Gilotti 2013).
Evidence of UHP metamorphism has been documented in
more than twenty terranes, in regions of present or former
plate convergence (e.g., Guillot et al. 2009; Liou et al. 2009).
It is now accepted that UHP rocks form when oceanic and
continental lithosphere is subducted to mantle depths, as
confirmed by geophysical evidence (Zhao et al. 2015; Kuf-
ner et al. 2016). However, there is no consensus concerning
how UHP rocks are exhumed from mantle depths to the
surface (e.g., Malusà et al. 2015; Ducea 2016 and references
therein).

Low-temperature thermochronology usually constrains
rock exhumation from shallow crustal levels. Since the final
stage of (U)HP exhumation may occur tens or hundreds of

millions of years after the main exhumation phase (i.e., from
mantle depths), low-temperature thermochronologic ages
may not necessarily be interpreted relative to the timing of
(U)HP exhumation, especially in the case of pre-Cenozoic
UHP terranes (Fig. 13.2b). We emphasise that the timing of
final exhumation within the subduction channel, as con-
strained by FT data, is essential for an accurate tectonic
interpretation of petrologic and thermochronologic data from
subduction complexes. Depending upon the paleogeother-
mal gradients, AFT ages may correspond to the timing of
cooling and exhumation from depths ranging from *15 km
(e.g., in the case of syn-subduction exhumation with gradi-
ents of 10 °C/km) to *4 km (e.g., in the case of
post-subduction exhumation with gradients of *30 °C/km).
Independent constraints on paleogeothermal gradients (see
Chap. 8, Malusà and Fitzgerald 2018a, b) are thus crucial for
a reliable analysis of (U)HP rock exhumation. FT ther-
mochronology may also be used to determine when different
lithologic units (e.g., comprising a tectonic mélange) are
amalgamated to form a composite terrane. Below, we sum-
marise low-temperature constraints on (U)HP terranes and
explain why these data are essential to assess timing, rates,
and mechanisms of final (U)HP rock exhumation.

13.3.1 Cenozoic (U)HP Terranes

Eastern Papua New Guinea (PNG) and the Western Alps are
among the best-studied examples of Cenozoic (U)HP ter-
ranes. The PNG (U)HP terrane is exhuming in a region of
active rifting within the obliquely convergent Australian–
Woodlark plate boundary zone (Baldwin et al. 2004, 2008).
Domes of high-grade migmatitic gneisses (e.g., Davies and
Warren 1988; Gordon et al. 2012), comprised of protoliths
derived largely from Australian continental crust (Zirakpar-
var et al. 2012), are separated from oceanic lithospheric
fragments by mylonitic shear-zone carapace (e.g., Hill et al.
1992; Little et al. 2007). Seismically active normal faults
flank the domes (e.g., Abers et al. 2016) and are interpreted
to have formed within an accretionary wedge along the
former subduction thrust now marked by serpentinite (e.g.,
Baldwin et al. 2012). The location of intermediate depth
earthquakes in proximity to exhumed coesite eclogite (Abers
et al. 2016) suggests that rock exhumation from UHP depths
may be ongoing. The timing of UHP metamorphism in
eastern PNG (*7–8 Ma) is based on concordant ages
obtained on cogenetic minerals from coesite eclogite using
three methods: in situ zircon ion probe U–Pb (Monteleone
et al. 2007), garnet Lu–Hf (Zirakparvar et al. 2011), and
phengite 40Ar/39Ar (Baldwin and Das 2015). Most meta-
morphic zircon growth occurred during exhumation (Mon-
teleone et al. 2007; Gordon et al. 2012; Zirakparvar et al.
2014) as confirmed by zircon petrologic models (Kohn et al.
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Fig. 13.2 a Schematic P-T plots for selected UHP terranes, with
colours corresponding to terranes indicated: Papua New Guinea
(Baldwin and Das 2015), Dora-Maira (Chopin et al. 1991; Gebauer
et al. 1997; Rubatto and Hermann 2001), Lepontine (Becker 1993;
Gebauer 1996; Brouwer et al. 2004; Nagel 2008), Tso Morari (de
Sigoyer et al. 2000; Schlup et al. 2003), Western Gneiss Region
(Rohrman et al. 1995; Carswell et al. 2003; Kzienzyk et al. 2014),
Maksyutov (Lennykh et al. 1995; Leech and Stockli 2000), Dabie–
Sulu (Reiners et al. 2003; Hu et al. 2006; Liou et al. 2009); tFT
indicates age constraints based on FT analysis. Timing of amphibolite
facies metamorphism (tAM), timing of eclogite-facies metamorphism
(tEC) based on U–Pb, 40Ar/39Ar, and Lu–Hf isotopic data. b Schematic
P-t paths of UHP terranes to illustrate differences in the length of time
associated with final exhumation to the surface relative to the timing of
UHP metamorphism. c Upper panel: schematic P-T paths (shown in
black) illustrate the importance of having geobarometric constraints
associated with exhumation paths. The timing of peak UHP conditions
(t1), retrograde overprint (t2 and t2′), and final exhumation (t3(FT))

based on FT analyses. t2′ is the age recorded by a mineral at low P
conditions as a result of a late syn-kinematic recrystallisation event
(e.g., a late greenschist facies foliation marked by micas) or of a
localised thermal event (e.g., due to hydrothermal fluids). Lower panel:
this shows how it is possible to obtain an incorrect P-t path if the
timing of a retrograde overprint t2’ (e.g., late zircon growth or mica
recrystallisation) is incorrectly identified. d Schematic cross sections
illustrating possible mechanisms for UHP exhumation related to:
(i) divergence between the upper plate and the subducting slab leading
to rapid rock exhumation within the forearc; erosional exhumation
plays a minor role during exhumation. FT ages close to the timing of
amphibolite facies retrogression and peak eclogite-facies conditions are
predicted. (ii) Syn-convergent exhumation where erosional processes
play a significant role in the exhumation of rocks within the forearc. FT
ages are less than the timing of amphibolite facies retrogression and
peak eclogite-facies conditions. (iii) Exhumation mechanisms are
undetermined for cases in which FT ages are significantly younger than
isotopic ages associated with (U)HP metamorphism
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2015). An AFT age of 0.6 ± 0.2 Ma (2r) was obtained
from the coesite locality (Baldwin et al. 1993) and provides
constraints on the lowest temperature portions of the P-T-t-
D path. In general, AFT ages are challenging to obtain in
these rocks, due to low apatite abundances in some rock
types, low [U], and a few tracks. In eastern PNG, confined
tracks are very rare, but have been imaged using heavy ion
implantation to provide etchant pathways (see Chap. 2;
Kohn et al. 2018). AFT ages are often close to zero, with
high errors and a few track-length distributions to model, but
the data are geologically meaningful and interpretable
(Fitzgerald et al. 2015). Depth estimates based on preser-
vation of coesite, together with the timing of UHP meta-
morphism and AFT data, indicate that average minimum
exhumation rates are >1 cm/year (Baldwin et al. 1993, 2004,
2008; Hill and Baldwin 1993; Monteleone et al. 2007). (U)
HP exhumation models for eastern PNG remain a topic of
debate (e.g., Ellis et al. 2011; Petersen and Buck 2015), but
final exposure of (U)HP rocks at the surface was likely
facilitated by microplate rotation (Webb et al. 2008) and
consequent divergence between the oceanic upper plate and
the subducting slab (Fig. 13.2d). This kinematic scenario
would have favoured the rise, from >90 km depths, of
buoyant, low density, migmatitic gneisses containing mafic
eclogite, via ductile flow within the subduction channel
(Malusà et al. 2015, Liao et al. 2018).

The role of FT thermochronology in understanding the
mechanisms of (U)HP rock exhumation is even more
important in the case of the Western Alps, where (U)HP
rocks have resided at shallow crustal levels during the past
30 Myr. The Western Alps formed as a result of Cretaceous
to Paleogene subduction of the Tethyan oceanic lithosphere
and of the adjoining European continental margin beneath
the Adriatic microplate (Lardeaux et al. 2006; Zhao et al.
2015). UHP rocks are now exposed in a 20–25 km wide
metamorphic belt that includes eclogitised continental crust
(e.g., the Dora-Maira unit; Chopin et al. 1991) and
metaophiolites (e.g., Frezzotti et al. 2011). The exhumation
paths of these units are well constrained by petrologic and
thermochronologic data (see Malusà et al. 2011 for a syn-
thesis). Peak metamorphism at P = 2.8–3.5 GPa and
T = 700–750 °C (e.g., Schertl et al. 1991; Compagnoni et al.
1995) is dated to 40–35 Ma using U–Pb ion probe analyses
on zircon rims and titanite, and Sm–Nd isochron analyses
(e.g., Gebauer et al. 1997; Rubatto et al. 1998; Amato et al.
1999; Rubatto and Hermann 2001). Subsequent exhumation
took place at rates faster than subduction rates (Malusà et al.
2015) (Fig. 13.2b). Apatite FT and (U–Th)/He (AHe) data
(e.g., Malusà et al. 2005; Beucher et al. 2012) provide
constraints on the final part of the (U)HP exhumation path,
attesting to rapid exhumation close to the surface by the

early Oligocene, as confirmed by the biostratigraphic age of
sedimentary rocks locally overlying the Western Alps
eclogites (Vannucci et al. 1997).

The Western Alps example, like eastern PNG, thus
illustrates the short duration between the timing of peak (U)
HP metamorphism and subsequent exhumation to the
Earth’s surface. In this case, exhumation also occurred
during the same subduction cycle that produced the (U)HP
rocks, likely a result of divergent motion between the
Adriatic upper plate and the European slab (Malusà et al.
2011; Solarino et al. 2018; Liao et al. 2018, Fig. 13.2d). In
contrast, the Lepontine dome of the Central Alps records
slower crustal exhumation (Brouwer et al. 2004; Nagel
2008), similar to the exhumational record provided by the
Tso Morari eclogites in the Himalaya (de Sigoyer et al.
2000; Schlup et al. 2003). The exhumation path of the
Lepontine dome is consistent with predictions of
syn-convergent exhumation numerical models (e.g., Yamato
et al. 2008; Jamieson and Beaumont 2013). The integration
of thermochronologic and petrologic data sets thus reveals
along-strike differences in exhumation patterns and mecha-
nisms preserved in the Alpine orogenic rock record.

13.3.2 Pre-Cenozoic (U)HP Terranes

In the case of pre-Cenozoic (U)HP terranes such as the
Dabie–Sulu of eastern China (e.g., Liou et al. 2009), the
Maksyutov Massif of Russia (e.g., Lennykh et al. 1995), and
the Western Gneiss (U)HP terrane of Norway (e.g., Carswell
et al. 2003), FT data are even more essential to distinguish
the timing and mechanisms of exhumation. This is because
FT data permit assessment of whether or not final exhuma-
tion occurred during the same subduction cycle that pro-
duced the (U)HP rocks (e.g., Rohrman et al. 1995; Leech
and Stockli 2000; Reiners et al. 2003; Hu et al. 2006;
Kzienzyk et al. 2014). In the Western Gneiss (U)HP terrane,
geochronologic data (Lu–Hf, Sm–Nd, Rb–Sr, U–Pb) have
been interpreted to date the timing of (U)HP metamor-
phism *430–400 Ma (Carswell et al. 2003; DesOrmeau
et al. 2015). Together with thermobarometric constraints, a
two-stage exhumation history for the Norwegian (U)HP
terrane has been proposed. Initial exhumation, from mantle
depths to lower crustal depths, was followed by stalling of
the terrane at depths where mineral assemblages were
overprinted during high-temperature amphibolite facies
metamorphism (Walsh and Hacker 2004). Extensional pro-
cesses are inferred to have led to the final exhumation to the
surface. Presently, the Western Gneiss terrane is an elevated
passive margin (see Chap. 20, Wildman et al. 2018). By
quantifying contributions from crustal isostasy and dynamic
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topography to the present-day topography, Pedersen et al.
(2016) propose that high topography existed since the
Caledonian orogeny (i.e., *490–390 Ma). However, there
are regional variations in Jurassic to Cretaceous AFT ages
that vary as a function of elevation (Rohrman et al. 1995).
Such long durations, between the timing of UHP metamor-
phism and ages recorded by AFT, indicate that final
exhumation is not related to the same subduction cycle that
formed the Western Gneiss terrane (Fig. 13.2b). Without
better certainty regarding linkages between the higher and
lower pressure segments of rock exhumation paths, the
mechanism responsible for UHP exhumation during, or
shortly after, the Caledonian subduction cycle still remains
largely unconstrained.

In the Dabie–Sulu (U)HP terrane, petrologic and ther-
mochronologic studies reveal that Triassic–Jurassic UHP
metamorphism was followed by Cretaceous plutonism
(Hacker et al. 1998, 2000; Ratschbacher et al. 2000).
Low-temperature thermochronologic data (i.e., 40Ar/39Ar
K-feldspar, AFT, (U–Th)/He on zircon (ZHe), and apatite)
yielded a range of ages spanning more than 115 Myr. These
data were interpreted to result from slow cooling and used to
infer steady-state exhumation rates (0.05–0.07 km/Myr)
(Reiners et al. 2003). Liu et al. (2017) further detail the
complex thermal histories of the Sulu (U)HP terrane and
report AFT and AHe ages as young as 65–40 Ma. As in the
Western Gneiss Region, the long duration between UHP
metamorphism and final cooling of these terranes indicates
that final exhumation was not related to the subduction event
that formed the Dabie–Sulu UHP terrane.

A comparison of P-T-t paths for selected (U)HP terranes
(Fig. 13.2b) suggests that similar exhumation rates from
mantle depths can be inferred, based on slopes of depth–time
plots to crustal levels. The low-temperature histories of (U)
HP rocks revealed by FT thermochronology can be used to
distinguish between tectonic and erosional exhumation
mechanisms in the upper crust (Fig. 13.2d). We caution,
however, that if thermochronologic data linking segments of
P-T-t paths from mid-crustal to shallow crustal depths are
misinterpreted (e.g., based on incorrect assumptions about
the pressure/inferred depth of mineral crystallisation),
exhumation rates may be overestimated (segment t2 − t3 in
Fig. 13.2c). For example, if 40Ar/39Ar white mica ages are
interpreted as “cooling ages” (i.e., t2 in Fig. 13.2c), when in
fact white mica crystallised below its Tc for argon, (i.e., t2′ in
Fig. 13.2c), estimated exhumation rates following mica (re)
crystallisation will be incorrect. Such complications are
more likely in older (U)HP terranes that have experienced a
protracted evolution, with the potential for hydrothermal
alteration in the upper crust.

13.4 Application of FT Thermochronology
to Extensional Orogens: The
Transantarctic Mountains

Plutonic and metamorphic rocks may preserve a record of
deep orogenic processes hundreds of millions of years prior
to their final exhumation to the surface. Therefore,
information provided by classic petrologic and geochrono-
logic approaches while pertinent to an earlier orogenic event
may not be relevant to understanding late-stage
mountain-building events and landscape evolution. The
Transantarctic Mountains (TAM) case study provides an
example of a protracted crustal evolution characterised by
slow cooling, followed by episodic exhumation associated
with rift flank formation during extensional orogenesis.
The *3500-km-long TAM mark the physiographic and
lithospheric divide between East and West Antarctica (Dal-
ziel 1992; Fig. 13.3a). The mountain belt bisects the conti-
nent and is *100–200 km wide, with elevations locally
exceeding 4500 m. The TAM define the western edge of the
Mesozoic–Cenozoic intracontinental West Antarctic Rift
System and the eastern margin of the East Antarctic craton,
thereby providing a geomorphic barrier for the East
Antarctic Ice Sheet. The TAM are related to formation of the
West Antarctic rift and are inferred to represent an erosional
remnant of a collapsed plateau (Bialas et al. 2007), with the
rift flank associated with flexure of strong East Antarctic
lithosphere (e.g., Stern and ten Brink 1989).

The overall geology of the TAM is relatively simple (e.g.,
Elliot 1975). Basement rocks are composed primarily of
Late Proterozoic–Cambrian metamorphic rocks and Cam-
brian–Ordovician granitoids of the Granite Harbour Intru-
sive Suite (Fig. 13.3a). Basement rocks were deformed
during the Cambrian–Ordovician Ross Orogeny that pre-
ceded and accompanied intrusion of granitoids (e.g., Goodge
2007). Following the Ross Orogeny, 16–20 km of rock
exhumation resulted in formation of the low-relief Kukri
Erosion Surface (Gunn and Warren 1962; Capponi et al.
1990). Basement rocks were subsequently unconformably
overlain by Devonian–Triassic glacial, alluvial, and shallow
marine sediments of the Beacon Supergroup (e.g., Barrett
1991). During the Jurassic, extensive basaltic magmatism
(Ferrar large igneous province) occurred along the TAM, as
well as in adjoining parts of Gondwana, South Africa, South
America, and southern Australia (e.g., Elliot 1992; Elliot and
Fleming 2004). Dolerite sills (up to 300 m thick) intruded
both basement and sedimentary cover. Step heat experiments
on feldspars from the sills yielded 40Ar/39Ar ages of 177 Ma
(Heimann et al. 1994). Mafic volcanism (i.e., the Kirkpatrick
Basalt; Elliot 1992) was contemporaneous with dolerite sill
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showing simplified geology.
Shallowly dipping rocks of the
TAM extend beneath the East
Antarctic Ice Sheet. Normal faults
in the TAM front expose more
deeply exhumed plutonic rocks of
the Cambrian–Ordovician Granite
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Barrett and Elliot 1973; Lindsay
et al. 1973; Fitzgerald 1994).
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approximate locations indicated:
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b Schematic composite
temperature–time plot for samples
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emplacement. The present-day outcrop pattern of the TAM
generally reflects its simple tilt block structure dipping
inland (Fig. 13.3a). Outcrops of Kirkpatrick Basalt are lim-
ited to the inland parts of the range, whereas basement
representing deeper crustal levels is exposed primarily along
the coastal sector, extending inland along major outlet gla-
ciers. In a few coastal locations such as Cape Surprise in the
central TAM (Barrett 1965; Miller et al. 2010), Beacon
Supergroup rocks are down-faulted by 3–5 km. Beacon
Supergroup rocks have also been recovered offshore south-
ern Victoria Land at a depth of 825 m below seafloor in the
Cape Roberts drillhole#3 (Cape Roberts Science Team
2000). In most cases, AFT ages on basement rocks were
(i) completely reset as a result of the thermal effects of
Jurassic magmatism (Fig. 13.3b) or (ii) were resident at
depths below the base of the PAZ prior to Cretaceous and
younger exhumation (e.g., Gleadow and Fitzgerald 1987).
However, along the inland flank of the TAM, un-reset or
partially reset AFT ages (Fig. 13.3c) have been documented
(Fitzgerald and Gleadow 1988; Fitzgerald 1994).

Following Jurassic tholeiitic magmatism, and prior to
Late Cenozoic alkaline volcanism of the McMurdo Volcanic
Group (LeMasurier and Thomson 1990), a *160 Myr gap
in the onshore geologic record of the TAM exists. Coring of
sedimentary basins in the Ross Sea recovered sediment as
old as Upper Eocene (Barrett 1996; Cape Roberts Science
Team 2000). However, because no core older than Upper
Eocene has been recovered from adjacent sedimentary
basins, and the onshore geologic record is missing, studies of
the uplift and exhumation history of the TAM have relied
primarily on the application of thermochronology, largely
AFT thermochronology on basement granitoids (e.g., Glea-
dow and Fitzgerald 1987). More recently, detrital ther-
mochronology on drill core from the West Antarctic rift
provides additional contributions to our understanding of the
TAM exhumation history (e.g., Zattin et al. 2012).

13.4.1 Sampling Strategy, Data,
and Interpretation

The TAM front (Barrett 1979) is marked by a major normal
fault zone, extending *20–30 km inland from the coast and
resulting in 2–5 km of displacement down to the coast
(Fitzgerald 2002). The amount of exhumation decreases
inland as inferred from the geological outcrop pattern and
overall architecture of the TAM (Fig. 13.3a). The level of
exhumation, combined with spectacular outcrops of Ross
Orogen granites, often rich in accessory minerals, means that
AFT has proven to be the best method to constrain the
exhumation history of the TAM (Fig. 13.3b). The sampling
strategy involved collecting granitic samples over significant
relief across the range. AFT data revealed multiple exhumed

PAZs, defined by breaks in slope (see Chap. 9, Fitzgerald
and Malusà 2018) in age–elevation profiles across the
mountains. These data were interpreted to indicate periods of
exhumation separated by periods of relative thermal and
tectonic stability, i.e., episodic exhumation (Gleadow and
Fitzgerald 1987; Fitzgerald and Gleadow 1990; Stump and
Fitzgerald 1992). Samples above the break in slope contain
shorter confined mean track lengths with larger standard
deviations, a result of prolonged durations spent in the PAZ
where track lengths are partially annealed (i.e., shortened).
As the amount of exhumation decreases inland across the
TAM (and the elevation of the range increases), AFT ages
become older. The timing of the breaks in slope, repre-
senting the base of exhumed PAZs, also becomes older
inland as the amount of exhumation decreases. These data
reveal the timing, amount, and rate of rock exhumation in
the TAM (e.g., Gleadow and Fitzgerald 1987; Fitzgerald and
Gleadow 1990; Fitzgerald, 1992, 1994, 2002; Stump and
Fitzgerald 1992; Balestrieri et al. 1994, 1997; Gleadow et al.
1984; Fitzgerald and Stump 1997; Lisker 2002; Miller et al.
2010). Exhumation rates, determined from the slope of age–
elevation profiles below the break in slope, indicate rates
typically <200 m/Myr. Because exhumation is so slow, heat
is transported primarily via conduction, and advection has
not modified the slope of the profile (e.g., Brown and
Summerfield 1997). While there are many caveats to take
into account when using the slope of an age–elevation
profile to constrain the exhumation rate (e.g., Braun 2002,
see also Chap. 9, Fitzgerald and Malusà 2018), corrections
for topographic effects in the TAM are likely to be minimal
(e.g., Fitzgerald et al. 2006).

The age trends and exhumation history are dependent on
the location of a sample (or age profile) along the TAM, as
well as its location across the range (Fig. 13.3c). Late
Jurassic exhumation revealed in the Thiel Mountains, and
well inland of the present-day rift flank (Fitzgerald and
Baldwin 2007) is in general followed by periods of Early
and Late Cretaceous exhumation. The major period of
exhumation accompanying rock uplift that formed the TAM
began in the Early Cenozoic (Gleadow and Fitzgerald 1987;
Fitzgerald and Gleadow 1988; Fitzgerald 1992, 2002), but
periods of more rapid exhumation in the Oligocene and
Early Miocene have also been documented. The onset of
early Cenozoic exhumation is variable along the TAM,
younging from north to south: *55 Ma in northern Victoria
Land and southern Victoria Land, *50 Ma in the Beard-
more Glacier area and the Shackleton Glacier, and *45 Ma
in the Scott Glacier region. In places, an inland-younging
trend of AFT ages is also apparent (e.g., in the Shackleton
Glacier; Miller et al. 2010; in southern Victoria Land;
Fitzgerald 2002). This inland-younging trend is interpreted
to result from escarpment retreat at a rate of *2 km/Myr,
with the retreat rate apparently slowing
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dramatically *10 Myr following onset of early Cenozoic
exhumation (Miller et al. 2010). Exhumation rates also vary
across the TAM, decreasing inland as the overall amount of
rock uplift decreases.

13.4.2 Comparison with Other
Thermochronologic Data Sets,
and Tectonic Implications

Application of multiple thermochronologic methods on
cogenetic minerals has confirmed that AFT data and inverse
thermal models, on samples collected over varying eleva-
tions, provide the most information on the formation of the
TAM. For example, 40Ar/39Ar data on K-feldspars from the
Thiel Mountains (Fitzgerald and Baldwin 2007) yield Pale-
ozoic ages which are significantly younger than granitoid
crystallisation ages (Fig. 13.3b). The 40Ar/39Ar K-feldspar
data are interpreted to date the timing of cooling associated
with erosional exhumation that led to the formation of the
Kukri Erosion Surface. In the Ferrar Glacier region of
southern Victoria Land, AHe single grain ages on an age–
elevation profile collected in granitic rocks yielded consid-
erable intrasample variation that could be correlated with
cooling rate, but in combination with AFT data indicated
episodes of exhumation in the Cretaceous and Eocene
(Fitzgerald et al. 2006). Detrital geochronology from glacial
deposits yields Paleozoic and Mesozoic ages, with variable
ZHe (480–70 Ma) and AHe (200–70 Ma) ages (Welke et al.
2016). Detrital data from drillholes offshore southern Vic-
toria Land (Zattin et al. 2012; Olivetti et al. 2013) support
the onshore AFT interpretations but also add information
about provenance and younger exhumation events to the
south along the TAM.

To summarise, AFT thermochronology successfully
reveals the timing and patterns of Late Jurassic, Early Cre-
taceous, Late Cretaceous, and Cenozoic exhumation events
in the TAM. These studies confirmed that erosional
exhumation that formed the Kukri peneplain was not the
mechanism responsible for the formation and landscape
evolution of the TAM. Instead, episodic exhumation can be
related to regional tectonic events including:

• Jurassic rifting and accompanying widespread basaltic
magmatism (Ferrar large igneous province) that variably
reset AFT ages;

• Plateau collapse and the initial break-up between Aus-
tralia and Antarctica in the Early Cretaceous;

• Extension between East and West Antarctica in the Late
Cretaceous accommodated on low-angle extensional
faults (in the Ross Embayment and Marie Byrd Land);

• Southwards propagation of a seafloor spreading rift tip,
from the Adare Trough into continental crust underlying

the western Ross Sea in the Early Cenozoic (e.g.,
Fitzgerald and Baldwin 1997; Fitzgerald 2002; Bialas
et al. 2007).

13.5 Application of FT Thermochronology
to Compressional Orogens: The
Pyrenees

Thermal histories of plutonic and metamorphic rocks infer-
red from compressional orogens are often complicated (e.g.,
Dunlap et al. 1995; ter Voorde et al. 2004; Lock and Willett
al. 2008; Metcalf et al. 2009). This is because thrusting does
not exhume rocks, thrust burial may reset or partially reset
thermochronologic systems, and rocks may undergo multi-
ple periods of cooling and exhumation. Thrusting may also
be in-sequence or out-of-sequence. Thus, a full under-
standing of the geologic and structural evolution is usually
required before optimal sampling strategies can be devel-
oped. In this case study of the central Pyrenees, we illustrate
how integration and modelling of thermochronologic data on
cogenetic minerals from plutonic rocks collected in vertical
profiles reveal a geologic evolution spanning 300 Myr. The
results are interpreted with respect to magma crystallisation
and cooling, exhumation, burial, heating during thrusting,
burial and final exhumation (re-excavation) to the surface.

The Pyrenees mountains began to form in the Late Cre-
taceous as a result of convergence between the European and
Iberian plates (Fig. 13.4a) (e.g., Munoz 2002). The core of
the range (i.e., the Axial Zone) consists of an antiformal
south-vergent duplex structure, composed of imbricate thrust
sheets of Hercynian basement (Fig. 13.4b). The Axial Zone
is flanked to the north and south by fold-and-thrust belts.
Prior to the onset of convergence in the Late Cretaceous, the
region now occupied by the Pyrenean mountain range was
the site of Triassic and Early Cretaceous rift basins (e.g.,
Puigdefabregas and Souquet 1986). During the Late Creta-
ceous, some of the rift basins and much of the Axial Zone
were below sea level, as indicated by Upper Cenomanian
shallow-water carbonates that grade into deeper marine
sediments and turbidites north of the Axial Zone (Seguret
1972; Berastegui et al. 1990). In the Maastrichtian, the
foreland basins shallowed to tidal conditions and received
continental fluvial sediments sourced by basement rocks.
Initial convergence and crustal thickening were accommo-
dated prior to the development of significant topography
above sea level (McClay et al. 2004). Deformation within
the orogen proceeded from north to south such that thrust
sheets or portions of a thrust sheet (footwall, hanging wall,
proximal to the fault, distal to the fault) preserve different
aspects of the Pyrenean orogenesis. Exhumation in the
Pyrenees is dominantly erosional (e.g., Morris et al. 1998);
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thus, age patterns determined from low-temperature ther-
mochronology (e.g., AFT and AHe) are usually interpreted
with respect to the emergence and erosion of topography,
and/or changes in base level following thrusting. Late
Paleozoic biotite 40Ar/39Ar ages (Fig. 13.4c) document the
timing of crystallisation of Hercynian intrusives, with vari-
able degrees of partial resetting interpreted to result from
Pyrenean orogenesis (e.g., Jolivet et al. 2007). 40Ar/39Ar
K-feldspar age spectra were interpreted to result from argon
loss via volume diffusion due to thrust burial and heating.
Therefore, it is the low-temperature thermochronologic
methods that document the timing and duration of thrusting,
burial, and exhumation during intracontinental convergence.

13.5.1 Multi-method Thermochronology
on Cogenetic Minerals from Vertical
Profiles

In developing a sampling strategy, it is important to first
recognise that the thermal evolution of footwall and hanging
wall rocks within imbricate thrust sheets (e.g., the antiformal
south-vergent duplex structure in the Pyrenees) varies as a
function of position within the thrust system (ter Voorde
et al. 2004; Metcalf et al. 2009). As intracontinental con-
vergence proceeds, rocks at different structural positions will
preserve a record of different maximum and minimum
temperatures during burial due to thrust loading. The thermal
history revealed by thermochronologic analysis of minerals
will therefore vary with structural position (Fig. 13.4b). As
long as displacement rates are sufficiently slow to allow for
conductive thermal equilibration (e.g., Husson and Moretti
2002), the timing and relative magnitude of thermal events
should agree. However, the maximum and minimum tem-
peratures recorded by low-temperature thermochronologic
methods will vary systematically, dependent upon the sam-
ple’s structural position.

Here, we use a thermochronologic study of cogenetic
minerals from granitoid samples, collected over � 1450 m
relief within the Maladeta Pluton of the Pyrenean Axial
Zone, to illustrate how application of AFT, AHe, and
40Ar/39Ar methods reveals the burial and exhumation history
during thrusting and nappe emplacement (Metcalf et al.
2009). The Maladeta Massif lies within the Orri thrust sheet,
presently occupying the immediate footwall of the Gavarnie
Thrust, a major Alpine-age thrust fault (Fig. 13.4b). Biotite
and K-feldspar from the highest elevations of the Maladeta
Pluton (2850 m) in the central Axial Zone yielded maximum
40Ar/39Ar ages of � 280 Ma, close to the age of intrusion
and interpreted to date the timing of rapid cooling during the
Hercynian orogeny (Fig. 13.4c). All 40Ar/39Ar step heat
experiments on K-feldspars yielded disturbed age spectra
(i.e., age gradients), with the degree of partial 40Ar* loss

varying as a function of sample elevation, and consistent
with each sample’s structural position in the footwall of the
Gavarnie Thrust (Metcalf et al. 2009). Thus, the highest
elevation sample experienced the least amount of 40Ar*
partial loss, while the lowest elevation sample experienced
the greatest amount of 40Ar* loss. Minimum 40Ar/39Ar
K-feldspar ages associated with each age spectrum were
interpreted to result from argon loss via volume diffusion
due to thrust burial and heating.

AFT thermochronology on samples from the Maladeta
profile (Fig. 13.4d) yielded ages and track-length distribu-
tions that varied as a function of elevation (Fitzgerald et al.
1999). The upper part of the profile (i.e., samples at highest
elevations; 1945–2850 m) gave concordant AFT ages, with
mean track lengths � 14 lm for confined track-length dis-
tributions. Data from this part of the Maladeta profile were
interpreted to result from rapid cooling due to exhumation
between *35 and *32 Ma at rates of 1–3 km/Myr. The
lower part of the profile (i.e., samples at 1125–1780 m
elevations) yielded younger AFT ages that decrease with
decreasing elevation. These samples were interpreted as
reflecting slower exhumation and partial annealing due to
burial of the southern flank of the Pyrenees by syn-tectonic
conglomerates shed off the eroding Axial Zone thrust sheets
(Coney et al. 1996). The form of the lower part of the age–
elevation profile when interpreted within the geologic
framework implies that there must have been Late Miocene
re-excavation of the syn-tectonic conglomerates that filled
the foreland basin and that were overlying the
fold-and-thrust belt. Fillon and van der Beek (2012) under-
took thermo-kinematic modelling to evaluate various tec-
tonic and geomorphic scenarios using this AFT data as well
as AHe ages from this region (Gibson et al. 2007; Metcalf
et al. 2009). Their best-fit models, started at 40 Ma, indi-
cated there was rapid exhumation between *37 and 30 Ma
at rates of >2.5 km/Myr followed by infilling of topography
by syn-tectonic conglomerates with re-excavation and inci-
sion of the southern Pyrenean wedge beginning *9 Ma.

While AFT and AHe thermochronology are discussed
above constrain thermal histories from � 120 to � 40 °C,
K-feldspar 40Ar/39Ar data and multi-diffusion domain
(MDD) models extend the thermal histories into the higher
temperature range of 350–150 °C (Lovera et al. 1989, 1997,
2002). Assuming that argon retention in nature and argon
loss in the laboratory are controlled by thermally activated
volume diffusion, argon data from step heat experiments can
be inverted to yield continuous cooling histories (Lovera
et al. 2002). Although K-feldspars from the Maladeta Pluton
have experienced a complex geologic history, MDD models
of 40Ar/39Ar K-feldspar data yielded continuous T-t histories
between the higher and lower temperature thermochrono-
logic constraints. The combined K-feldspar MDD, AFT, and
AHe best-fit thermal models for each sample form
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overlapping thermal history “dovetails” (e.g., PY55 and
PY56; Metcalf et al. 2009; Fig. 13.4c) that are interpreted to
date the timing of imbricate thrusting to form the Axial Zone
antiformal stack. Ages and models obtained using different
techniques are both internally consistent and most impor-
tantly agree with all available geologic observations. For
example, the onset of heating and maximum temperatures, as
indicated by thermal models, correlate with structural posi-
tion and lateral distance from the Gavarnie Thrust and are
also consistent with the geologic history of progressive
burial of the Maladeta Pluton under a south-vergent thrust
sheet (Munoz 2002).

13.5.2 Tectonic Interpretation
and Methodologic Implications

We can summarise the thermochronologic data from the
Maladeta Pluton and integrate it with geologic constraints to
determine evolution of the pluton spanning 300 Myr. The
thermal and geologic history includes magma crystallisation
and cooling during the Hercynian orogeny, followed by
cooling and exhumation to the surface. Mesozoic sediment
deposition led to burial of plutonic rocks. Convergence of
Iberia with Europe during the Alpine orogeny led to
thrusting, heating due to overthrusting, exhumation to the
surface in a number of phases, reburial by syn-tectonic
conglomerates, and then final re-excavation in the Late
Miocene (Fig. 13.4c, d). Following magma crystallisation
at *300 Ma, initial cooling to below *325–400 °C is
recorded by *280 Ma biotite 40Ar/39Ar ages (Metcalf et al.
2009). Subsequent cooling, as plutonic rocks were exhumed
to the surface, is constrained in part by the Late Paleozoic–
Early Mesozoic erosional unconformity preserved in the
northern Maladeta Pluton (Zwart 1979). During the Meso-
zoic, plutonic rocks remained largely below sea level as
shallow marine sediments were deposited. Burial and heat-
ing of the Maladeta Pluton in the footwall of the Gavarnie
Thrust are recorded in both K-feldspar 40Ar/39Ar data and
MDD thermal models, as well as reset Cenozoic AFT ages in
a region that was at the surface in the Late Paleozoic–Early
Mesozoic (Munoz 1992). The onset of erosional exhumation
in the Maladeta at *50 Ma is recorded by K-feldspar
40Ar/39Ar MDD thermal models with accelerated exhuma-
tion from 37 to 30 Ma confirmed by AFT age–elevation
relationships and modelling (Fitzgerald et al. 1999; Metcalf
et al. 2009; Fillon and van der Beek 2012). From *30 Ma
to the present, a decrease in exhumation rate is recorded by
AFT thermal models and age–elevation relationships for
both AFT and AHe data, with subsequent re-excavation of
the southern flank of the Pyrenees beginning at *9 Ma. No
single mineral/method reveals the complete thermal history
that can be interpreted with respect to the timing and

duration of thrusting, burial, and exhumation during intra-
continental convergence. In this case, AFT and AHe data
from both the hanging wall and footwall of the Gavarnie
Thrust only provide minimum age constraints on thrust fault
activity and underestimate the onset of thrust fault activity
by as much as 30 Myr. The complex thermal histories
revealed by multi-method thermochronology on cogenetic
minerals from vertical (age–elevation) profiles also illustrate
that mineral ages from these plutonic samples cannot be
simply interpreted with respect to bulk closure temperatures.
This Pyrenean example illustrates the necessity of combin-
ing multiple techniques as well as thermal modelling to fully
reveal and interpret the geodynamic evolution of intracon-
tinental convergent orogens.

13.6 Application of FT Thermochronology
to Transpressional Plate Boundary
Zones: The Alpine Fault of New Zealand

Continental transform plate boundary zones are charac-
terised by dominantly highly localised strike-slip shear
zones. Their orientation changes as they evolve, and in cases
where plate motion has a significant oblique component,
spectacular mountain ranges may form. In this case study,
we highlight how FT thermochronology has been used to
document the geodynamic evolution of the plate boundary
zone in the South Island of New Zealand. The interpretation
of thermochronologic data in this rapidly evolving dynamic
plate boundary is complicated due to heat advection and
potential (re)crystallisation associated with fluid–rock inter-
action. As new data (i.e., temperature, fluid pressure) from
active plate-bounding faults are obtained (Sutherland et al.
2017), FT data interpretations may require re-evaluation,
particularly in cases where there is evidence for late-stage
fluids that transport heat and may have caused (partial)
annealing of fission tracks.

13.6.1 Tectonic and Geologic Setting

The South Island of New Zealand straddles the
Australian-Pacific plate boundary zone and is actively
undergoing oblique continent–continent convergence (e.g.,
Walcott 1998). In the North Island and north-eastern part of
the South Island, oceanic crust of the Pacific (PAC) plate
subducts westwards beneath the Australian (AUS) plate. In
the south western most part of the South Island, subduction
polarity reverses, and the AUS plate subducts eastwards
beneath the PAC plate. Both subduction systems are linked
by a wide, dextrally transpressional fault zone in the South
Island that has evolved since the latest Oligocene to Early
Miocene (e.g., Cox and Sutherland 2007) with the Alpine
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fault zone marking the continental transform (Fig. 13.5).
While the majority of the plate motion is accommodated on
the Alpine Fault, slip is distributed and accommodated on
faults across the entire South Island, as indicated by active
seismicity and geodetic studies (e.g., Beavan et al. 2007;
Wallace et al. 2006). Both geology and geodesy constrain
the horizontal components of the displacement field,
including velocities, strain and strain rates. Present-day
AUS-PAC relative plate motion indicates that deformation is
broadly partitioned into a strike-slip component of 33–
40 mm/year and a fault-normal compressive component of
8–10 mm/year (Beavan et al. 2007). The Southern Alps, one
of the fastest rising and eroding mountain ranges in the
world, consists of (meta)greywacke that was progressively
thickened to form a crustal monocline within the dextrally
transpressive Alpine fault zone. Geodetic data for the central

portion of the Southern Alps region, corresponding to the
Alpine fault zone and straddling the area of highest topo-
graphic relief (i.e., the Mt. Cook region), indicate surface
vertical uplift rate estimates ranging from 5 to 8 mm/year
(Beavan et al. 2002, 2010; Houlie and Stern 2012), com-
parable to rock uplift rates and exhumation rates derived
from thermochronology, as discussed below.

Basement rocks of the South Island are divided broadly
into a Western Province consisting mainly of granite and
gneiss of AUS plate affinity, and an Eastern Province of
PAC affinity consisting primarily of metamorphosed Per-
mian to Lower Cretaceous Torlesse greywacke and the Haast
Schist Belt comprising the Otago and Alpine schists (e.g.,
Cox and Sutherland 2007). The transpressive AUS-PAC
plate boundary zone is a relatively broad anastomosing
network of high strain zones (e.g., Toy et al. 2008, 2010) in
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which slivers of both hanging wall Alpine Schist (PAC
affinity) and footwall Western Province rocks (AUS affinity)
have been incorporated and heterogeneously deformed.
Details of the early evolution of the modern orogen (i.e., the
Southern Alps of PAC provenance) have yet to be fully
revealed (e.g., Cox and Sutherland 2007). However, appli-
cation of multiple thermochronologic methods on cogenetic
K-feldspar and apatite from rocks of the Western Province
(i.e., of AUS provenance located west of the Alpine Fault)
has demonstrated that the early evolution of the Alpine fault
zone is preserved in the footwall of the Alpine Fault (e.g.,
Batt et al. 2004) (Fig. 13.5, samples WCG-1 and WCG-3).

A steeply dipping metamorphic belt is exposed in the
hanging wall (PAC) of the Alpine Fault where the meta-
morphic grade of Alpine Schist generally increases west-
wards towards the fault, reaching the oligoclase zone of the
amphibolite facies (e.g., Cooper 1972, 1974). Temperatures
and pressures reached by hanging wall greywackes were
inferred assuming metamorphic assemblages achieved
equilibrium (Grapes and Wattanabe 1992), corresponding to
metamorphic mineral isograds (e.g., garnet, biotite; Little
et al. 2005). However, metamorphic mineral(s) crystallised
over a range of P-T conditions, where the availability of
aqueous fluids enhanced reaction rates, triggering new
mineral growth and recrystallisation of protoliths. As (re)
crystallisation continued, complete to partial resetting of
isotopic systematics within the minerals occurred. For
example, zoned Late Cretaceous garnets have rims that
overgrew the Alpine Fault mylonitic foliation (Vry et al.
2004). Fabrics preserve polyphase deformational histories in
Alpine Fault mylonites (Toy et al. 2008), as indicated by
porphyroclastic biotite (inherited from the Alpine Schist)
and neocrystallised biotite within the mylonite zone in the
hanging wall of the Alpine Fault (Toy et al. 2010).

13.6.2 Thermochronologic Data and Geologic
Interpretation

For more than 35 years, thermochronologic studies have
contributed to understanding the AUS-PAC plate boundary
evolution and the landscape evolution of the Southern Alps
(Fig. 13.5). Early studies documented that radiometric ages
vary across the structural trend of the mountains (Sheppard
et al. 1975; Adams 1980; Adams and Gabites 1985; Kamp
et al. 1989; Tippett and Kamp 1993). Thermochronologic
data have commonly been interpreted as ages corresponding
to bulk Tc (e.g., Batt et al. 2000; Little et al. 2005). In the
case of more retentive thermochronologic systems (e.g.,
40Ar/39Ar mineral ages), age variations have also been
suggested to be a result of variable post-metamorphic
cooling involving partial Ar loss during Neogene exhuma-
tion (Adams and Gabites 1985; Chamberlain et al. 1995)

and/or “excess Ar” (Batt et al. 2000). FT ages from the
Alpine Schist are generally interpreted to indicate the timing
of Neogene cooling and exhumation (e.g., Kamp et al. 1989;
Batt et al. 1999). Map compilations have been made that
indicate the amount of exhumation in the Southern Alps
(Tippett and Kamp 1993; Batt et al. 2000). These studies
have interpreted isotopic ages as the timing of exhumation
from below the related closure depth (i.e., the depth at which
the ambient crustal temperature exceeds the respective Tc),
assuming a “pre-uplift geothermal gradient”.

Transects across the central and southern Alpine Fault
(A-A′ and B-B′ in Fig. 13.5) reveal reset AFT and ZFT ages
east of the Alpine Fault with the youngest ages (Middle
Miocene and younger) adjacent to the Alpine Fault (e.g.,
Kamp et al. 1989; Tippett and Kamp 1993; Batt et al. 2000;
Herman et al. 2009; Warren-Smith et al. 2016). With pro-
gressive increase in distance from the Alpine Fault (25–
100 km), AFT and ZFT ages gradually increase from reset to
partially annealed samples and then older (i.e., un-reset)
samples, reaching Early Cenozoic and Mesozoic ages,
respectively. These data have been interpreted to reflect a
higher rock uplift rate and deeper exhumation closer to the
Alpine Fault. The greatest amount of exhumation occurs
within a narrow � 50-km-long segment centred on the
Franz Josef Glacier region where the highest peaks occur. In
the central portion of the Southern Alps (A-A′ in Fig. 13.5),
a narrow zone of reset FT ages has been identified that
coincides with where the fault is steeper, where
back-thrusting has built up topography, and where erosional
exhumation is enhanced. In the central portion, the lower
crustal root is thinner as compared to the southern portion of
the Southern Alps. In the southern segment (B-B′ in
Fig. 13.5), a wider zone of reset FT ages occurs, where the
fault dip is shallower, the deformation zone is wider, and
strain is partitioned over a larger region.

On the AUS (western) side of the plate boundary zone,
temperature–time plots compiled using MDD models based
on 40Ar/39Ar K-feldspar data together with AFT and AHe
data (Batt et al. 2004) are shown for central (WG-3) and
southern sections (WG-1) of the Alpine fault zone
(Fig. 13.5). Also indicated (close to WG-3) are regions east
of the Alpine Fault where 40Ar/39Ar hornblende and biotite
ages are <6 Ma (Chamberlain et al. 1995; Little et al.
2005). Despite complexity in the data, and differences in
presentation of thermochronologic data sets, some com-
parisons can be made for these locations. For example,
gneisses and granites from the AUS side of the central
portion of the fault zone contain K-feldspar that resided for
shorter duration within the argon PRZ as compared to
K-feldspars from the AUS side of the southern segment of
the fault zone (Fig. 13.5). K-feldspar from the southern
segment of the AUS plate preserves more of the pre-20 Ma
history.
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However, considerable scatter in isotopic ages from
adjacent samples using the same mineral/method has ren-
dered interpretation challenging (e.g., Warren-Smith et al.
2016) and also calls into question simple Tc interpretations
and exhumation rate calculations based on assumed tem-
perature to depth conversions. For example, Ring et al.
(2017) used total fusion illite 40Ar/39Ar ages
(1.36 ± 0.27 Ma, 1.18 ± 0.47 Ma), along with ZFT
(0.79 ± 0.11 and 0.81 ± 0.17 Ma) and ZHe ages
(0.35 ± 0.03 and 0.4 ± 0.06 Ma) from fault gouge to
construct a cooling history assuming bulk Tc for each
mineral/method pair. However, illite from fault gouge
directly above the current trace of the Alpine Fault yielded
complex 40Ar/39Ar laser spectra with apparent ages, corre-
sponding to a significant percentage of 39Ar released, within
error of zero. Alternative interpretations, invoking partial
(re)crystallisation and partial loss of radiogenic daughter
products, are possible.

Toy et al. (2010) argue, based on Alpine fault zone
materials now exposed at the surface, that geothermal gra-
dients in the crust above the structural brittle–viscous tran-
sition are *40 °C/km and decrease to *10 °C/km below
the structural brittle–viscous transition. Geothermal gradi-
ents evolved over time and were locally modified due to heat
advection resulting from focused fluid flow, as documented
by temperature and fluid pressure data from the Alpine Fault
(e.g., Sutherland et al. 2017, and references therein). The
Sutherland et al. study measured an average geothermal
gradient of 125 ± 55 °C/km in a borehole drilled in the
hanging wall of the Alpine Fault. Such high temperatures are
sufficient to reset AFTs at relatively shallow depths and
indicate that the present-day AFT PAZ is at a depth of only
400–800 m at this location. Exhumation-related fluid flow
has been used to explain the pairing of seismic and electrical
conductivity anomalies observed in the Southern Alps in
New Zealand (e.g., Jiracek et al. 2007; Stern et al. 2007),
low-frequency earthquake activity (Chamberlain et al.
2014), as well as the formation of abundant vein-infilled
back shears in the Alpine Schist (e.g., Wightman and Little
2007). These results provide further evidence for extensive
hydration in the brittle part of the Alpine Fault, with suffi-
ciently large fluid fluxes capable of advecting heat and ele-
vating thermal gradients on a local scale. Advective heat
flow may also trigger recrystallisation (via dissolution–re-
precipitation), of thermochronologically relevant mineral
phases. Apatite is susceptible to metasomatic (fluid-induced)
alteration over a wide range of pressures and temperatures,
and even surface conditions (Harlov et al. 2005; Harlov
2015). Zircon is also prone to diagenetic and
low-temperature metamorphic growth driven by fluids,
especially in radiation-damaged zones of zircon crystals
(Rubatto 2017). Given sufficient fluid and time, metasoma-
tism is a viable mechanism to reset thermochronometers

(Hay and Dempster 2009). Such petrologic considerations
may help to explain the poor correlations between ther-
mochronologic data and topography, and/or local faults,
correlations that were hampered by imprecise data with poor
reproducibility (e.g., Herman et al. 2009).

Surface uplift rates in the central Southern Alps have
been estimated to range from 5 to 10 mm/yr (Wellman 1979;
Bull and Cooper 1986; Norris and Cooper 2001). Early
estimates of the amount of exhumation using FT data
(Tippett and Kamp 1993; Kamp and Tippett 1993) were
overestimated as compared to mass balance calculations
based on plate convergence (Walcott 1998). It was subse-
quently realised that overestimates of the amount of
exhumation had assumed that rock P-T-t-D paths during
orogenesis were vertical, when in fact rock trajectories had
significant horizontal components (Willett et al. 1993;
Koons 1995; Walcott 1998). The style of orogenesis (see
cross sections in Fig. 13.5) in the Southern Alps meant that
rocks follow paths for long distances (and hence long
durations) parallel or near-parallel to relevant isotherms, as
compared to the distance and durations followed by rock
paths perpendicular to relevant isotherms. In addition, iso-
therms are not everywhere parallel to the surface, and
geothermal gradients evolve with time as heat is advected
upwards towards the Alpine Fault. Rapid exhumation of hot,
tectonically advected rocks along the Alpine Fault has
resulted in transient, localised geothermal gradients
of >125 °C/km in the upper 3–4 km of the crust (Sutherland
et al. 2017).

Additional factors complicate determination of exhuma-
tion rates in the Southern Alps. Firstly, mineral equilibria
modelling indicates that erosional exhumation of greywacke
produces a continual supply of new fluid at temperatures as
low as 400 °C and pressures <2 kbar, corresponding to <7
km depths (Vry et al. 2010). This means that there may be
abundant fluids within the upper crust available to transport
heat (e.g., Toy et al. 2010). Secondly, the presence of fluids
may facilitate (re)crystallisation of micas at temperatures
below their Tc for argon. Micas may therefore recrystallise at
much shallower depths than inferred “closure” depths cal-
culated from assumed Tc and assumed steady-state
geothermal gradients. If crystallisation occurred at shal-
lower depths than those assumed for Tc and steady-state
geothermal gradients, exhumation rates will be overesti-
mated (Fig. 13.2c). Thirdly, microstructures and fluid
inclusion data from the central Alpine fault zone indicate
that quartz veins formed at relatively shallow crustal depths,
with little variation in depths to relevant isotherms inferred
for both hanging wall and fault rocks (Toy et al. 2010). In
zones where thermochronologic data yield Alpine-related
exhumation ages (� 6 Ma in the Southern Alps), geo-
barometry is required to constrain the depth of crystallisation
before exhumation rates can be calculated (Fig. 13.2).
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Regional thermochronologic studies may mask effects due
to localised recrystallisation, for example, due to late-stage
hydrothermal alteration. What is generally lacking in studies on
the Southern Alps is an understanding of rock particle paths
obtained from P-T-t-D analyses on key samples. It is clear,
however, that FT data are crucial to determine the timing of
exhumation and brittle deformation as the Alpine fault zone
evolved within the AUS-PAC plate boundary zone. To sum-
marise, in the active AUS-PAC plate boundary in the South
Island of New Zealand, partitioning of strain, erosion, mass
wasting as well as the orographic effect of the Southern Alps
continues to impact the landscape evolution of the range.
Exhumation-related fluid flow may enhance syn-kinematic
recrystallisation of minerals. Independent geobarometric data,
to constrain the depth of mineral crystallisation, may be
required before mineral ages can be interpreted with respect to
the geodynamic evolution. While a wealth of thermochrono-
logic data exists in the literature, sample sites are often scat-
tered, and simple interpretations based on assumed Tc may not
be valid, especially given abundant evidence for fluid flow, and
documented high geothermal gradients within the active
plate-bounding fault zone.

13.7 Conclusions

Thermochronologic studies of plutonic and metamorphic
rocks contribute quantitative data that provide insight into
deep Earth processes. Successful application of ther-
mochronologic methods to tectonics and geodynamics has
been demonstrated through use of geologically and petro-
logically well-constrained sampling strategies, multiple
methods applied to cogenetic minerals, and modelling using
kinetic parameters to obtain continuous temperature–time
histories. Case studies highlight the importance of FT ther-
mochronology to determine the final exhumation of plutonic
and metamorphic rocks within different tectonic and geo-
dynamic settings:

• In (U)HP metamorphic terranes, the integration of
petrologic data and multiple thermochronologic methods
document prograde, peak, and retrograde P-T-t-D rock
paths. FT thermochronology constrains the timing of
final exhumation, thereby allowing assessment of whe-
ther (U)HP rocks were exhumed to the surface within the
same subduction cycle that produced eclogite-facies
rocks, and the mechanism(s) by which rocks were
exhumed to near-surface P-T conditions.

• In extensional orogens, such as the TAM, AFT ther-
mochronologic studies of samples collected in vertical
profiles, across and along the range, offer the best
approach to constrain the timing and rate of episodic

cooling during rift flank development and landscape
evolution.

• In intraplate collisional orogens, such as the Pyrenees
mountains, best results are provided using a sampling
strategy employing application of multiple
low-temperature thermochronologic methods on coge-
netic samples collected over a large range in elevation.
This approach can constrain the timing of thrusting
during orogenesis and the timing of subsequent
exhumation. Data from age–elevation profiles, forward
and inverse thermal modelling, and thermo-kinematic
modelling are complementary, consistently revealing the
sequence of orogenic events.

• In active transpressive plate boundary zones, such as the
AUS-PAC plate boundary zone, FT thermochronology
provides key constraints on timescales of orogenesis,
geodynamic, and landscape evolution in the Southern
Alps of New Zealand. However, the potential impact of
hydrothermal fluid advection, on the (partial) resetting
and annealing of fission tracks, may require re-evaluation
of some geodynamic interpretations.
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14Thermochronology on Sand and Sandstones
for Stratigraphic and Provenance Studies

Andrew Carter

Abstract
Clastic detritus preserved within a sedimentary basin
represents a natural reservoir of geological information
that can be used to constrain sediment deposition age and
develop a picture of the sediment routing system and
source terrain(s) in terms of location, age, composition
and tectonic and climate stability. This chapter charts the
development and applications of fission-track (FT) analy-
sis to solve stratigraphic and provenance problems. Many
of the interpretative tools and strategies developed for FT
data are also applicable to detrital (U–Th)/He and other
geochronological data. Provenance interpretations based
on double and triple-dating strategies may be further
improved by combining with mineral trace element data.

14.1 Historical Background

The goal of early provenance studies was much the same as
today. In addition to constraining sediment depositional age,
studies employed a set of samples through a stratigraphic
sequence in a basin to reconstruct changes in the sediment
routing systems, make stratigraphic correlations, define inputs
from different source areas and reconstruct the uplift and ero-
sion histories of the source rocks. The first fission-track
(FT) papers appeared in the late 1970s, whereas (U–Th)/He
provenance studies did not arrive until after 2000 (e.g. Rahl
et al. 2003), and for this reason, most of the interpretative
developments stem from FT thermochronology.

The first FT dating papers appeared in 1964 (Fleischer et al.
1964, 1965) but the standard FT methodology, as practiced
today, only came into being following technical advances and a
more harmonised approach made through the late 1970s into
the early 1980s. The international fission-track workshop,

convened in Pisa, Italy in September 1980 and attended by
over forty scientists, marked a turning point in method devel-
opment and calibration as it confronted a number of persisting
issues that needed to be resolved to enable the technique to
become more widely accepted within the geochronological
community (see Chap. 1, Hurford 2018). These included
refinement of etching techniques to optimise track revelation
and registration (Green and Durrani 1978), understanding the
natural causes of track annealing (Burchart et al. 1979), neutron
irradiation dosimetry and the value of the spontaneous-fission
decay constant of 238U (Hurford and Green 1981). The first
inter-laboratory comparison exercise was also conducted at this
time to assess inter-laboratory accuracy and precision (Naeser
et al. 1981). As a consequence, most of the FT papers pub-
lished between 1970 and 1985 were focused on methodological
issues rather than application to geological problems. The few
FT provenance studies published throughout the early to
mid-1970s were mainly concerned with providing a maximum
age for the timing of deposition of unfossiliferous sandstones
(Gleadow and Lovering 1974; McGoldrick and Gleadow 1977)
and stratigraphic ages of volcanic ashes (Naeser et al. 1974;
Izett et al. 1974; Gleadow 1980; Johnson et al. 1982).

Many of the early volcanic ash studies were based on
fission tracks in glass (e.g. Boellstorff and Steineck 1975)
but when glass and zircon FT ages were compared from the
same sample, it was realised that tracks were less stable in
glass (Seward 1979) and similar to apatite it was not deemed
suitable for provenance studies because in most cases source
information would have been lost to thermal resetting. Thus
when Hurford and Carter (1991) reviewed the few
provenance-related papers published prior to 1990, zircon
was the most widely used mineral due to its greater thermal
stability. To a large extent, this has not changed and apatite
remained less widely used than zircon until the advent of
double and triple-dating approaches that combined analyses
of FT, U–Pb and (U–Th)/He on the same grains. Prior to this
development few studies had attempted to use detrital apa-
tites to constrain provenance. Notable exceptions were ocean
drilling cores from locations where sedimentation rates were
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low and depths of burial shallow (Duddy et al. 1984; Cor-
rigan and Crowley 1990, 1992; George and Hegarty 1995;
Clift et al. 1996, 1997, 1998).

Working with zircon, the early provenance studies soon
recognised the potential for data bias due to a range of fac-
tors that included small grains and counting areas, complex
uranium zonation or uncountable grains due to extremely
high track densities, defects or inclusions. A further com-
plication stems from the need to make multiple grain mounts
and apply different durations of etching (Naeser 1987;
Garver 2003) to sample the range of ages present in any
given detrital sample. Bias remains an issue as discussed
more recently by Malusà et al. (2013) and in Chap. 16,
Malusà (2018).

Early provenance papers used simple histogram plots to
identify mixed ages, but it became apparent that the inter-
pretation of detrital, mixed age data sets required more
robust treatment in the form of statistical tools to display the
observed FT ages and to identify and extract the constituent
component ages. The next section reviews the development
of these statistical tools and interpretative strategies.

14.2 Development of Interpretative
Strategies

Fission track datasets used to determine the provenance or
stratigraphic age of sand and sandstones typically contain a
mixture of grains ages (overdispersed). The external detector
method (EDM) is ideally suited to this because a fission
track age can be obtained from individual grains. The EDM
is not prone to experimental bias from variations in uranium
as is the case for the population method (see Chap. 1,
Hurford 2018); hence, the variation within an EDM data set
is more likely to be natural rather than experimental. It is
also necessary to be able to statistically estimate the most
likely ages, and define the proportions and number of age
components.

During the early FT studies, it was not uncommon to
count a relatively low (6–12) number of grains per sample.
However, it was recognised that this failed to provide suf-
ficient sampling to capture any natural variation and deter-
mine whether the grain ages belonged to a homogenous
population, consistent with a Poisson distribution. A v2 test
was used (Galbraith 1981) as a standard test for homo-
geneity, i.e. test if the individual data are consistent with a
common ratio of spontaneous and induced counts. In many
provenance studies, a common outcome is evidence of
over-dispersion with respect to Poisson variation in the
spontaneous and induced track counts, which is consistent
with a heterogeneous mix of grain ages. However, the v2 test

can only indicate evidence for or against the null hypothesis.
A low (<0.05) q-value indicates heterogeneity within the
data set but it does not quantify the level of variation or show
the nature of the distribution of the data. Realisation of the
limitations of the v2 test led to the development of methods
for graphical display of the grain data and probability models
for quantifying the extent of variation and identification of
component populations. These are described below.

Early provenance studies plotted single-grain ages as
histograms, but as this approach ignores the associated
estimation errors, it was realised that such plots cannot
represent true age variation. To try and overcome this Hur-
ford et al. (1984) and Kowallis et al. (1986) applied a
Gaussian density function to each estimate to generate a
continuous frequency curve or total probability density
function. Whilst this appeared to account for grain ages with
differing precisions by representing each estimate as a nar-
row density function, the summary plot is an average density
function that mixes both good and poor information (see
Galbraith 1998). Hurford et al. (1984) even experimented
with adjusting a smoothing factor to obtain greater resolution
between overlapping peaks, a procedure that was further
developed by Brandon (1996). However, Galbraith (1998)
pointed out that since the probability density plots are not a
kernel density estimate in the true sense such treatments are
not valid, a point recently emphasised in the treatment of all
types of detrital geochronological data by Vermeesch
(2012).

To avoid problems associated with probability density
plots, Rex Galbraith devised the radial plot (Galbraith 1988,
1990) where the measurement error of each counted grain
has a standard deviation on the Y-scale. Radial plots are now
widely used, including within the luminescence community
who use a hybrid type of display known as the Abanico plot
(Fig. 14.1) that combines both kernel density estimate and
radial plot to display the distribution of ages of differing
precision along with a picture of the age frequency distri-
bution (Dietze et al. 2016). A number of software packages
that uses these and other methods are freely available to
researchers including radial/density plotter (Vermeesch
2009) and the Abanico R package (Dietze et al. 2016).
Density plotter uses the statistical models for mixed FT ages
and minimum age (Galbraith and Green 1990; Galbraith and
Laslett 1993), expanded upon in Galbraith (2005). These
methods also underpin Binomfit, a WindowsTM program by
Mark Brandon (1992) for the estimation of ages and
uncertainties for concordant and mixed grain age distribu-
tions. The plotting program, PopShare (Dunkl 2002),
employs a different mixture modelling algorithm called the
Simplex method (Cserepes 1989) although it is unclear
which function PopShare minimises. These methods all
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assume Gaussian distributions, which led to Sambridge and
Compston (1994) devising a mixture modelling method that
included non-Gaussian statistics to reduce the influence of
outliers. Later, Jasra et al. (2006) developed Bayesian mix-
ture models and used Markov chain Monte Carlo (MCMC)
methods to fit the models, which is available as a standalone
program written by Kerry Gallagher (BayesMix) or as an R
package. Such tools enable provenance studies to identify
and extract components ages from populations of mixed
ages.

14.3 Methodologies to Enhance
the Interpretation of FT Provenance
Data

From the earliest days of FT stratigraphic and provenance
studies, it was recognised that interpretations of detrital data
sets were strengthened by the inclusion of other types of
geological data including zircon crystal morphology (Pupin
1980) and colour linked to a-radiation damage (Fielding
1970; Garver and Kamp 2002). Throughout the late 1980s
and 1990s, a succession of provenance papers were pub-
lished exploring applications of detrital FT data (Carter
1999) tackling problems such as stratigraphic ages of bios-
tratigraphically barren clastic sediments (Carter et al. 1995),
dating weathered tuffs (Winkler et al. 1990) and identifying
sources of basin sediments (and indirectly paleosediment
routing systems, Cerveny 1986; Garver and Brandon 1994;
Carter et al. 1995), but interpretations often suffered from a
lack of resolution to pinpoint sediment sources.

14.3.1 Zircon Double and Triple Dating

A major stumbling block for studies of basin sediments sourced
from large areas such as the foreland basins of the Andes or
Himalaya is that regional exhumation from metamorphic tem-
peratures often gave a non-unique zircon FT age. This hindered
identification of specific source locations within a mountain belt,
and hence, it was impossible to distinguish between volcanic
and exhumational cooling ages. To overcome this, Carter and
Moss (1999) performed the first zircon double dating on
Mesozoic fluvial sediments deposited in the Khorat Basin of
eastern Thailand. Double dating is now an integral part of
detrital studies in orogenic belts including the Himalayas (Carter
et al. 2010; Najman et al. 2010), Pyrenees (Whitchurch et al.
2011), Andes (Thomson and Hervé 2002), Alaska (Perry et al.
2009) and the Chinese Loess Plateau (Stevens et al. 2013). Rahl
et al. (2003) adapted the approach by combining (U–Th)/He
and U–Pb dating on zircons in a study of the Lower Jurassic
Navajo Sandstone in Utah to constrain sediment routing, recy-
cling and identify links to sources within the Appalachian
orogeny. Campbell et al. (2005) applied the same approach to
study the sources and level of recycling of sediment within the
bedloads of the Ganges and Indus rivers. Triple dating of single
grains of zircon by combining FT, (U–Th)/He and U–Pb was
first reported by Reiners et al. (2004) (see Chap. 5, Danišík
2018 for further details).

One key issue when dealing with double data sets that
include FT data is that individual FT ages are relatively
imprecise compared to single-grain U–Pb ages. Due to the large
single-grain uncertainties, the FT age of a sample is based on a
population (typically 20–30) of counts that should fall within a
normal Poisson distribution. Within a Poisson distribution,
individual counts (grains) scatter around the true age and the
amount of scatter can look significant when plotted against the
comparatively precise U–Pb grain ages giving the impression
that double data are bad. This is illustrated in Fig. 14.2 that
compares zircon double-dating results for the Tardree Rhyolite
zircon (Ganerød et al. 2011), which is sometimes used as an
internal FT age standard. The FT data have a central age that
matches (within error) the true age and the population of counts
all fall within a Poisson distribution, i.e. the data are not
over-dispersed. However, not all of the individual ages lie
within error of the 1:1 line; hence, double-dating interpretations
should avoid low numbers of FT grain ages and not make
interpretations based on a single-grain FT age.

14.3.2 Apatite Double and Triple Dating

Apatite can also be dated by the uranium–lead method
(Thomson et al. 2012) and has been developed as a
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thermochronometer that can distinguish cooling paths over
the interval between ~375 and 570 °C (Cochrane et al.
2014). Combination with FT (double dating) provides a
powerful tool for discerning provenance, and a useful
introduction to laser ablation ICP-MS analyses for both FT
and U–Pb analysis can be found in Chew et al. (2011, 2012).
For greater resolution of thermal history, some studies have
resorted to obtaining triple dates (FT, U–Pb and (U–Th)/He)
from the same apatite grain. Carrapa et al. (2009) were the

first to report triple dating in a study directed at under-
standing Andean Mountain building in the Paleozoic and
Cenozoic. In a study on detrital grains extracted from sedi-
mentary rocks obtained from drillcore in the Victoria Land
Basin of Antarctica, Zattin et al. (2012) applied triple dating
on apatite to constrain a period of Oligocene exhumation in
the Transantarctic Mountains and place constraints on basin
evolution and provenance. U–Pb dating was performed on
selected grains within the FT mount, and these were then

Fig. 14.2 Zircon double dating
of the Tardree Rhyolite. This
volcanic rock has the same U–Pb
and FT age that record the time of
formation. The individual FT data
appear significantly scattered
compared to the U–Pb ages. This
scatter is consistent with a normal
Poisson distribution that gives a
FT central age consistent with the
true age
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removed for helium analyses (see Chap. 5, Danišík 2018 for
further details).

14.4 Development of Novel Methods
for Detrital Zircon Provenance

Where next? The content of Ti-in-zircon is a function of
crystallisation conditions (Watson et al. 2006). Average,
zircons from mafic igneous rocks have higher Ti concen-
trations than those from felsic rocks, and therefore, some
have considered this as a potential tool for discrimination
between sources of detrital zircon. However, it has been
found that mafic rocks can have values similar to felsic rocks
and vice versa (Fu et al. 2008), and therefore, the method
cannot be used to blindly link a detrital zircon to a felsic or
basic source. Further, the Ti-in-zircon thermometer is based
on a calibration that assumes rutile as the Ti-buffering phase,
which cannot be assumed in detrital systems. It can, how-
ever, be used to discriminate sources when the source area is
well described, and in this regard, it may prove a useful
provenance tool as a complement to zircon FT data along
with (U–Th)/He and U–Pb ages.

Hafnium isotopes are increasingly measured on
samples/grains with U–Pb ages to determine if the zircon
provenance was juvenile, evolved or mixed (Patchett et al.
1981). The Lu–Hf isotopic system can be combined with U–
Pb dating on single grains to provide more robust constraints
on crustal residence age as demonstrated for rocks in the
Himalayas (Richards et al. 2005). Carter (2007) presented an
example of hafnium isotope data measured on zircon FT and
U–Pb dated grains from Himalayan sands in Bangladesh that
demonstrated the potential of this combined approach for
discerning sources within distinct tectonostratigraphic units.
Although this example demonstrated the viability of mea-
suring hafnium on FT-dated zircons, no study has yet
adopted this approach.

14.5 Development of Novel Methods
for Detrital Apatite Provenance

Heavy mineral associations and geochemical variations have
proven essential aids to provenance interpretations (Yim
et al. 1985; Baldwin et al. 1986; Kowallis 1986; Garver and
Brandon 1994; Lonergan and Johnson 1998; Ruiz et al.
2004). An interesting stratigraphic example used cathodo-
luminescence related to chemical concentrations and FT
densities in apatite as a tracer to correlate hydrothermal tin–
tungsten veins in the Panasqueira mines of Portugal (Knut-
son et al. 1985). Because apatites contain wide variations in

trace elements, there is significant potential to exploit ele-
mental variations to provide additional source information.

Much of our understanding of trace elements in apatites
stems from studies of the compositional controls on FT
annealing and helium diffusion. Gleadow and Duddy (1981)
first made a connection between over-dispersed apatite grain
ages and a possible compositional control, later confirmed
by the studies of Green et al. (1985, 1986) on samples from
the same drill holes in the Otway Basin that revealed a
correlation between apparent apatite FT ages and grain
chlorine content. Although apatite chlorine content is
important, it rarely accounts for all of the observed variation
in grain ages within an over-dispersed data set. The likely
reason for this is that a wide range of elements (over half of
the periodic table) may be substituted into the Ca, P or anion
sites of apatite Ca10(PO4)6 (F,Cl,OH) (Elliott 1994); thus
other trace elements, if suitably abundant, may also influence
the annealing sensitivity of fission tracks, e.g. Mn, Sr and Fe
(Ravenhurst et al. 1993; Burtner et al. 1994; Carlson et al.
1999), rare-earth elements and SiO2 (Carpéna 1998). Like-
wise, composition also has a role in controlling helium dif-
fusion (Mbongo Djimbi et al. 2015). From a provenance,
perspective variation in trace elements is a positive as it may
provide a means with which to define the provenance and
type of host rock.

Dill (1994) was one of the first to consider the utility of
using apatite trace element signatures to determine the origin of
detrital apatites in clastic rocks by investigating the origin of
apatites in Permian and Triassic red beds from southeast Ger-
many. His study was inconclusive, in part due to the uncertain
influences of diagenetic alteration. A more detailed study by
Belousova et al. (2002) examined the composition of over 700
apatites from a range of rock types. Results showed how dif-
ferent rock types have distinctive absolute and relative abun-
dances of many trace elements (including rare-earth elements,
Sr, Y, Mn, Th), and that chondrite-normalised trace element
patterns could be used to develop a discriminant tree to
recognise the original host rock of an apatite. More recently,
Bruand et al. (2016) showed how trace element analysis of
apatite inclusions within zircon and titanite provide useful
constraints on magmatic history and source whole rock
chemistry of their host magmas.

14.5.1 Combined Apatite FT and Trace Element
Analyses

While conventional provenance studies have started to use
apatite chemistry, comparatively little work has been done to
combine apatite compositional information with ther-
mochronometric data to define the original host rock, possibly
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because as yet there is no comprehensive database of apatite
compositions (Morton and Yaxley 2007). Allen et al. (2007) in
a study of the provenance of Paleogene rocks on the Andaman
Islands plotted apatite chlorine content against uranium content
(Fig. 14.3, left panel) to show that apatites from an older rock
unit (Hopetown Conglomerate, Mithakhari Group) were not
the same as in a younger rock unit (Andaman Flysch), i.e. the
two rocks did not share the same sources of apatite. To further
discriminate source regions, this study also compared apatite
single-grain Nd measured on samples from the Andaman
Flysch formation with sands from the Himalayas. The right
panel of Fig. 14.3 shows the Andaman Flysch data plotted as
eNd units (Y-axis) against 147Sm/144Nd (X-axis). A compilation
of published bulk rock data (Henderson et al. 2010) showed
that plotting the data in this way enables discrimination
between sources within the Indian and Eurasian plates. It is
clear from Fig. 14.3 that the Andaman Flysch apatites came
from sources within Eurasia and not India.

The Sm/Nd ratios of apatites typically range from 0.2 to 0.5
(Belousova et al. 2002) and are similar to those of average
continental crust (*0.2, Taylor and McLennan 1985). Foster
and Carter (2007) developed a novel provenance technique that
combined FT and in situ Sm–Nd isotopic measurement of
detrital apatites to constrain the source rocks. First applied on
modern river sands in the Himalayas, it was possible to tie
apatite FT age populations to specific Himalayan tectonos-
tratigraphic units that were being eroded at different rates
(Carter and Foster 2009). The method works well for apatites in
which a relatively short period has elapsed since they were last
equilibrated with the whole rock.

There is clearly significant potential for increasing the
breadth of compositional data from apatite grains used in

detrital thermochronometric analyses to enhance provenance
interpretations. Figure 14.4 demonstrates how existing
methods that combine thermochronometry and composition
data can be used to distinguish between a volcanic arc
source, plutonic rocks and older metamorphic crust. The
next step is to be able to determine the igneous rock type. In
this regard, apatite has significant potential as it is a rela-
tively early crystallising phase and has a high partition
coefficient for REE. Abundances of F, Mn, Sr and REE are
known to vary with rock type (e.g. between peraluminous
I-type and S-type rocks) and have been judged to be suitable
provenance indicators (Belousova et al. 2002; Chu et al.
2009; Malusà et al. 2017). Use of REE and trace element
patterns based on in situ measurement by LA-ICP-MS and
electron microprobe analysis to develop a discriminant tree
of source rock types would seem the most obvious place to
start and combined dating and trace element studies are
likely to become more commonplace in the future.

14.6 Concluding Remarks

This short review has outlined the methodological devel-
opments and interpretative strategies, built largely on the
development of FT analysis, that underpin detrital ther-
mochronology. Although fission track has been the principal
thermochronometer used in provenance studies, with
improved understanding of helium diffusion and the advent
of in situ technologies wider use of detrital (U–Th)/He
analyses should increase the fidelity of provenance inter-
pretations. While thermochronology data are undeniably
important, combining age data with geochemical

Fig. 14.3 Compositions of apatites from the Paleogene Andaman
Flysch exposed on South Andaman Island are compared against apatite
from a stratigraphically older unit (Hopetown conglomerate). Clasts in
the Hopetown conglomerate show local arc sources. On the left, the
plot compares apatite chlorine and uranium concentrations and shows

two distinct sources. Low uranium chlorine-rich grains are typical of
volcanic sources. It has been suggested that the Andaman Flysch is
Bengal Fan material eroded from the Himalayas. Apatite Nd compo-
sitions, plotted on the right as eNd units against 147Sm/144Nd, belong to
the Eurasian plate field and rule out Indian plate sources

264 A. Carter



information obtained from the same grains may further
strengthen provenance interpretations. The latter remains
relatively unexplored, and there is considerable scope for the
development of new methodologies.
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15Exhumation Studies of Mountain Belts Based
on Detrital Fission-Track Analysis on Sand
and Sandstones

Matthias Bernet

Abstract
Fission-track (FT) analysis of detrital apatite and zircon
from modern sediments and ancient sandstone is a
commonly used approach for studying and quantifying
the long-term exhumation history of convergent mountain
belts. Being aware of potential bias in the age spectra
because of sampling, sample preparation and statistical
data treatment such as peak-fitting, FT ages from sediments
and sedimentary rocks of known depositional age can be
readily transferred into long-term average exhumation or
erosion rates using the lag-time concept. Double dating of
single grains with the FT and U–Pb methods provides
additional valuable provenance information, for example,
for identifying volcanically derived grains, which may
obscure the exhumation signal. Applying both apatite and
zircon FT dating on the same samples allows combining
the study of source area exhumation and the thermal
evolution of sedimentary basins.

15.1 Introduction

The record of erosional exhumation of a mountain belt is
preserved in the sediments and sedimentary rocks deposited
in the adjacent basin. Because sediments are primarily
transported by rivers from the source areas to the basins,
collecting samples from modern river sediments and ancient
fluvial and marine sandstone holds great potential for
determining the exhumation history of an orogenic mountain
belt. Apatite and zircon fission-track (FT) dating, possibly
combined with U–Pb analyses on the same grains, are now
commonly used techniques for determining sediment
provenance and rates of exhumation. One of the first studies
that used a detrital thermochronology approach to study

exhumation of the north-western Himalayas was by Zeitler
et al. (1982). They used FT analysis of detrital zircon from
foreland basin deposits to investigate the long-term
exhumation record of the Himalayas and presented the
precursor of what developed later into the lag-time concept
for detrital thermochronology (Brandon and Vance 1992;
Garver et al. 1999).

Many detrital FT studies followed in the Himalaya (e.g.
Cerveny et al. 1988; Bernet et al. 2006; van der Beek et al.
2006; Steward et al. 2008; Chirouze et al. 2012, 2013; Lang
et al. 2016), but also in the European Alps (e.g. Spiegel et al.
2000, 2004; Bernet et al. 2001, 2004a, b, 2009; Trautwein
et al. 2002; Cederbom et al. 2004; Malusà et al. 2009;
Glotzbach et al. 2011; Jourdan et al. 2013; Bernet 2013), and
other mountain belts around the world (e.g. Brandon and
Vance 1992; Garver and Brandon 1994a, b; Carter and Moss
1999; Soloviev et al. 2001; Garver and Kamp 2002; Carter
and Bristow 2003; Stewart and Brandon 2004; Garver et al.
2005; Enkelmann et al. 2008, 2009; Parra et al. 2009; Ber-
múdez et al. 2013, 2017). This chapter provides a summary
of the pertinent aspects of detrital FT thermochronology, the
lag-time concept, estimation of exhumation rates and the
combination with U–Pb dating on single grains, including
some precautions for sampling and data interpretation.

15.2 The Exhumation Signal in the Detrital
Record

In convergent mountain belts, exhumation of deep-seated
rocks is driven by a combination of normal faulting and
erosion to remove the overburden (Platt 1993; Ring et al.
1999). Because exhumation means bringing rocks closer to
the surface (England and Molnar 1990), thrust faults and
parallel strike-slip faulting do not exhume rocks. In tecton-
ically active regions, exhumation rates can reach values of
more than 10 km/Myr but are for most orogens somewhereM. Bernet (&)
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between 0.1 and 1 km/Myr (Burbank 2002; Montgomery
and Brandon 2002). The exhumation signal is transferred
from source areas to sedimentary basins in the form of
detrital apatite and zircon FT cooling ages. The exhumation
record is more or less preserved during burial, depending on
thermal conditions and the partial annealing zones of the
apatite and zircon FT systems. Samples from proximal
locations to the source tend to provide local information on
exhumation rates, whereas distally collected samples reflect
a strongly mixed exhumation signal from the larger source
area on an orogen scale (Fig. 15.1; Bernet et al. 2004b;
Bernet and Garver 2005).

15.2.1 Modern Sediments

For any exhumation study, the analysis of modern river,
beach or glacial sediments is important for obtaining the
present-day exhumation signal. This signal is easier to
interpret than the exhumation signal from ancient sedimen-
tary rocks, as the size of the present-day drainage area and
the source rock lithologies are known, and the detrital age
signal can in many cases be compared to bedrock FT ages
(e.g. Bernet et al. 2004a, b; see Chap. 10, Malusà and
Fitzgerald 2018a, b). Furthermore, parameters such as
short-term erosion rates (from sediment yield or cosmogenic
radionuclide analysis), topography, seismicity, precipitation
patterns, vegetation cover as well as numerical modelling
can be included for completing exhumation studies (e.g.
Bermúdez et al. 2013). The present-day exhumation signal
provides a baseline for interpreting the exhumation signal
from ancient sandstone samples.

Modern sediments are commonly sampled from medium-
to coarse-grained sand (250 µm–1 mm) deposits in the river
channel or on the beach, or from glacial deposits. Resentini
et al. (2013) show that the most suitable grain size depends
on sediment sorting and the size difference between the
apatite and zircon grains relative to quartz (also see Chap. 7,
Malusà and Garzanti 2018). However, this may be difficult
to determine in the field, and not all projects allow for the
collection of pilot samples before sampling for thermo- and
geochronological analyses. If the objective is to do only
thermo- and geochronology, samples are often collected
from placer deposits, and 2–4 kg of sediment is sometimes
panned in the field to increase the apatite and zircon yield,
even if this may potentially introduce a small sampling bias.
If the full heavy mineral spectrum (e.g. Mange and Wright
2007) or mineral fertility (Malusà et al. 2016) is to be
determined from the same sample, then only bulk sediment
samples should be taken. River sediments tend to be effi-
ciently mixed, and detrital FT age spectra tend to well reflect
the bedrock age distribution in the source area (Zeitler et al.
1982; Bernet et al. 2004a, b; Bermúdez et al. 2013). It is

useful to note the petrology of pebbles at the sampling
location, as they provide a quick overview on the variety of
source rock lithology.

15.2.2 Ancient Sandstones

Medium- to coarse-grained clastic sandstones can as well be
analysed with detrital FT analysis, and depending on the
petrologic composition (arkose, lithic arenite, quartz arenite,
etc.) and mineral fertility, 2–7 kg should be collected in the
field. Apatites are not very stable under (tropical) weathering
conditions (Morton 2012). Therefore, heavily weathered
sandstone should be avoided. Equally, shales and mudstone
should be avoided as the apatite and zircon grains of such
samples are too small for FT analysis, because small grains
are difficult to polish during sample preparation and the
exposed surface areas are too small for track counting.
Petrographic thin section and heavy mineral analyses of the
sampled sandstone can provide independent provenance
information for the exhumation study.

15.3 The Lag-Time Concept

The lag-time concept is used for converting FT ages into
exhumation rates. Following Garver et al. (1999), lag time is
here defined as the difference between the apparent cooling
age and the time of deposition (Fig. 15.1). The transport
time in the fluvial system can be considered negligible
(Heller et al. 1992), if it is shorter than the error of the
cooling age. The lag time, therefore, integrates the time
needed for exhuming rock from the closure depth of the used
dating technique to the surface, erosion of the rock, fluvial
and/or glacial transport and deposition in the basin. For
applying the lag-time concept, it is important that the time of
deposition of ancient sandstone is reasonably well known
(uncertainty not more than ±1 Myr), in order to obtain
first-order exhumation rate estimates. Biostratigraphic
information can help, if concise biozones have been defined
and are constrained by stratigraphic correlation to absolute
ages based on magnetostratigraphic constraints or absolute
age dating of, for example, volcanic ash layers. If a strict
stratigraphic control is not available, the lag-time concept
cannot be applied.

In response to changes in exhumation rates, lag times will
vary (Rahl et al. 2007). Changes from slow (*0.1 km/Myr)
to relatively fast (>*1.0 km/Myr) exhumation or vice versa
may cause an important perturbation of the thermal structure,
and advection or relaxation of isotherms (Rahl et al. 2007;
Braun 2016; see Chap 8, Malusà and Fitzgerald 2018a). This
will result in changes in the geothermal gradient and con-
sequently influence lag times.
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15.3.1 Single Grain-Ages, Peak Ages, Central
Ages and Minimum Ages

Once the time of deposition is known through a
well-established stratigraphic framework, the question is
which FT age should be used and plotted against the
depositional age on a lag-time plot: single grain-ages, peak
ages, central ages or minimum ages (Fig. 15.2)? For many
detrital exhumation studies, up to 100 grains are analysed
per sample. Non-reset samples will in most cases have an
over-dispersed grain-age spectrum, with ages ranging from a
few millions to hundreds of millions of years. The problem
with plotting such data is that the individual errors of single
grain-ages tend to be large and the plots are difficult to read
because of the overlap. Furthermore, a single FT grain-age
has a limited meaning in a detrital age distribution, because
it presents just one data point within a Poisson distribution
(assuming no wider dispersion due to grain chemistry or
accumulated radiation damage) (see Chap. 14, Carter 2018).
Hence, to define source exhumation rates, age components
needed to be extracted.

For better structuring the detrital FT data, the observed
grain-age distributions can be decomposed by statistical
means into major grain-age components or peaks (e.g.
Galbraith and Green 1990; Brandon, 1992, 1996). For this,
different software packages exist, such as Binomfit (see

Ehlers et al. 2005), RadialPlotter (Vermeesch 2009) or
Bayes MixQT (Gallagher et al. 2009). A detrital sample
may contain between one and four statistically significant
age peaks, which can be plotted on a lag-time plot
(Fig. 15.2). Caution is needed when using these programs.
Age peaks need to be inspected in relation to the central
age, age dispersion, chi-square test results and the other age
peaks of the sample. For example, one has to check if there
is significant overlap between two age peaks or are peaks
well separated within the same sample. In case of age peak
overlap, one has to decide if the two separate peaks are
geologically justified or if they may be an artefact of sta-
tistical analysis, possibly based on data with large uncer-
tainties due to low track counts and/or low uranium
concentrations. The proper identification of age peaks is
important, particularly when they are used for determining
source area exhumation rates. Naylor et al. (2015) used
synthetic data and a Monte Carlo bootstrap method to show
that it is possible to map the systematic bias in the peak age
modelling as a function of the true ages (Fig. 15.3). The
bootstrap modelling of synthetic detrital FT data based on
real FT data may help to quantify systematic bias and
improve data interpretation, for example, avoiding the
interpretation of changes in peak age lag times as geolog-
ically meaningful when in reality they may be a statistical
artefact (Naylor et al. 2015).
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Furthermore, the question arises—What is the geological
significance of an age peak in a detrital grain-age distribu-
tion? In general, a peak age does not necessarily correspond

to a specific tectonic or thermal event in the past, because the
apatite and zircon grains were derived from an eroding
landscape which will provide a continuum of cooling ages.
For example, Fig. 15.4 shows zircon FT data of the small
Vénéon River drainage in the Western Alps, which drains
among others the southern flank of the La Meije massif. The
bedrock zircon FT ages of the La Meije massif show a
continuous range of cooling ages from about 14 Ma in the
Romanche valley at 1400 m elevation to about 27 Ma at
3000 m elevation, near the peak of the mountain (van der
Beek et al. 2010), as a result of exhumation cooling. The
detrital zircon FT data show three age peaks at 14, 21.5 and
55.2 Ma (Bernet 2013). It would be wrong to interpret the
three detrital age peaks as representing three distinct tectonic
events. In fact, zircon grains belonging to the 14 Ma peak
correspond to the bedrock zircon FT age at the elevation
where the river is currently incising. Zircon grains belonging
to the 21 Ma peak were likely derived from about 1800–
3000 m elevation. This shows that erosion of relatively
slowly cooled rocks exposed along moderately high relief
topography can provide a detrital cooling age spectrum
which may be resolved as two distinct age peaks by
peak-fitting, even if nothing else happened than moderately
slow erosional exhumation for tens of millions of years. The
zircon grains belonging to the 55.2 Ma peak were derived
from cover rocks that experienced only partial annealing
during Alpine metamorphism. Note that the 55.2 Ma age has
no geological significance in terms of Alpine evolution. It
only indicates that exhumation has been slow
(<0.1 km/Myr) and the cover rocks have not yet been fully
removed.

Looking at the zircon FT age peaks from ancient sand-
stone in the Western Alps foreland basin (Fig. 15.2), it is
obvious that partially annealed or non-annealed zircon grains
are common but contain no direct information about the
Alpine orogeny. Furthermore, in stratigraphically younger
samples, and distal modern river or beach samples, the effect
of sediment recycling from inverted foreland basin deposits
that were integrated into the orogenic mountain belt needs to
be taken into account. This is shown, for example, in the
Rhône River drainage and Rhône delta detrital zircon FT
data of Bernet et al. (2004a, b). Similarly, Fig. 15.2 also
shows an example of the exhumation signal from the
Himalayan foreland basin (Bernet et al. 2006). Conse-
quently, for detecting tectonic and/or thermal events in a
mountain belt from detrital FT data requires a long-term
record to see the lag-time evolution over tens of millions of
years, as discussed further below.

The central age can be used for estimating an average age
of an over-dispersed age distribution in a detrital sample
instead of the more commonly used pooled age for bedrock
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samples (Galbraith and Laslett 1993). However, it is
important to check the grain-age distribution in detail to see
if the over-dispersion is related to a single outlier or to a
mixture of different age populations. Detrital apatite FT data
may contain many zero-track grains with possibly high
single grain-age uncertainties. The grain-age distributions
need to be examined carefully, and the use of radial plots is
advisable to visualise the age spread (see Chap. 6, Ver-
meesch 2018). The central age may serve for estimating
drainage basin average exhumation rates, even if this signal
may be very variable.

The minimum age is an estimation of the first coherent
age component that can be determined in a grain-age dis-
tribution (Galbraith and Laslett 1993). In many cases, the
minimum age is identical to the first peak age determined
with peak-fitting and can provide a proxy for the fast
exhumation rates at the time of deposition. In the case of a
volcanic contribution, the minimum age can be used as a
proxy for the depositional age (Soloviev et al. 2001).

15.3.2 Distinguishing the Exhumation Signal
from a Volcanic Signal

In orogens with volcanic activity, the exhumation signal may
be obscured by the contribution of volcanically derived
apatite and zircon grains, with cooling ages close to or
identical to the depositional age. The crystal shape can be an
indication, but it is better to perform FT and U–Pb double
dating on single grains (Carter and Moss 1999) to clearly
identify volcanic grains, as they have the same crystallisation
and cooling ages. In contrast, grains cooled during
exhumation have in general different crystallisation and
cooling ages. Reiners et al. (2005) have described the the-
oretical background for (U–Th)/He and U–Pb double dating,
and the same is applicable for FT and U–Pb double dating.
Jourdan et al. (2013) have applied this approach to the
Western Alps (Fig. 15.4). In the Western Alps, the last
volcanic activity occurred at about 30 Ma with local andesite
deposits (von Blanckenburg et al. 1998; Malusà et al. 2011).
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Fig. 15.3 Quantifying uncertainty with the Monte Carlo bootstrap
method, simplified after Naylor et al. (2015). Well-separated true
closure age populations can be detected by peak-fitting, whereas

near-true closure ages maybe statistically better represented as one peak
(Naylor personal comm.)
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The lag-time plot with the zircon FT peak ages from the
Western Alps foreland basin, reported in Fig. 15.2, shows a
peak age with a very short lag-time between 30 and 28 Ma.
Does this mean very fast exhumation or volcanic activity, or
both at that time? Zircon double dating confirmed a contri-
bution of volcanically derived Oligocene zircons. These
zircon grains were subsequently removed from the data set
to obtain a pure exhumation signal, which suggests that
rapid exhumation prevailed for a short time during the early
Oligocene in the Western Alps, contemporaneous to the
volcanic activity (Jourdan et al. 2013). Double dating of
zircon and apatite has become a standard tool and is now
applied to a growing number of studies (see Chap. 5,
Danišík 2018).

15.3.3 Lag-Time Trends: Moving and Static
Peaks

The lag-time concept is useful for tracing the long-term
evolution of exhumation. In the case of initially increasing

exhumation rates, a shortening of lag time may be observed
up-section. This may represent the removal of non- or par-
tially annealed sedimentary cover rocks during the con-
structional phase of a mountain belt and adjustment of the
upper crustal thermal structure to the new steady-state (see
Chap. 16, Malusà 2018). During this transient situation, it is
difficult to determine exhumation rates from lag times until
the system has equilibrated to the new conditions (Rahl et al.
2007). When peak ages become continuously younger
up-section over millions of years of deposition, this is
referred to as a moving peak (Fig. 15.2). When the peak
ages change at the same rate as the depositional ages, the lag
times remain constant. This is an indication of continuous
exhumation of the mountain belt (e.g. Bernet et al. 2006,
2009; Glotzbach et al. 2011). In the case that the peak ages
remain constant up-section, this is referred to as a static
peak, as illustrated, for example, by the Himalayan detrital
zircon FT record (Fig. 15.2). Static peaks may indicate: a
large-scale tectonic or thermal event or the end of fast
exhumation in the past, during which a thick section of the
crust was rapidly cooled and now sheds grains with always
the same cooling ages into the sedimentary system (Braun
2016); or recycling of foreland basin deposits and
re-sedimentation in stratigraphically younger sections; or a
combination of the two (Garver et al. 1999; Chirouze et al.
2013). These alternative scenarios may be difficult to dis-
tinguish on a thermochronologic ground alone, and addi-
tional geological and sediment petrographic information
may be needed together with thermal modelling.

15.3.4 Estimating Exhumation Rates from Lag
Time

FT cooling ages can be transferred into exhumation rates in
more or less sophisticated ways (e.g. Garver et al. 1999), and
so can lag times of moving peaks be used for estimating
exhumation rates (see discussion in Chap. 10, Malusà and
Fitzgerald 2018b). Lag-times of static peaks are not useful
for determining exhumation rates as they only indicate a
slowing of exhumation, in case the cooling ages are syn-
orogenic, or simply removal of non-rest cover units, if the
cooling ages are pre-orogenic (Braun 2016). Exhumation
rates determined from lag times should be regarded as
long-time average exhumation rate estimates, because they
integrate exhumation since the time from initial cooling
below the closure temperature in the upper crust to the time
of deposition. Surface erosion rates may have been variable
on shorter timescales during exhumation, but this signal is
smoothed out in the detrital FT data, given the millions of
years of lag-time until the grain is deposited in the basin.
A simple approach for estimating exhumation rates from
peak age lag times is using the 1D steady-state thermal
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advection model of the Age2Edot code of M. Brandon
(Reiners and Brandon 2006). For most exhumation studies,
this level of first-order estimates is sufficient given the
uncertainties of the peak ages and the depositional ages.
Nevertheless, Naylor et al. (2015) warned that exhumation
rate estimates based on peak ages can be systematically
biased and may have large uncertainties, resulting in
non-unique interpretations. In such a case, the bias intro-
duced by over-fitting the data with too many peaks would
propagate into the lag-time and exhumation rate estimation.

Glotzbach et al. (2011) used thermo-kinematic 3D
PeCUBE modelling (Braun 2003) to show that the detrital
apatite FT data from Miocene to present-day Western Alps
foreland basin sediments have the resolution to detect a
potential doubling of erosion rates between 5 and 2.5 Ma,
but these data would not detect if the rate change occurred at
1 Ma. PeCUBE modelling has the advantage that it can take
changes in the crustal thermal structure into account, to
provide more robust interpretations of exhumation rates
(Braun et al. 2012).

15.3.5 Negative Lag Time

Negative lag times occur when the FT peak age is younger
than the age of deposition. This is more commonly the case in
detrital apatite with increasing burial depth, due to partial

annealing because of burial heating. Such data need to be
interpreted in terms of basin evolution instead of source area
exhumation (see Chap. 16, Malusà 2018). A static peak with
negative lag times and increasing paleo-burial depth can be
used to constrain the timing of basin inversion (e.g. Cederbom
et al. 2004; van der Beek et al. 2006; Chirouze et al. 2013).

15.4 Conclusions

Detrital FT analysis of sand and sandstone is a powerful tool
for studying the exhumation history of orogenic mountain
belts, because the FT data can be used with the lag-time
concept for determining exhumation rates in the past. One
has to be aware of potential sampling, preparation and sta-
tistical bias when interpreting grain-age data and modelling
exhumation rates. Nonetheless, the observed detrital
grain-age spectra reflect drainage basin FT cooling ages and,
if these cooling ages reflect exhumation, detrital ther-
mochronologic analysis of sand and sandstone provides
useful information on the exhumation history of the source
rocks. For determining geologically sound long-term
exhumation scenarios, detrital FT analysis can be com-
bined with other geological methods, such as single
grain-double dating in combination with U–Pb dating, sed-
iment petrographic provenance information, stratigraphic,
structural, seismic or climatic data (Fig. 15.5).
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16A Guide for Interpreting Complex Detrital
Age Patterns in Stratigraphic Sequences

Marco G. Malusà

Abstract
Thermochronologic age trends in sedimentary rocks
collected through a stratigraphic sequence provide
invaluable insights into the provenance and exhumation
of the sediment sources. However, a correct recognition
of these age trends may be hindered by the complexity of
many detrital thermochronology datasets. Such a com-
plexity is largely determined by the complexity of the
thermochronology of eroded bedrock that may record,
depending on the thermochronologic system under con-
sideration, cooling during exhumation, episodes of mag-
matic crystallisation, metamorphic mineral growth and/or
late-stage mineral alteration in single or multiple source
areas. This chapter illustrates how different geologic
processes produce different patterns of thermochronologic
ages in detritus. These basic age patterns are variously
combined in the stratigraphic record and provide a key for
the geologic interpretation of complex detrital ther-
mochronology datasets. Grain-age distributions in sedi-
mentary rocks may include stationary age peaks and
moving age peaks. Stationary age peaks provide no direct
constraint on exhumation, as they relate to episodes of
magmatic crystallisation, metamorphic growth or thermal
relaxation in the source rocks. Moving age peaks are
generally set during exhumation and can be used to
investigate the long-term erosional evolution of mountain
belts using the lag-time approach. Post-depositional
annealing due to burial produces age peaks that become
progressively younger down section. The appearance of
additional older age peaks moving up section may
provide evidence for a major provenance change. When
interpreting detrital thermochronologic age trends, the

potential bias introduced by natural processes in the
source-to-sink environment and inappropriate procedures
of sampling and laboratory processing should be taken
into account.

16.1 Introduction

Sedimentary successions reflect, in inverted order, the ther-
mochronologic age structure observed in the sediment
source areas (Garver et al. 1999; Ruiz et al. 2004; van der
Beek et al. 2006). The simplest scenario of rock cooling
through the closure temperature (Tc) of the chosen ther-
mochronologic system during erosional exhumation (e.g.
Braun et al. 2006; Herman et al. 2013; Willett and Brandon
2013) results in progressively younger thermochronologic
ages up section through the sedimentary succession (e.g.
Reiners and Brandon 2006). This simple concept is the basis
for the geologic interpretation of most detrital ther-
mochronology datasets, notably those where single grain
ages are determined from sedimentary units within a strati-
graphic sequence, and the resulting grain-age distributions
are deconvolved into grain-age populations that are used to
infer the long-term erosional evolution of a mountain belt
(e.g. Bernet and Spiegel 2004; Ruhl and Hodges 2005;
Enkelmann et al. 2008; Carrapa 2009; see discussion in
Chap. 15, Bernet 2018).

However, as is well known from thermochronology
applied to basement rocks, interpretation of all ther-
mochronologic ages as representing cooling through the Tc
isothermal surface during exhumation is sometimes too
simplistic (e.g. Gleadow 1990; Villa 1998; Williams et al.
2007; see also Chap. 13, Baldwin et al. 2018 and Chap. 17,
Fitzgerald et al. 2018). Moreover, detrital thermochronology
datasets are sometimes very complex, and this complexity
may hinder a correct identification of thermochronologic age
trends. Complexity in detrital thermochronology datasets
may arise from contributions of any of the following:
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• Original complexity of thermochronologic data from the
provenance region. Such complexities may arise from a
range of processes, depending on the thermochronologic
system under consideration, that may include not only
annealing and diffusion during exhumation (Reiners and
Brandon 2006) or during transient changes of the thermal
state of the crust (Braun 2016), but also episodes of
magmatic crystallisation, growth of metamorphic min-
erals and late-stage mineral alteration (Carter and Moss
1999; Malusà et al. 2011, 2012; Jourdan et al. 2013). The
thermochronologic fingerprint of the provenance region
may also be complicated by the presence of unreset
sedimentary successions, reflecting the cooling history of
older eroding sources (Bernet and Garver 2005; Rahl
et al. 2007).

• Mixing of detritus from multiple source areas that are
characterised by different geologic or upper crustal
exhumation histories.

• Modifications of the original thermochronologic signal
due to hydraulic processes during source-to-sink sedi-
ment transport and deposition (Schuiling et al. 1985;
Komar 2007; see discussion in Chap. 7, Malusà and
Garzanti 2018).

• Potential post-depositional annealing due to thick sedi-
mentary burial (e.g. Ruiz et al. 2004; van der Beek et al.
2006).

When detrital thermochronologic datasets are particularly
complex, geologists may be tempted to interpret only part of
the data, typically those considered more significant. How-
ever, geologic interpretations that only explain part of a
dataset are prone to be incorrect. A paradigmatic example of
this situation, for a sedimentary succession derived from the
progressive erosion of the Central Alps (Malusà et al. 2011),
is illustrated in Chap. 17 (Fitzgerald et al. 2018).

This chapter illustrates how different processes con-
tributing to the original thermochronologic complexity of a
provenance region, when considered separately, may lead to
different and largely predictable thermochronologic age
patterns in detritus. These basic age patterns, described in
detail in Sect. 16.2, are variously combined in the strati-
graphic record and provide a key for a reliable geologic
interpretation of complex detrital thermochronology datasets
from samples collected through a stratigraphic sequence. In
large part, this chapter is based on lessons learnt from studies
in the European Alps and adjacent sedimentary basins (e.g.
Malusà et al. 2011, 2012, 2013, 2016a, 2017). Results from
the European Alps have a general validity and are presented
as conceptual schemes in order to facilitate the application of
these concepts to other study areas.

Usually, in detrital thermochronology, grain-age distri-
butions are held to represent a faithful mirror of

thermochronologic ages in eroded bedrock (Bernet et al.
2004; Resentini and Malusà 2012). However, potential
modifications to the original thermochronologic fingerprint
of detritus may occur due to a range of sources of bias,
including natural processes in the source-to-sink environ-
ment and inappropriate procedures of sampling, laboratory
treatment and analysis (e.g. Sláma and Košler 2012; Malusà
et al. 2013, 2016a). Any underestimations (or overestima-
tions) of specific grain-age populations with respect to the
original thermochronologic fingerprint of bedrock may have
an impact on geologic interpretations. Therefore, they should
be carefully considered and accounted for. Simple strategies
for bias minimisation are described in Sect. 16.3.

16.2 Basic Detrital Age Patterns
in Stratigraphic Successions

16.2.1 Moving Age Peaks from Exhumational
Cooling

When thermochronologic ages in bedrock are set during
erosional exhumation and cooling through the Tc of a ther-
mochronologic system, the sedimentary rocks produced by
bedrock erosion will show unimodal grain-age distributions
with thermochronologic ages that get progressively younger
up section (e.g. Garver et al. 1999; Ruiz et al. 2004; Reiners
and Brandon 2006). Ages will be generally older in grains
eroded from summits, and younger in grains eroded from
valleys, depending on the age-elevation relationship in the
bedrock exposed within the catchment (see Chap. 10, Mal-
usà and Fitzgerald 2018b). The thermochronologic age
trends observed in sedimentary rocks will be shifted towards
older ages for thermochronologic systems with progressively
higher Tc (see Fig. 16.1a). Examples of geologic interpre-
tations of detrital thermochronology datasets based on the
application of these simple principles are illustrated in
Chap. 15 (Bernet 2018).

16.2.2 Stationary and Moving Age Peaks
from the Unroofing of Magmatic
Complexes

The progressive erosion of a volcanic–plutonic complex (see
Chap. 8, Malusà and Fitzgerald 2018a and references
therein) provides a suitable starting point to illustrate the
basic age patterns expected in the detrital record when both
erosional exhumation and crystallisation of new minerals are
taken into account (Malusà et al. 2011). Let us consider the
intrusion of magma at depth within metamorphic country
rocks and coeval formation of volcanoes at the surface,
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Fig. 16.1 Basic detrital age patterns and their interpretation (I). a Detrital
thermochronologic ages recording the progressive cooling of eroded
bedrock through the Tc isothermal surface define moving age peaks, with
progressively younger thermochronologic ages up section. Thermochrono-
logic systems with higher Tc have older ages but similar trends. bMagmatic
complex model (Malusà et al. 2011): the sedimentary succession derived
from the progressive erosion of a magmatic complex associated with a
single intrusive event is expected to reflect, in reverse order, the mineral age
stratigraphy observed in the source rocks. Crustal level 1 is eroded first and
deposited as unit A, followed in succession by erosion of level 2 (unit B),
then level 3 (unit C) and finally level 4 (unit D). Mineral age stratigraphy in
the source rocks includes: (i) ages that are set before magmatic
crystallisation and are exclusively found in country rocks (pre-intrusion
ages); (ii) ages that are set during magmatic intrusion/volcanism and are
exclusively found in volcanic and plutonic rocks (syn-intrusion magmatic
ages); and (iii) ages that are set during progressive erosion (due to

cooling/exhumation) of the magmatic complex and are found both in
plutonic and country rocks (see Chap. 8, Malusà and Fitzgerald 2018a for
more details on the formation of the age structure shown in (b)). c The
erosion of the magmatic complex in (b) produces pebbles of both
volcanic/plutonic rocks and country rocks, and sand-sized detritus that
includes single grains of apatite, zircon and biotite originally belonging
either to eroded magmatic rocks or to country rocks. In such detritus,
syn-intrusion magmatic ages define grain-age populations that are constant
up section (stationary age peaks) and provide no direct constraint on
exhumation. Post-intrusion exhumation ages define grain-age populations
that become increasingly younger up section (moving age peaks) and
because these thermochronologic ages were set during exhumation, they
provide direct constraints on the rock motion towards the Earth’s surface.
Thus, they can be used to investigate the long-term erosional evolution of
mountain belts using the lag-time approach
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during a single magmatic pulse at time ti (see Fig. 16.1b).
This is followed by the progressive erosional unroofing of
these volcanic and plutonic rocks along with their country
rocks at time te < ti. The resulting age structure, described in
detail in Chap. 8 (Malusà and Fitzgerald 2018a), allows the
identification of different crustal levels on the basis of the
depth of relevant Tc isotherms before the onset of erosion.
The hypothetical four crustal levels 1–4 of Fig. 16.1b are
delimited by the high-temperature boundaries of the partial
annealing zones (PAZ) of the apatite fission-track (AFT) and
a-damaged zircon fission-track (ZFT) systems, and by the Tc
of the K–Ar system in biotite. The age pattern characterising
levels 1–4 includes: (i) ages that are set before magmatic
intrusion and are exclusively yielded by country rocks;
(ii) ages that are set during crystallisation of a magmatic
intrusion and volcanism at the surface and are exclusively
yielded by magmatic rocks; and (iii) ages that are set during
progressive erosion of the magmatic complex and are yiel-
ded both by magmatic and country rocks. Note that ages
within a contact aureole may be completely and/or partially
reset (Calk and Naeser 1973; Harrison and McDougall
1980), but grains derived from the contact aureole are typ-
ically volumetrically insignificant and are not included in
this conceptual analysis for the sake of simplicity.

Erosion of this volcanic–plutonic complex produces
detritus of various grain sizes and various lithologies. Clasts
may be of volcanic, plutonic or country rock, and sand may
include grains of apatite, zircon, biotite or other minerals of
mixed magmatic and country-rock provenance. Such detritus
accumulates in reverse order in the sedimentary basin,
forming a sedimentary succession consisting of four hypo-
thetical stratigraphic units (A–D in Fig. 16.1b), each one
exclusively derived from the progressive erosion of the four
levels identified in the source. The detrital age pattern
resulting from this simple scenario is shown in Fig. 16.1c.

The oldest stratigraphic unit A, which is entirely eroded
from level 1, contains clasts of country rock yielding ages
older than ti, as well as clasts of volcanic and shallow
intrusive rocks. The clasts of these volcanic and shallow
intrusive rocks yield magmatic crystallisation ages (=ti) that
are identical within error in all thermochronologic systems,
and are invariant up section in the whole unit A. Cooling in
the magmatic rocks is in fact too fast, and the relative error
of ZFT and AFT ages too large to highlight a trend of up
section decreasing thermochronologic ages from these clasts.
Sandstones derived from the erosion of country rocks, vol-
canic rocks and shallow intrusive rocks of level 1 consis-
tently show an age peak around the magmatic age ti that is
constant up section, and is referred to as stationary age peak
hereafter. This stationary age peak (also referred to as the
static peak in Chap. 15) coexists with scattered older ages,
also observed within these sandstones, that are set during the
pre-intrusion history of the country rock or even inherited

from its protolith. All of these ages are set before the onset of
erosion; therefore, they provide no direct constraint on
exhumation.

Detritus in unit B is entirely eroded from level 2. The
level of exhumation is such that AFT ages (sourced from
below the apatite paleo-PAZ) are now identical in clasts
sourced from plutonic and country rocks within each sedi-
ment layer and are invariably younger than ti. AFT ages
become increasingly younger up section because they reflect
cooling during exhumation. Associated U–Pb, K–Ar and
ZFT ages from magmatic rock clasts define a stationary age
peak indistinguishable from the magmatic crystallisation age
ti, but within country-rock clasts, these ages are instead
scattered and older than ti. In sandstones, zircon and biotite
grains define composite age distributions in the ZFT, K–Ar
and U–Pb systems, with a stationary age peak corresponding
to the magmatic crystallisation age ti. Apatite grains, how-
ever, show unimodal AFT age distributions with a single
peak that is younger than ti, and which becomes increasingly
younger up section. This peak is hereafter referred to as
moving age peak. Thermochronologic ages belonging to this
moving age peak are set during exhumation. Therefore, they
provide direct constraints on rock motion towards Earth’s
surface.

Stratigraphic unit C, which is entirely eroded from level
3, yields exhumation FT ages not only on apatite, but also on
a-damaged zircon within country-rock clasts. In sandstones
of unit C, AFT and ZFT age patterns define moving peaks
younger than ti. Bimodal zircon age peaks are possibly
observed whenever zircon grains with low and high levels of
a-damage are found in the same sample. Single biotite and
zircon grains in sandstones define composite K–Ar and
U–Pb age distributions with a stationary peak corresponding
to the magmatic crystallisation age ti. Finally, in stratigraphic
unit D that is entirely derived from level 4, exhumation ages
are the rule with the exception of U–Pb zircon ages. FT and
K–Ar ages in sandstones of unit D define moving age peaks
younger than the magmatic age (ti), but zircon U–Pb ages
younger than the magmatic age could be occasionally
observed as a result of post-magmatic zircon recrystallisation
(Baldwin 2015; Kohn et al. 2015).

Therefore, the detrital thermochronology record shown in
Fig. 16.1c includes stationary age peaks and moving age
peaks. Stationary age peaks are invariant up section and are
formed by thermochronologic ages that are set during
magmatic crystallisation, and before the onset of erosional
exhumation. They therefore provide no direct constraint on
exhumation. Moving age peaks get progressively younger
up section and are formed by thermochronologic ages that
are set during progressive rock cooling during exhumation.
These moving age peaks may be used to investigate the
long-term erosional evolution of mountain belts using the
lag-time approach, taking into account all the usual caveats
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as discussed in Chap. 10 (Malusà and Fitzgerald 2018b) and
Chap. 15 (Bernet 2018).

Noteworthy,magmatic crystallisation ages are found not only
in volcanic grains (see Chap. 15, Bernet 2018), but also in
mineral grains derived from plutonic rocks that have crystallised
at depth shallower than the Tc isothermal surface of the ther-
mochronologic systemunder consideration (i.e.*4 and*7 km
depth, respectively, for the AFT and ZFT systems assuming a
paleogeothermal gradient of 30 °C/km). For a correct interpre-
tation of detrital thermochronology data, these mineral grains
should be carefully detected by double dating (see Chap. 5,
Danišík 2018; Chap. 15, Bernet 2018). Because magmatic
zircon grains may preserve older inherited cores, U–Pb analysis
of double-dated grains is best performed on grain rims (see
Chap. 7, Malusà and Garzanti 2018).

16.2.3 Delayed Response to Erosion

The first appearance of a moving age peak (of a particular
thermochronologic method/mineral) after the onset of erosion
takes place when the whole rock pile with a thermochrono-
logic fingerprint (relative to each thermochronologic method/
mineral) acquired before the onset of erosion is completely
removed (Fig. 16.2a). The delay in such response depends on
the Tc of the thermochronologic system under consideration
and on the erosion rate (Rahl et al. 2007). Low-Tc systems such
as (U–Th)/He on apatite (AHe) andAFTmore readily respond
to abrupt changes in erosion rate, whereas higher-Tc systems
are less sensitive to rapid changes in erosion rate. In
Fig. 16.2a, moving age peaks defined by detrital AFT ages
first appear in unit B, those defined by detrital ZFT ages only
appear in unit C, whereas those defined by detrital K–Ar ages
only appear in unit D. Delays between the onset of rapid
cooling/exhumation and the deposition of mineral grains
yielding these higher-temperature thermochronologic ages
may be greater than 10 Myr even for relatively fast erosion
rates (on the order of 1 mm/y) (Malusà et al. 2011). In other
words, this delay means that the detrital signal of rapid
cooling/exhumation, dependent on the method/mineral
employed, may not be part of the stratigraphic sequence
derived from this rapid cooling/exhumation episode, but may
be eroded and deposited in a subsequent episode. For example,
let us consider the ZFT thermochronometer and a hypothetical
mountain belt that has experienced rapid unroofing in the
Paleocene, with erosional removal of a *5-km-thick crustal
section and consequent sediment deposition in a foreland
basin. This episode of rapid exhumation is followed by tec-
tonic quiescence and by renewed erosion and deposition in the
foreland basin since theMiocene. In the foreland basin, zircon
grains from Paleocene strata will not yield ZFT ages

supporting Paleocene exhumation in the source area. Instead,
ZFT ages attesting rapid Paleocene exhumation will be found
inMiocene or younger strata, with a time delay of severalMyr.

16.2.4 The Lag-Time Interpretation of Age
Peaks from Unroofing Magmatic
Complexes

In Fig. 16.2b, the biotite K–Ar grain-age distribution derived
from the model of Fig. 16.1b is interpreted in a classic
lag-time diagram. Lag time is always >0, unless there are
modifications of the thermochronologic signal by alteration
or post-depositional burial-related partial or complete reset-
ting (e.g. Garver et al. 1999; Ruiz et al. 2004). When
interpreted in terms of lag time, both the stationary age peaks
and the moving age peaks derived from the erosion of a
magmatic complex appear to define a lag-time trend. The
lag-time trend 1, defined by stationary age peaks, might be
erroneously used to infer a decay phase of evolution of the
eroding source. However, ages defining these stationary age
peaks are set before the onset of exhumation. Therefore, the
increasing lag time observed in this case provides no direct
constraint on the erosional evolution of the source area. By
contrast, the constant lag-time trend 2 that is defined by a
moving age peak is supportive of steady-state erosion, in line
with the erosional evolution imposed by the model.

The conceptual model of Fig. 16.1b is based on the
assumption of one single episode of intrusive/volcanic
activity, but this is not typical of most large plutonic–vol-
canic complexes that will experience multiple intrusive
phases. The model of Fig. 16.2c includes multiple magmatic
pulses: the first episode occurs before the onset of erosional
exhumation (ti1), the second pulse occurs when the erosion
of crustal level 1 is completed (ti2), and the third one occurs
after the erosion of crustal level 2 (ti3). The resulting detrital
ZFT age pattern in units A–D includes (i) peaks exclusively
formed by magmatic crystallisation ages (marked by
crosses), (ii) peaks exclusively formed by exhumation ages
(marked by full dots) and (iii) peaks formed by both
exhumation and magmatic ages (empty dots). Peaks formed
by magmatic crystallisation ages provide no direct constraint
on exhumation and should be excluded from lag-time anal-
ysis (see Chap. 15, Bernet 2018). Importantly, magmatic
ages invariably form the youngest ZFT age peaks of the
distribution in units A–C, i.e. not only in sedimentary rocks
coeval with magmatic activity, but also in much younger
sedimentary rocks deposited in the final sink. This underli-
nes the importance of a multi-method dating approach to the
analysis of the lag time, in order to avoid the potential
misinterpretation of magmatic crystallisation ages in terms
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of exhumation. Ideally, the provenance source region is well
known, and information from the detrital record can be
compared to the geologic/thermochronologic record of the
source region to better constrain the erosional exhumation.

The occurrence of a stationary age peak that is older than
the moving age peak within the same sediment layer (and for
the same thermochronologic system) is supportive of mixing
of detritus from different source areas.

16.2.5 Extrapolation to Unroofing Metamorphic
Belts

Stationary age peaks may also be found in detritus shed from
a metamorphic dominated source (e.g. Carrapa et al. 2003)
due to the presence of young micas that have grown, during
low-grade metamorphism, at temperatures below the iso-
topic closure of the 40Ar/39Ar system. The magmatic

Youngest
peak

D
ep

os
iti

on
al

 a
ge

O
ld

Yo
un

g

O
ld

Yo
un

g

OldYoung ti

Lag-time interpretation

Stationary peak
(magmatic ages)

Increasing lag time,
NO RATE

1:

Moving peak
(exhumation ages)
Constant lag time

2:

= RATE

OldYoung ti

Unit D

Unit C

Unit A

Unit B

Lag tim
e

0 M
yr

10 M
yr

20 M
yr

30 M
yr2

1

Delayed response to erosion

Onset of fast erosion (te)

First evidence
by detrital AFT

First evidence
by detrital ZFT

First evidence
by detrital biotite

M
oving peaks

Thermochronologic age Thermochronologic age

D
ep

os
iti

on
al

 a
ge

(c)

OldYoung
ti1ti2ti3

Unit D

Unit C

Unit A

Unit B

Peak exclusively
formed by
magmatic ages
Peak exclusively
formed by
exhumation ages
Peak formed by
both magmatic and
exhumation ages

D
ep

os
iti

on
al

 a
ge

O
ld

Yo
un

g

2

1
Peaks to be excluded
from lag-time analysis

Trend of moving peaks
providing information
on the evolution of
long-term erosion rates

1

2

Multiple magmatic pulses
Magmatic
pulses

Detrital ZFT age

Lag tim
e

0 M
yr

20 M
yr

30 M
yr

(a) (b)

Fig. 16.2 Basic detrital age patterns and their interpretation (II).
a Delayed response to erosion. Moving age peaks recording progressive
erosion in the hinterland do not appear in detritus until the source rocks
with an older thermochronologic fingerprint are removed by erosion. Time
delay depends on the Tc of the thermochronologic system under
consideration and on the erosion rate. Low-Tc systems such as AFT are
more sensitive to changes in erosion rate than higher-Tc systems.
b Lag-time interpretation of the biotite K–Ar grain-age distribution shown
in Fig. 16.1 (green lines in the diagram are lines of equal lag time). The
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defining the stationary age peak for trend 1 are set before the onset of
exhumation. Only ages set during exhumation and defining the moving age
peak 2 can be used to investigate the long-term erosional evolution of the
source areas using the lag-time approach. c Magmatic complex model for
multiple magmatic pulses and lag-time interpretation of associated detrital
ZFT data. Magmatic pulses in the model occur before the onset of erosional
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complex model demonstrates that simple constraints (e.g.
using the lag-time approach) on exhumation are only pro-
vided by those thermochronologic ages that are set during
monotonic cooling associated with exhumation across the Tc
isothermal surface. By contrast, thermochronologic ages that
are set in minerals (re)crystallised at shallower depths and at
temperatures less than Tc provide no direct constraint on
exhumation. The same “magmatic complex model” concept
can be extrapolated to metamorphic minerals such as micas
(Malusà et al. 2012). In metamorphic rocks, micas

commonly show microtextures typical of petrological dise-
quilibrium (e.g. Challandes et al. 2008; Glodny et al. 2008);
thus, different generations of micas generally define folia-
tions formed under different P–T conditions during
exhumation towards Earth’s surface (Fig. 16.3). When mica
is grown at temperatures greater than the isotopic closure
(D1 and D2 in Fig. 16.3), the mineral will cross the Tc
isothermal surface during exhumation. In detritus, the
resulting 40Ar/39Ar ages should decrease regularly with
decreasing depth in the stratigraphic column and could be
used to infer exhumation rates using the lag-time approach,
provided that retrogression and fluid-assisted recrystallisa-
tion are negligible (e.g. Villa 1998). Conversely, micas
grown at lower temperature than the diffusion-only isotopic
closure temperature (D3 in Fig. 16.3) will constrain the age
of mineral growth only. Micas D3 therefore yield 40Ar/39Ar
ages that provide no direct constraint on exhumation unless
coupled with pressure estimates (e.g. Massonne and
Schreyer 1987). However, pressure estimates may require
that mineral assemblages are in petrologic equilibrium,
which cannot be ascertained in the case of detrital mineral
grains. Distinguishing micas of different generations in
detritus is obviously an arduous task. However, when using
micas in detrital studies, the potential occurrence of micas
grown at temperatures lower than Tc should be carefully
considered. In some detrital studies, the youngest mica
populations are used to constrain the exhumation history of
eroded bedrock, yet this may not always be appropriate as
the youngest mica individual crystal ages in a rock may
reflect late mineral growth rather than 40Ar/39Ar ages related
to exhumation.

The occurrence, in the same detrital sample, of multiple
moving age peaks recording exhumational cooling is sup-
portive of mixing of detritus from source areas that are
characterised by different upper crustal exhumation histories.

16.2.6 Stationary Age Peaks Due to Thermal
Relaxation

Stationary age peaks may be also found in a stratigraphic
section as a result of a major event of thermal relaxation in
eroded bedrock. An example of this may be the case of
detritus eroded from the Himalaya, where stationary age
peaks may mirror the thermal relaxation expected after a
major orogenic event in the hinterland (Braun 2016). Major
relaxation of isothermal surfaces is also expected in distal
passive margins after continental break-up (Malusà et al.
2016b). Also in these cases, stationary age peaks in detritus
may provide no direct constraint on the exhumation of the
source rocks. Unlike the pattern of Fig. 16.1c (magmatic
complex model), stationary age peaks due to thermal
relaxation are generally not found in the deepest levels of a
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rock, with micas grown along different foliation planes during
deformation stages D1–D3. D1 and D2 indicate micas grown at higher
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define a moving age peak in detritus and therefore can be used to
investigate the long-term exhumation history of the source rocks using
the lag-time approach. Micas D3 will define instead a stationary age
peak that provides no direct constraint on exhumation (Malusà et al.
2012)
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stratigraphic succession, because the relevant “elevated”
isotherms (unlike magma) do not reach the Earth’s surface
(see Chap. 8, Malusà and Fitzgerald 2018a).

16.2.7 Impact of Mineral Alteration

Moving age peaks are not always linked to exhumation, but
may also be the result of mineral alteration during
exhumation of the source region or burial diagenesis of
derived sedimentary rocks. For example, in magmatic clasts
derived from the Bregaglia/Bergell pluton (Giger 1990),
K–Ar ages in biotite define apparent moving age peaks,
whereas lower Tc thermochronometers define a stationary
age peak indistinguishable from the age of intrusion (Malusà
et al. 2011, their Fig. 8). This moving K–Ar age peak is not
related to exhumation, but is an artefact caused by anoma-
lous K–Ar ages associated with substoichiometric K con-
centrations, which provide evidence for chloritisation of
biotite. Alteration of minerals may lead to thermochrono-
logic ages younger than the depositional age and may
explain, for example, the enigmatic occurrence of detrital
mica with negative lag times where there has been no deep
burial to cause thermally reset or partially reset ages (e.g.
White et al. 2002).

16.2.8 Impact of Sediment Recycling

Minor modifications to the detrital age patterns illustrated in
Fig. 16.1c are expected in the case of sediment recycling,
which introduces in detritus a number of mineral grains
having thermochronologic ages older than expected. As a
result, moving age peaks get increasingly skewed, with an
older tail representing the recycled grains (Fig. 16.4a).
However, sediment recycling is not expected to affect the
shape and age of stationary age peaks.

16.2.9 Impact of Post-depositional Annealing
or Resetting Due to Burial

Detrital age patterns may be also affected by
post-depositional annealing or diffusion (depending on the
thermochronologic system under consideration) towards the
base of thick sedimentary successions. Post-depositional
annealing is usually easily detected, because both original
magmatic and exhumation ages, as well as FT peaks in
single detrital minerals, become increasingly younger down
section (e.g. Ruiz et al. 2004; van der Beek et al. 2006),
showing the opposite trend than that observed in un-reset
sedimentary successions (Fig. 16.4b). Such a reversal is not

observed in higher-Tc systems within the same stratigraphic
level (Malusà et al. 2011).

16.2.10 Detection of Provenance Changes

The provenance of a grain-age population can be prelimi-
narily constrained by thermochronologic data from bedrock
and detritus following a simple principle: thermochronologic
ages in detritus within a stratigraphic succession, unless reset
by burial, must be equal to or older than the ther-
mochronologic ages now observed in bedrock within the
potential source areas. Bedrock units showing older ages can
be safely excluded as a potential source (e.g. Garzanti and
Malusà 2008). However, provenance constraints exclusively
based on cooling ages are often poor for older stratigraphic
units and must be integrated by complementary analyses (see
Chap. 14, Carter 2018). Major changes in provenance can be
easily unravelled by inspecting the trends of detrital ther-
mochronologic ages observed along a stratigraphic succes-
sion. If provenance does not change, the detrital
thermochronology record should follow one of the trends
illustrated in Figs. 16.1, 16.2, 16.3 and 16.4. The sudden
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appearance of older grain-age populations moving up sec-
tion along a stratigraphic succession is strong evidence for a
major provenance change, e.g. due to drainage reorganisa-
tion (Ruiz et al. 2004; Glotzbach et al. 2011; Asti et al.
2018).

16.3 Managing Bias in Detrital
Thermochronology

The thermochronologic fingerprint of detritus should ideally
reflect the thermochronologic imprint of eroded bedrock.
Such an imprint can be quite complicated, due to the com-
bined effects of a range of processes, including annealing
and diffusion (depending on the thermochronologic system
under consideration) either during exhumation or during
transient changes in the thermal state of the crust, episodes
of magmatic crystallisation, metamorphic mineral growth,
late-stage alteration of the source rock prior to erosion, and
the potential occurrence of unreset sedimentary successions
reflecting the cooling history of older eroding sources.
However, the thermochronologic signal inherited from the
eroded bedrock is prone to be affected by a number of
potential sources of bias during sediment transport from
source to sink and during laboratory treatment and data
processing. In order to avoid potential misinterpretations of
detrital thermochronology datasets, these sources of poten-
tial bias should be carefully considered and minimised, as
discussed below.

16.3.1 Bias Due to Natural Processes
and Laboratory Treatment

During sediment transport prior to deposition, detrital grains
are sorted by tractive currents according to their size, shape
and density (Schuiling et al. 1985). If the age distribution in
dated minerals shows a relationship with grain size,
hydraulic sorting may have had an impact on grain-age
distributions in detritus, which could be considerably dif-
ferent from the original distribution in eroded bedrock
(Malusà et al. 2016a). In the case of a relationship between
grain age and grain size, a common occurrence in (U–Th)/
He dating (e.g. Reiners and Farley 2001), bias may be also
introduced during sample processing. Examples include:
gold panning during sampling (Bernet and Garver 2005); an
incorrect use of the shaking table (Wilfley or Gemeni table)
during hydrodynamic concentration of dense minerals
(Sláma and Košler 2012); non-random grain selection during
handpicking and analysis (Cawood et al. 2003); electrostatic
charging in plastic ware (e.g. sample vials) that may lead to a
selective loss of smaller grains; sieving during sample

preparation so that only a limited size range is analysed
(Malusà et al. 2013).

An inappropriate procedure of magnetic separation may
also introduce a bias, if mineral age has a relationship with
magnetic properties (Sircombe and Stern 2002). Bias may
also occur during the preparation of grain mounts for FT
dating, if a relationship exists between grain age and grain
shape or size. When mounted in epoxy or Teflon for pol-
ishing and etching, elongated grains tend to align themselves
parallel to the c-axis, and most of them are thus suitably
oriented for FT counting (see Chap. 2, Kohn et al. 2018). On
the other hand, equidimensional grains tend instead to be
randomly oriented, which implies that grain mounts
involving a mixture of elongated and equidimensional
detrital grains, will generally have a larger proportion of
elongated grains suitable for counting than equidimensional
grains. This problem is generally negligible for ZFT data-
sets, because most zircon grains typically have an elongated
shape, but may be relevant for AFT detrital datasets.

Potential relationships between grain age and grain size
(or grain shape) should be carefully evaluated in detrital
thermochronology studies, as illustrated for example in
Chap. 7 (Malusà and Garzanti 2018). Datasets showing no
apparent relationship between these parameters are inher-
ently robust with respect to the above sources of bias. In the
case where age varies with grain size, bias should be instead
minimised, e.g. by avoiding sampling of placer deposits and
gold panning, by handpicking to remove impurities rather
than to select datable grains, and by processing of different
grain-size classes separately in shaking tables, in order to
prevent any selective loss of mineral grains from specific
grain-age populations.

16.3.2 Intrinsic Bias Specific to Zircon

ZFT datasets are also affected by other, more specific
sources of intrinsic bias that propagates to other datasets
whenever zircon grains are subject to double or triple dating.
Potential bias is introduced, for instance, by uncountable
overlapping fission tracks in U-rich grains (e.g. Ohishi and
Hasebe 2012; Gombosi et al. 2014). A comparison between
detrital zircon U–Pb and ZFT datasets from the same region
(Fig. 16.5a) shows that U-rich grains ([U] >1000 ppm),
although detected in samples analysed by LA-ICP-MS, are
missing in the corresponding ZFT dataset, because these
grains are undatable by the FT method. For example,
undatable U-rich zircon grains in the case illustrated in
Fig. 16.5a exceed 40% of the dataset. As a result, a bias is
likely introduced in detrital ZFT datasets whenever different
source areas (A and B in Fig. 16.5b) shed zircon grains with
different U concentrations, for example if they have different
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Fig. 16.5 a Comparison between detrital zircon U–Pb (LA-ICP-MS)
and ZFT datasets from the European Alps. U-rich grains ([U] > 1000
ppm) that exceed 40% of the dataset are detected in samples analysed
by LA-ICP-MS, but they are missing in the corresponding ZFT dataset.
This is because the very high density of fission tracks means they are
undatable by standard counting (modified from Malusà et al. 2013; ZFT
data from Bernet et al. 2004). Countability can be improved by
applying weaker/shorter etches and counting fission tracks at higher
magnifications, for example under a scanning electron microscope
(SEM). b U concentration bias. Two source areas (A and B) shed an
equal amount of zircon grains to a detrital sample, but the percentage of
U-rich grains (>1000 ppm) is higher in the source A than in the source

B, for example due to the different metamorphic history of these source
rocks. Because U-rich grains are systematically missed during analysis,
the detrital source A is expected to be under-represented, or even
missed, in the detrital FT record. c Etching bias. Two source areas (A
and B) shed an equal amount of zircon grains to a detrital sample, but
the percentage of older zircon grains with higher levels of a-damage is
higher in source A than source B, for example due to the different age
of the protoliths of these source rocks. Because zircon grains with high
levels of a-damage are expected to be selectively overetched and
eventually lost during routine etching, the detrital source A is expected
to be under-represented, or even missed, in the detrital FT record
(modified from Malusà et al. 2013)
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metamorphic histories (Malusà et al. 2013). Because U-rich
grains ([U] > 1000 ppm) are systematically not counted,
detrital sources supplying such U-rich grains are therefore
systematically under-represented, or even missed, in the
detrital ZFT age record (U concentration bias, Malusà et al.
2013). Such potential U concentration bias can be assessed
by measuring the distribution of U concentration in zircon
grains from different source areas, at least in the case of
double dating that involves LA-ICP-MS analysis. Even
though bias due to overlapping tracks is largely independent
of etching, countability can be improved by applying
weaker/shorter etches and counting fission tracks either
under a scanning electron microscope (Montario and Garver
2009; Gombosi et al. 2014) or an atomic-force microscope
(Ohishi and Hasebe 2012). This type of bias does not affect
FT dating of minerals with much lower U concentration,
such as apatite.

Further bias in detrital ZFT datasets may also occur due
to the differential etching response of zircon grains with
different amount of a-damage (e.g. Gleadow et al. 1976;
Kasuya and Naeser 1988; Tagami et al. 1990, 1996).
Accumulated a-damage is a function of U concentration and
effective accumulation time, also considering the effects of
thermal annealing of a-damage at high temperature (Tagami
et al. 1996; Garver and Kamp 2002). Zircons that are old and
have more accumulated a-damage require a shorter etching
time to reveal fission tracks for counting, with respect to
young zircons where a-damage is much less and the crystal
lattice less damaged. Thus, older zircon grains with higher
levels of a-damage may be selectively overetched and
eventually lost during routine etching, even in case of
multiple etching times to reveal the full spectra of ZFT ages
(e.g. Bernet and Garver 2005). Whenever different source
areas (A and B in Fig. 16.5c) shed zircon grains with dif-
ferent levels of a-damage, for example because of the dif-
ferent age of their protoliths, detrital sources shedding zircon
grains with old U–Pb ages and high levels of a-damage are
expected to be systematically under-represented in the
detrital ZFT record (etching bias, Malusà et al. 2013), or
even missed when forming small age populations close to
the detection limit (see Sect. 16.3.3). In this extreme case,
both U concentration bias and etching bias may have major
implications for lag-time analysis.

Notably, zircon grains with higher levels of a-damage are
more easily entrained by tractive currents than non-metamict
zircon grains, because they are less dense (see Chap. 7,
Malusà and Garzanti 2018). Therefore, if zircon grains with
different provenance and different levels of a-damage are
mixed together before reaching the final sink, hydraulic
sorting during sediment transport may introduce further bias
in the detrital ZFT record.

16.3.3 Bias Introduced During Data Processing

Bias in detrital thermochronology datasets is also potentially
introduced by inappropriate methods of data visualisation, or
by decomposition of grain-age distributions into individual age
components, because different deconvolution methods have a
different sensitivity to outliers and assume different shapes for
parent populations, for example Gaussian, log-normal or
Laplacian (Sambridge and Compston 1994; Brandon 1996;
Jasra et al. 2006). Detrital thermochronology data can be pre-
sented in a number of ways: (i) in a simple age histogram with
the frequency or proportion of ages plotted against binned ages;
(ii) in a radial plot (Galbraith 1990); (iii) as a probability
density plot that takes into account analytical error but lacks
any theoretical basis as a probability density estimator; (iv) as a
kernel density plot that plots ages in an age frequency plot and
then imposes a kernel of some bandwidth to constrain the
shape of the distribution, although this shape and hence iden-
tification of age peaks may be dependent on the bandwidth
selected (Vermeesch 2012). These issues may be significant
and are discussed in more detail in Chap. 6 (Vermeesch 2018).

As datasets get larger and detrital data are compared from
sample to sample, or region to region in order to constrain
similarities or likeness between populations, both the visu-
alisation of data is important as are methods of comparing
sample/data analytics (Malusà et al. 2013; Vermeesch 2013;
Andersen et al. 2017). In detrital datasets, minor age com-
ponents are possibly underestimated or even missed when-
ever the number of analysed grains is not large enough (see,
e.g. Dodson et al. 1988; Vermeesch 2004; Andersen 2005).
The detection limit of an age component can be defined
(Vermeesch 2004) as the maximum size of a single popu-
lation likely to remain undetected after n analyses
(Fig. 16.6). In the approach proposed by Andersen (2005),
no assumptions are made about the number, nature or dis-
tribution of the populations to be detected. In contrast, in a
more conservative approach proposed by Vermeesch (2004),
the detection limit is defined as the size of m equally dis-
tributed, equally abundant populations, one of which is
likely to escape detection in n analyses. In both cases, the
probability level associated with the detection limit (e.g.
50 or 95%) has to be specified. The optimal number of
grains that should be dated in a detrital sample according to
the above approaches is reported in Fig. 16.6. If the
grain-age populations are uniformly distributed in the sam-
ple, 117 grains should be dated to be 95% certain that no
population � 5% was missed (Vermeesch 2004). As a
general rule, it is important to indicate what is the size of the
smallest population fraction that we can be 95% certain that
was not missed. According to Andersen (2005), the 95%
limit can be regarded as a relatively safe indicator that a
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population of the corresponding true abundance will be
detected in n analyses, whereas the 50% limit represents the
threshold for populations that are more probably overlooked
than observed in n analyses. Counting statistics is particu-
larly important when provenance studies discuss the absence
of certain age fractions. If the purpose of the study is to
prove the presence of one or more specific age fractions in a
detrital population, once these fractions have been found,
there may be no reason to date more grains (Vermeesch
2004).

16.4 Summary and Recommendations

As discussed in this chapter, sedimentary successions usu-
ally reflect, in inverted order, the thermochronologic age
structure observed in the sediment source areas. The simplest

scenario is rock cooling across a Tc isothermal surface dur-
ing erosional exhumation, resulting in progressively younger
thermochronologic ages moving up section through a sedi-
mentary succession. However, this approach is sometimes
too simplistic, as it does not consider the full range of
geologic processes that determine the final thermochrono-
logic fingerprint of sediments. These processes may include
(re)crystallisation, diffusion and alteration in the source
rocks, potential modifications during transport and deposi-
tion, and post-depositional annealing. Different processes
produce different age patterns in sediment and sedimentary
rocks. A correct recognition of these patterns allows a reli-
able geologic interpretation of the detrital thermochronology
record. Clues for geologic interpretation of thermochrono-
logic age patterns in sediments and sedimentary rocks are
summarised below:

• The detrital thermochronology record may include sta-
tionary age peaks and moving age peaks. Stationary age
peaks provide no direct constraint on exhumation, as they
relate to episodes of magmatic crystallisation,
late-metamorphic mineral growth or thermal relaxation in
the source rocks. Moving age peaks are generally set
during exhumation and can be used to investigate the
long-term erosional evolution of mountain belts using the
lag-time approach.

• The first appearance of a moving age peak occurs in
detritus well after the episode of exhumation recorded by
low-temperature thermochronometers. The time delay
depends on the Tc of the thermochronologic system
under consideration, and on the erosion rate.

• Ages reflecting magmatic crystallisation or
late-metamorphic mineral growth may form the youngest
peak of a detrital grain-age distribution. These ages and
the corresponding peaks are particularly prone to be
misinterpreted in terms of cooling during exhumation.

• The occurrence of a stationary age peak that is older than
the moving age peak within the same detrital sample, or
the occurrence of two (or more) moving age peaks within
the same sample, are supportive of mixing of detritus
from source areas characterised by different upper crustal
exhumation histories and thermochronologic fingerprints.

• Post-depositional annealing or resetting due to burial
produces age peaks that become progressively younger
down section, showing the opposite trend than that
observed in unreset sedimentary successions.

• The appearance of older grain-age populations moving
up section through a stratigraphic succession may pro-
vide evidence of a major provenance change.

• If grain age shows dependence with grain size, relevant
bias may be introduced by natural processes in the
source-to-sink environment, or by inappropriate
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Fig. 16.6 Detection limits of an age component in a detrital grain-age
distribution (i.e. the maximum size of a single population likely to
remain undetected after n analyses) for a probability level of 50 and
95% (modified from Vermeesch 2004; Andersen 2005). According to
the approach proposed by Andersen (2005), no assumptions are made
about the number, nature or distribution of the populations to be
detected. According to a more conservative approach proposed by
Vermeesch (2004), the detection limit is defined as the size of m equally
distributed, equally abundant populations (6 squares), one of which is
likely to escape detection (the white square) in n analyses (top right).
The 95% limit can be regarded as a safe indicator that a population of
the corresponding true abundance will be detected in n analyses; the
50% limit represents the threshold for populations that are more
probably overlooked than observed in n analyses (Andersen 2005). If
the grain-age populations are uniformly distributed in the sample, 117
grains should be dated to be 95% certain that no population � 5% is
missed (Vermeesch 2004); if the grain-age populations are not
uniformly distributed, the required number of grains to be dated could
be lower (*60)
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procedures of sampling, laboratory treatment and analy-
sis. This situation requires appropriate strategies for bias
minimisation.

• Detrital sources supplying a majority of U-rich grains, or
older zircon grains with higher levels of a-damage, are
prone to be under-represented in detrital ZFT datasets
because of the impact of U concentration bias and etch-
ing bias. This bias may propagate to other datasets in
case of double or triple dating of detrital zircon grains.

• Detection limits of age components in detrital grain-age
distributions should be indicated and fully considered
during data interpretation, especially when detrital ther-
mochronology studies discuss the absence of specific
grain-age populations.
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17Detrital Thermochronology Using
Conglomerates and Cobbles

Paul G. Fitzgerald, Marco G. Malusà and Joseph A. Muñoz

Abstract
Detrital thermochronology data from cobbles, either
within modern sediments or basin stratigraphy, can
provide excellent constraints on the exhumation history
of the adjacent orogen or hinterland. This approach is
especially powerful if multiple techniques are applied to
each cobble. With cobbles, all grains have a common
thermal history; thus, for apatite fission-track (AFT) ther-
mochronology, ages are better defined than those for
single-grains, and track-length measurements permit
meaningful thermal models. Well-constrained basin
stratigraphy is required to generate lag-time plots that
combined with thermal modelling may constrain the rate
and timing of cooling/exhumation events in the orogen, as
well as later basin inversion. Limitations in this approach
include the number of cobbles that need to be analysed to
provide a representative sampling of the source region
and to capture the pre-depositional exhumation history.
Caveats also apply regarding closure temperature assump-
tions, integrated exhumation rates, time from erosion to
basin deposition, variable provenance of the cobbles,
paleo-relief in the source area, as well as burial-related
partial annealing. Two examples illustrate this detrital
cobble approach applied to basin stratigraphy. On the
southern flank of the Pyrenean orogen, cobble AFT
thermochronology from Eocene-to-Oligocene syntectonic
conglomerates records three episodes of cooling/
exhumation in the hinterland due to progressive move-
ment of thrust sheets, followed by burial and Late

Miocene re-excavation. The cobble thermochronologic
record complements in-situ thermochronologic data from
the orogen. South of the European Alps, thermochronol-
ogy on conglomeratic clasts in the Gonfolite basin record
exhumation in the Bergell region of the Central Alps.
There, a stationary peak at *30 Ma records the emplace-
ment of plutonic and volcanic rocks, whereas a moving
peak starting at *25 Ma that decreases in age up-section
records exhumation-related cooling.

17.1 Introduction

Detrital geochronology and detrital thermochronology typi-
cally involve determining the age of single-grains in orogenic
sediments collected from sedimentary basins (ideally from a
well-dated stratigraphic section) or from recent sediments to
both identify provenance and quantify the thermochronolog-
ical evolution (cooling and exhumation) of the source region
(e.g. Garver et al. 1999). Detrital geo-thermochronology uti-
lises dating techniques such as U–Pb (zircon, apatite, mon-
azite), 40Ar/39Ar (mica) and fission track (zircon, apatite).
Detrital grains have usually been eroded from orogenic
highlands, transported and then deposited in a proximal or
distal basin. The three main applications of detrital ther-
mochronology, all closely related, are provenance analysis,
landscape evolution and exhumation studies (e.g. Bernet and
Spiegel 2004; and Chap. 15, Bernet 2018). Detrital ther-
mochronology provenance studies link distinctive age pat-
terns to sediment source areas (e.g. Baldwin et al. 1986;
Hurford and Carter 1991; Carrapa et al. 2004; Resentini and
Malusà 2012; Gehrels 2014, and Chap. 14, Carter 2018) and
can also be used to constrain orogen development by tracing
sediment transport pathways (e.g. Cawood and Nemchin
2001; Malusà et al. 2016a) as well locating positions of
drainage divides (e.g. Spiegel et al. 2001). One of the
advantages of using detrital thermochronology is that one is
not limited to sampling exposed bedrock. Basin sediments
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may therefore record an earlier part of the exhumation history,
from higher structural levels that were eroded off the orogen in
its early stages of development. Conversely, the detrital
record may miss younger exhumation events, as these deeper
structural levels may not have yet eroded off the orogen (see
Chap. 16, Malusà 2018). In special cases, such as when an
ice-sheet covers the landscape except for the highest peaks,
detrital sediments may capture the record of more recent
exhumation, whereas bedrock thermochronology from high
ridges may only record much older ages. Such a situation
occurs in the St. Elias Mountains of southeastern Alaska
where active erosion is occurring under the ice and the
youngest thermochronology ages are found within modern
glacial detritus (Enkelmann et al. 2015). With respect to
detrital thermochronology and exhumation levels of an oro-
gen that may or may not be sampled, a similar concept
applies with in-situ bedrock thermochronology. There, low-
temperature thermochronologic methods have younger ages
and constrain younger cooling/exhumation events, whereas
higher-temperature techniques have older ages and constrain
older cooling/exhumation events. A more complete record of
the thermal, exhumation, deposition, geological and tectonic
record of an orogen will likely involve data from both in-situ
(bedrock) thermochronology and detrital thermochronology
from associated basins. On that theme, there are many
assumptions in the detrital › (e.g. Garver et al. 1999; Rahl et al.
2007; and Chap. 8 and Chap. 10, Malusà and Fitzger-
ald 2018a, b; and Chap. 15, Bernet 2018), many of which are
relevant to applying thermochronology to cobbles.

In this chapter, we summarise the approach of using apatite
fission-track (AFT) thermochronology on cobbles collected
in a stratigraphic framework. We compare this approach
briefly with the more conventional detrital thermochronology
approach on sand or sandstone (Sect. 17.3) and illustrate
cobble thermochronology using an example from syntectonic
conglomerates deposited in the South Pyrenean Foreland
Basin on the southern flank of the central Pyrenees (Beamud
et al. 2011; Rahl et al. 2011). Crucial to this approach and
important in the Pyrenees study is the use of both the lag-time
approach (Garver et al. 1999) to constrain rates of exhumation
in the hinterland, and inverse modelling (e.g. Ketcham 2005)
of AFT age and track-length data collected from each cobble
to constrain the timing of events. The results of the Pyrenees
cobble data are compared to in-situ low-temperature ther-
mochronology constraints from granitic massifs within the
central Pyrenean orogen. We also present another example
from the Bergell region of the Alps (e.g. Wagner et al. 1977,
1979; Hurford 1986; Rahn 2005; Malusà et al. 2011, 2016a;
Mahéo et al. 2013; Fox et al. 2014).

The composition of sedimentary deposits, including
conglomerate clasts has long been used by sedimentologists
and stratigraphers, linking clasts back to their original

lithotectonic units or tectonostratigraphic terranes (e.g.
DeCelles 1988). However, using thermochronology on
individual conglomerate clasts in foreland basin deposits in a
similar fashion is more recent, evolving from early ther-
mochronology studies in the Alps. Wagner et al. (1979)
obtained AFT ages from three boulders in upper Oligocene
molasse deposits in the central Alps and compared these to
data, including age-elevation profiles, collected from the
nearby Bergell Massif north of the Insubric Fault. Using the
AFT ages to estimate the paleo-elevation position of the
boulders, Wagner et al. (1979) were able to estimate the
amount and rate of “uplift” (exhumation) since they were
eroded from the massif. Despite the prediction of Wagner
et al. (1979) that this would become an important approach
to study the vertical extent of mountain belts in the geo-
logical past, it has not been widely applied. Dunkl et al.
(2009) developed the pebble population dating method,
using two examples from the eastern Alps, but this method
was mainly aimed at the provenance of these deposits rather
than the exhumation history of the hinterland. Also in the
eastern Alps, Brügel et al. (2004) used geochemistry and
multiple thermochronometers on gneiss pebbles in Miocene
conglomerates to constrain the provenance as well as the
cooling and exhumation history of the hinterland from where
they originated. More recently, Falkowski et al. (2016)
applied multiple techniques to glacial cobbles sourced from
ice-covered terrain in southeastern Alaska to constrain both
the provenance and exhumation history of this mountainous
ice-covered terrain.

17.2 Detrital Thermochronology:
The Stratigraphic Approach

The stratigraphic approach to detrital thermochronology has
the advantage of being able to constrain exhumation rates
through time (e.g. Bernet et al. 2004). Multiple or single
thermochronometers can be applied (e.g. Chap. 14, Carter
2018), with different methods providing different information
and having different caveats as regards the interpretation of
the data. U–Pb dating on zircons (e.g. Amidon et al. 2005a, b)
provides information more on the provenance than the
exhumation history, whereas zircon fission-track dating
(ZFT) may provide information on both (e.g. Cerveny et al.
1988; Garver et al. 1999). Hypothetically, the spread in
single-grain ages can also be used to constrain paleo-relief.
This requires a high-precision technique, a positive paleo-
“age-elevation relationship” that is not too steep (Stock and
Montgomery 1996; Reiners 2007) and assuming that mineral
fertility variations in the drainage area are negligible (Malusà
et al. 2016b; and Chap. 7, Malusà and Garzanti 2018).
Thermochronologic methods that incorporate a kinetic
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parameter to constrain cooling rates also allow better con-
straints on the exhumation history of the source region as
well as the post-depositional thermal history of basin strata.
Examples of such methods with kinetic parameters are
40Ar/39Ar thermochronology using K-feldspar temperature
cycling experiments and multi-diffusion domain modelling
(Lovera et al. 2002) and AFT thermochronology with track
length and apatite compositional measurements or proxies
such as Dpar (e.g. Ketcham et al. 2007; Gallagher 2012). The
kinetic parameters facilitate generation of inverse thermal
models that constrain best-fit temperature–time (T − t)
pathways. Note that lower-temperature thermochronologic
methods are more sensitive to shorter-term variations in
exhumation rates, as the higher-temperature methods take
longer to respond to changes in erosion rate at the surface
(e.g. Bernet and Spiegel 2004).

When analysing detrital samples,*100 grains are usually
dated in order to minimise the risk of missing relevant grain
age populations (e.g. Stewart and Brandon 2004; Vermeesch
2004; Andersen 2005; see Chap. 16, Malusà 2018). In con-
trast to conventional in-situ thermochronology, dated detrital
single grains do not necessarily have a common source or
thermal (exhumation) history, so grains are typically plotted
in a probability distribution with significant age populations
or peaks determined using either a Gaussian or binomial peak
fitting method (e.g. Hurford et al. 1984; Galbraith and Green
1990; Brandon 1996; Bernet et al. 2001, 2004; Dunkl and
Székely 2002; Vermeesch 2012). In addition, because dated
AFT single-grain ages do not have a common source or
thermal (exhumation) history, a combined confined
track-length distribution may be meaningless, unless the
sample is completely reset in the sedimentary basin. A typical
issue with AFT thermochronology is that the relatively low
[U] means relatively few numbers of fission tracks and hence
large errors (often exceeding 50% on single-grain ages).
Thus, individual peak populations may be poorly defined
(e.g. Garver et al. 1999). ZFT dating does not usually have
this problem; the higher [U] and also higher closure tem-
perature means individual grains have more tracks and hence
lower single-grain age errors. An additional problem with
fission tracks in zircons is that crystals with different amounts
of radiation damage have different etching times (to reveal
the fission tracks) and if this not accounted for, bias may
result (e.g. Bernet and Garver 2005; Malusà et al. 2013).

There are four stages (Fig. 17.1a) involved in conceptu-
alising processes related to detrital thermochronology anal-
yses and the factors that influence the data and the
interpretation of the data (as synthesised from Garver et al.
1999; Bernet and Spiegel 2004; Bernet and Garver 2005;
van der Beek et al. 2006; and Chap. 7, Malusà and Garzanti
2018).

(i, ii) Exhumation and erosion: As samples are
exhumed toward the surface in the orogenic hinterland, they

cool through the partial annealing zone (PAZ, Gleadow and
Fitzgerald 1987) or partial retention zone (PRZ, Baldwin and
Lister 1998; Wolf et al. 1998) of whatever thermochrono-
logic system is being applied. A PAZ (fission-track methods)
or PRZ (other methods) is a temperature interval between
higher temperatures where there is total annealing or total
loss via diffusion of the daughter product, and cooler tem-
peratures where ages typically become uniform and often
reflect earlier cooling and exhumation of a crustal section.
As temperature increases with depth, and thermochrono-
logical ages are often plotted with respect to depth, PAZs
and PRZs are often envisaged as crustal entities, with their
width, thickness and shape dependent on the dynamic versus
static thermal regime. The closure temperature concept
(Dodson 1973) assumes that samples have cooled mono-
tonically through a closure temperature and the “closure age
tc” reflects the time when the thermochronologic system
closed and the daughter product began accumulating.
Exhumation is typically accomplished via erosion, which is
associated with tectonic uplift and usually faulting (e.g.
Brown 1991; Ring et al. 1999). Using detrital ther-
mochronology to quantify exhumation of the eroded oro-
genic highland using the lag-time approach (see below)
relies on the closure temperature concept, although the
cooling may not be monotonic and partial annealing of fis-
sion tracks or partial loss of the daughter product may be
significant as well. The closure temperature, depending on
the particular thermochronologic system, may vary accord-
ing to composition of the mineral, [eU], radiation damage
and rate of cooling. For AFT thermochronology, composi-
tion may be established grain by grain using Dpar or
microprobe analysis to calculate Cl and F concentrations.
Additionally, the rmr0 parameter (Ketcham et al. 1999,
2007), which is a measure of the relative resistance to
annealing for an apatite, may be applied to constrain dif-
ferent kinetic grain populations (see Chap. 3, Ketcham 2018;
Chap. 18, Schneider and Issler 2018). Applying a closure
temperature to an age (e.g. *120 °C for fission tracks in
apatite cooling at *10 °C/Myr: Reiners and Brandon 2006)
and assuming or constraining the paleo-geothermal gradient
and a paleo-mean annual temperature allows one to estimate
the depth to closure, and hence an average or integrated
exhumation rate (e.g. Garver et al. 1999). This simple cal-
culation does not take into account the rate of cooling. If
cooling is rapid, then the closure temperature is higher and
thus the estimation of the closure depth is an underestimate,
and hence, estimation of the exhumation rate will also be an
underestimate. Rapid exhumation (on the order of
>300 m/Myr) also results in advection and compression of
the isotherms (e.g. Mancktelow and Grasemann 1997;
Gleadow and Brown 2000; Braun et al. 2006). This is
extremely important because when advection compresses
isotherms in the upper crust, it will affect a reliable
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estimation of the paleo-geothermal gradient and hence depth
of closure and average exhumation rate (Braun et al. 2006;
Rahl et al. 2007; see also Chap. 8, Malusà and Fitzgerald
2018a, b). Rahl et al. (2007) stress that in the case of tran-
sient erosion (exhumation), the calculation of erosion rates
using the assumption of thermal steady state will generally
result in error and that assumptions of steady erosion in

mountain belts should be used with caution. While some-
times difficult to observe depending on the tectonic situation
as well as the thermochronologic technique and sampling
strategy applied, exhumation often varies both spatially and
temporally within an orogen, such as in the example of the
Pyrenean orogen discussed below. Using a simple lag-time
plot to determine the average or integrated exhumation rate

(a)

(b) (c)

Fig. 17.1 Concept diagram explaining detrital thermochronology
(modified from Bernet and Garver 2005; van der Beek et al. 2006;
Rahl et al. 2007). a Samples collected from basin stratigraphy (strata 4
to 1) can be used to constrain integrated exhumation rates using the
lag-time principle. Samples are exhumed from a hinterland orogen
(eroded layers 1 through 4), assumed to have cooled through a closure
temperature (tc), in this case AFT and ZFT, arriving at the surface to be
eroded at te. Lag-time = tc (cooling age) − td (time of deposition or
stratigraphic age). The time from erosion (te) to deposition (td) is
assumed to be geologically instantaneous (te − td = 0 Ma). van der
Beek et al. (2006) assumed a hinterland and sedimentary basin
geotherm of 20 °C/km when creating the original of this figure. We
incorporate a stylised age-elevation plot into the eroding orogen. This
simple plot reflects a likely age-elevation profile, including an
exhumed PAZ that may be observed if samples were collected over
significant relief in the orogen itself. In this plot samples labelled “a”
reflect an earlier history. These samples cooled into the upper crust
during an earlier phase of cooling/exhumation but were not eroded at
that time. Samples “b” were resident in a PAZ (or PRZ) prior to
exhumation, so these samples represent an exhumed PAZ or PRZ.
Samples labelled “v” cooled as a result of exhumation related to the
formation of this orogen. In the case of samples “b”, the closure
temperature concept does not apply and these samples therefore do not
yield a meaningful lag-time, whereas for samples “v”, the age does

reflect the time the sample cooled through a closure temperature and
the lag-time can be converted to an exhumation rate using assumptions
discussed in the text. For samples “a” that also cooled relatively
quickly, the closure temperature concept does apply, but because these
samples were cooled during an earlier period of exhumation, the
lag-time conversion is meaningless (it will underestimate the real
exhumation rate). b Modelled AFT ages (from van der Beek et al.
2006) plotted against depth to demonstrate how sample AFT age may
increase with depth (to older stratigraphic units) before samples within
a sedimentary basin are partially or completely annealed. For partially
or completely annealed samples, the lag-time principle to constrain
exhumation rate does not apply. MR = more retentive apatite grains
(Dpar = 2) and LR = less retentive grains (Dpar = 1). c Lag-time plots
(stratigraphic age vs. thermochronologic age) for three scenarios
(modified from Rahl et al. 2007). (i) Steady-state erosion (exhumation)
in which samples each take the same time to reach the surface from an
assumed closure depth (determined assuming a steady-state geotherm)
and each successive sample is successively younger (thermochrono-
logic age) with decreasing stratigraphic age (depth) but the “lag-time”
remains constant. (ii) Increasing erosion rate where thermochronologic
ages “young” up-section faster than the stratigraphic ages and lag-time
decreases. (iii) Decreasing erosion rate, thermochronologic ages
“young” up-section slower than stratigraphic ages and the “lag-time”
increases
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also assumes a simple exhumation pathway. However, an
average rate may conceal episodes of rapid exhumation. In
addition, if samples have been resident in the orogenic
hinterland at levels shallower in the crust than the PAZ/PRZ
(samples within zone a in Fig. 17.1a), or are resident within
a PAZ/PRZ before exhumation starts (samples within zone
b in Fig. 17.1a), the resultant ages do not reflect simple
exhumation cooling. For example, samples may be cooled
(exhumed) to shallow crustal levels during one exhumation
episode but not exposed at the surface until the next
exhumation episode when they are eroded, transported and
deposited. The lag-time conversion to an exhumation rate
(discussed below) for these samples thus approximates an
average rate of the two exhumation episodes including the
period in between. In this case, the lag-time approach will
result in a significant underestimate of the rate of each
orogenic (exhumation) event. The paleo-geothermal gradient
and the time of closure are the two variables most difficult to
constrain in most situations.

(iii) Transport of sediments: The time between when a
rock is eroded (te), transported and then deposited (td) in a
sedimentary basin is usually regarded as negligible (Brandon
and Vance 1992). Sediments may be transiently stored in a
basin during the transportation process, which is a more
important consideration for distal basins and less for proxi-
mal basins (see Chap. 7, Malusà and Garzanti 2018). For
basins containing syntectonic conglomeratic deposits close
to the exhuming and eroding orogen, as well as for more
distal basins including large clasts transported by gravity
flows (e.g. Anfinson et al. 2016), the assumption of transport
time being negligible (“geologically insignificant”) is usu-
ally sound.

(iv) Deposition: It is essential to know the time of
deposition (td) (the stratigraphic age) of the detrital sample
because this is used to constrain the lag-time (Cerveny et al.
1988; Garver et al. 1999). Lag-time is equal to tc (cooling
age) minus td, assuming transport time is negligible.
Assuming or knowing the paleo-geothermal gradient in
conjunction with determination of the lag-time allows the
estimation of an average exhumation rate since tc, assuming
the closure temperature concept is valid for that sample. The
lag-time correlates with the average exhumation rate since tc.
When the lag-time is small, the average exhumation rate is
rapid. When the lag-time is large, the exhumation rate is
slow (Fig. 17.1c). The lag-time plot of thermochronologic
age versus stratigraphic age and the patterns of ages com-
pared to the lines of constant lag-time can be used to
determine if the rate of erosion in the orogen is increasing,
decreasing or remaining the same. Decreasing lag-times
indicative of increasing exhumation rates usually correlate
with the constructive phase of an orogen, whereas increasing

lag-times indicative of decreasing exhumation rates correlate
with the decay phase of an orogen (e.g. Brandon and Vance
1992; Garver et al. 1999; Bernet et al. 2004; Spotila 2005).
The lag-time approach to constrain averaged exhumation
rates will yield meaningful estimates only when applied to
those sediments (in the basin) that reside above the PAZ or
PRZ of the method in question. Partial annealing or partial
loss will reduce the age and compromise the use of lag-time
to constrain exhumation rates. In this situation, the pattern of
thermochronologic age versus stratigraphic depth can be
diagnostic (Fig. 17.1b), especially if used in conjunction
with kinetic parameters (e.g. confined track-length distribu-
tions) or other thermal information such as vitrinite reflec-
tance (VR) (Burnham and Sweeney 1989) or conodont
alteration (CAI) (Epstein et al. 1977). As mentioned above,
confined track-length distributions measured in multiple
individual apatite grains in sandstones may be meaningless
to constrain the thermal history because of the mixed
provenance of the individual grains, the potential for sam-
pling across considerable paleo-relief and from different
exhumation terrains. In basins dominated by continentally
derived conglomerates, stratigraphic age constraints are
often very poor because of the lack of fossils. Magne-
tostratigraphy can provide significant time constraints on
these basins. In our first example, the South Pyrenean
Foreland Basin, the extensive magnetostratigraphy of Bea-
mud et al. (2003, 2011) sampled the finer-grained
interbedded overbank sediments, rather than the conglom-
erates. In addition to existing magnetostratigraphy (Burbank
et al. 1992; Meigs et al. 1996; Jones et al. 2004) this
approach was crucial to constraining the stratigraphic age,
and hence being able to apply detrital thermochronology.

17.3 Detrital Thermochronology Using
Cobbles

Using cobbles for detrital thermochronology rather than the
more conventional approach of dating *100+ individual
grains (from a sand or sandstone) has its advantages, but also
limitations. One of the main strengths is that all grains from
each cobble share a common thermal history. For AFT
thermochronology, this means that:

• A “central age” with its smaller uncertainty than indi-
vidual grain ages (e.g. Galbraith 2005) can be used.

• The confined track-length distribution (the kinetic
parameter) is representative of the thermal history of that
cobble, and this can be modelled using age and
track-length data to constrain a best-fit T-t envelope
using programmes such as HeFTy (e.g. Ketcham 2005)
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and/or QTQt (Gallagher 2012). The stratigraphic age of
the particular cobble provides a strong constraint for this
modelling.

• The lag-time approach can be used to constrain rates of
exhumation in the hinterland (all caveats discussed above
in 17.3 still apply).

• Inverse modelling of the individual cobble data con-
strains the thermal history and episodes of rapid
cooling/exhumation (if present).

• Basin analyses on deposition rates, for example, can be
compared to these episodes of rapid cooling/exhumation.

• The post-depositional history of the basin associated with
burial, partial annealing of fission tracks and later
inversion (or re-excavation) of the basin can be con-
strained using the inverse thermal models.

• Cobbles are also likely to be deposited in proximal basins
or in distal basins by gravity flows, so the assumption of
the transport time from erosion to deposition being
negligible is likely to be valid.

• Cobbles can be treated as “bedrock”, and multiple ther-
mochronologic techniques can be undertaken on each
cobble, with each method constraining a different part of
a common thermal history (see the Bergell-Gonfolite
example below).

• Within cobbles, minerals that are less resistant to
weathering (e.g. K-feldspar) and may not survive trans-
port as a single grain can also be analysed.

Limitations of the cobble thermochronology approach
include:

• Each cobble only preserves information from a single
point from the source region. From where did that cobble
(with respect to provenance, paleo-relief) originate?
Erosion rates usually vary across the source region. In a
developing orogen, there will be uplift and the creation of
relief with cobbles presumably eroded over much of that
relief. If there is a positive thermochronologic
age-elevation relationship, as is typical in an orogen, then
a selection of cobbles from a given horizon may have a
range of thermochronologic ages, dependent of which
part of the orogen AFT-stratigraphy (e.g. exhumed PAZ,
rapidly cooled samples) is providing cobbles.

• How many cobbles from each stratigraphic horizon
should be analysed to provide a representative sample
and constrain the history of the source region?

• Using cobbles, especially with multiple techniques is
costly and time-consuming (e.g. Falkowski et al. 2016)
which limits analysing enough cobbles for complete
statistical analysis of a catchment.

• Lithology—cobbles of a suitable lithology such that they
contain appropriate accessory minerals are required.

However, as cobbles are often sourced in the orogen
from relatively close to the basin, there is a strong pos-
sibility that the eroded remnants of that source terrane are
still present and detected and thus detrital ther-
mochronology can be compared to in-situ ther-
mochronology collected within the orogen itself.

• Size of cobbles—Not all cobbles are large enough to
provide enough apatite grains for analysis, and in this
case, small cobbles may be combined to form an
aggregate sample (e.g. Rahl et al. 2007) cognizant that
this may produce a mixed source-signal (e.g. from dif-
ferent paleo-elevations). Alternatively, a sample of the
(ideally sandstone) matrix could also be analysed along
with the cobbles. In essence, this combines both the
cobble approach and the more conventional detrital
approach. When interpreting ZFT data from sandstones,
it is common to assume that the minimum age (often
identical to the first peak in a grain-age distribution plot)
provides a proxy for fast exhumation rates at the time of
deposition (see Chap. 15, Bernet 2018), with other ages
(age peaks) possibly providing information on
paleo-relief or on other portions of the catchment.

We focus next on an example from the south-central
Pyrenees, examining cobble AFT thermochronology data
from several studies (Beamud et al. 2011; Rahl et al. 2011).
We go into some detail about the interpretation of cobble
data from the Pyrenees syntectonic conglomeratic deposits
because the cobble approach has really not been discussed in
any detail in the literature and seems under-utilised.
Although it should also be noted that appropriate con-
glomeratic deposits can be relatively rare.

17.4 The Syntectonic Conglomerates
of the Southern Pyrenean
Fold-and-Thrust Belt

17.4.1 Geology and Tectonic History
of the Pyrenees

The geology and tectonic history of the Pyrenees are well
described in a number of papers (e.g. Muñoz 1992, 2002;
Coney et al. 1996; Fitzgerald et al. 1999; Beaumont et al.
2000; Sinclair et al. 2005; Beamud et al. 2011), and parts
relevant to this paper are summarised below. The Pyrenean
orogen formed from Late Cretaceous to Miocene times as a
result of the collision between the northward moving Iberian
plate and Europe (Roest and Srivastava 1991; Rosenbaum
et al. 2002; Muñoz 2002). The Pyrenees are an asymmetric
doubly vergent orogen that resulted from the subduction of
the Iberian lower crust and lithospheric mantle under the
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European plate (Fig. 17.2b). Structural style and along-strike
differences were strongly controlled by the inversion of the
early Cretaceous rift system at the eastern continuation of the
Bay of Biscay oceanic basin (Roca et al. 2011). Before
collision, the Pyrenean realm of the north-Iberian margin
was a highly segmented, hyperextended margin with a nar-
row strip of exhumed mantle between the Iberian and
European plates (Jammes et al. 2009; Lagabrielle et al. 2010;
Roca et al. 2011; Tugend et al. 2014). Inversion of these
inherited extensional features and distribution of the main
weak horizons controlled the geometry and evolution of the
orogenic wedge along the Pyrenean orogen, and thus the
different stages from exhumation and erosion to deposition
of eroded materials into the adjacent basins (Beaumont et al.
2000; Jammes et al. 2014). The central and eastern Pyrenees
show a core of Hercynian thrust sheets known as the Axial
Zone and flanked north and south by fold-and-thrust belts, in
turn flanked by foreland basins, the Aquitaine to the north
and the Ebro to the south (Fig. 17.2). The Axial Zone is
bounded to the north by the North Pyrenean fault, which is
the reactivated extensional detachment above the exhumed
mantle, at the boundary between the Iberian and European
plates (Lagabrielle et al. 2010). The Axial Zone is comprised
of an antiformal stack of three upper crustal Hercynian thrust
sheets (nappes) named the Nogueres, Orri and Rialp. Short-
ening across the central Pyrenees is on the order of 165 km
and was accommodated by a general north to south sequence
of thrusting and movement of the Nogueres (Late Cretaceous
to early Eocene), Orri (middle-late Eocene) and then Rialp
(Oligocene) thrust sheets (Fig. 17.2). The Hercynian base-
ment thrust sheets include plutons of Carboniferous to
Early-Permian age (Hercynian), which now form prominent
massifs in the Axial Zone. These massifs are ideal for in-situ
(bedrock) thermochronological analyses, and once exposed
provide the basement cobbles that were transported and
deposited within the evolving southern fold-and-thrust belt.
The southern fold-and-thrust belt consists of three major
thrust sheets activated in a forward (north–south) propagated
thrust sequence; the Bóixols thrust sheet developed from the
Late Cretaceous; then the Montsec thrust sheet in the
Palaeocene-early Eocene; and the Serres Marginals thrust
sheet in the middle Eocene–Oligocene (Fig. 17.2). Sedi-
ments in the southern Pyrenean Ebro Basin and southern
fold-and-thrust belt comprise a continuous sequence of
Cretaceous to upper Miocene strata. There were both marine
and continental lateral equivalents in origin up until the late
Eocene, when the basin was open to the Bay of Biscay, and
then, sediments were continental in origin once the basin
became endorheic (Riba et al. 1983; Puigdefàbregas et al.
1986; Pérez-Rivarés et al. 2004; Costa et al. 2010). As the

(a)

(b)

(c)

Fig. 17.2 a Regional tectonic setting of the Pyrenees located between
the Aquitaine and Ebro Basins. The Axial Zone, Variscan basement,
lies between the north-vergent Northern thrust belt and the
south-vergent South Pyrenean thrust belt (modified from Coney et al.
1996). NPF = North Pyrenean Fault. Box marks the location of map in
panel (c). b Cross section with thrust sheets and granitic plutons across
the ECORS seismic profile (modified from Muñoz 1992). c Geological
sketch map of the south-central Pyrenees (modified from Beamud et al.
2011). This shows the outcropping continental conglomerates of
Eocene and Oligocene age sampled for cobble detrital thermochronol-
ogy, and the granitic massifs where in-situ granitic samples were
collected using the vertical profile approach
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Axial Zone formed and was eroded, syntectonic sediments
accumulated in the foreland basin and piggyback basins
preserved on top of all three major fold-and-thrust sheets.
Remarkably thick (km) units of syntectonic conglomerates
were deposited in the southern thrust wedge during the
Eocene and Oligocene.

Provenance studies have revealed pebbles were sourced
from both the basement thrust sheets of the Axial Zone and
the Mesozoic and Palaeogene successions (mainly carbon-
ates) of the southern thrust sheets (e.g. Mellere 1993; Vin-
cent 2001; Barso 2007). Magnetostratigraphy has
constrained the age of these conglomeratic units as ca.
45 Ma to ca. 25 Ma (Beamud et al. 2003, 2011). These units
progressively buried the southern Pyrenean thrust sheets,
raising the base level of the piggyback basins and the
adjacent foreland basin and burying the thrust wedge. Rapid
sedimentation of these conglomerates affected the thrusting
sequence depending on the depositional pattern of the sed-
imentary deposits (Fillion et al. 2013). The general aggra-
dation geometry of the syntectonic conglomerates
(unconformably overlying the cover thrust sheets as well as
parts of the Nogueres thrust sheet), as well as the contem-
poraneous rapid erosion of the internal parts of the orogen,
reduced the surface taper of the thrust wedge. This enhanced
internal deformation and promoted break-back thrusting
proceeding hindward from the thrust front on existing and
new faults (Vergés and Muñoz 1990; Meigs et al. 1996;
Muñoz et al. 1997; Muñoz 2002; Fillion et al. 2013).

The syn- to post-orogenic evolution of the central Pyre-
nees southern flank comprises some unique and somewhat
unusual aspects. This is because when the South Pyrenean
Foreland Basin became closed due to late Eocene–Oligocene
tectonism along its margins, the syntectonic sediments ero-
ded (mostly) from the Pyrenean orogen filled the basin and
then backfilled across the actively deforming southern
Pyrenean thrust belt and buried the southern flank of the
orogen with up to 2–3 km of these continentally derived
conglomerates (Coney et al. 1996; Muñoz et al. 1997).
Following a period of tectonic quiescence after the end of
Pyrenean deformation in the late Oligocene–earliest Mio-
cene, the southern flank of the range was re-excavated as the
conglomerates were flushed from the foreland basin by the
Ebro River since the late Miocene. Documenting this late
Miocene exhumation or re-excavation signal of the southern
flank of the Pyrenees and thus testing the ideas of Coney
et al. (1996) was the goal of several thermochronologic
studies (Fitzgerald et al. 1999; Fillon and van der Beek
2012; Fillion et al. 2013). All these studies saw this late
Miocene cooling signal using various modelling approaches,
with the time of re-excavation likely beginning *9 Ma.

This same late Miocene signal is also revealed in the thermal
models for the oldest stratigraphic (most deeply buried and
partly reset) conglomeratic samples from the Sierra de Sis
(see below).

17.4.2 Exhumation History of the Pyrenean
Orogeny Based on In-situ
Thermochronology in the Hinterland

The tectonic history of the Pyrenean orogen (including the
thermal and exhumation history) is associated with the
inversion of the previous Early Cretaceous rift system,
mainly preserved in the internal parts of the orogen and in
the northern Pyrenees, and the propagation of the deforma-
tion into the Iberian crust (Muñoz 2002). The inherited
structural features (Variscan and Cretaceous) affecting this
crust, as well as the distribution of the Triassic salt, con-
trolled the structural style and the geometry of the thrust
system at crustal scale (Fig. 17.2b). Rocks experienced dif-
ferent T − t histories, including thrust burial and exhuma-
tion, as this thrust system evolved during progressive
shortening in the Axial Zone. Thermochronology data from
within the Axial Zone (Fig. 17.3a) indicate that exhumation
was asymmetric; it started in the north and progressed
southward with the greatest exhumation on the southern
flank of the Axial Zone (Fitzgerald et al. 1999). Information
comes from a spectrum of thermochronologic methods:
K-feldspar 40Ar/39Ar thermochronology including multi-
diffusion domain modelling (Metcalf et al. 2009), AFT and
ZFT including some inverse modelling (Yelland 1990;
Morris et al. 1998; Fitzgerald et al. 1999; Metcalf et al.
2009), (U–Th)/He dating (Gibson et al. 2007; Metcalf et al.
2009) and thermo-kinematic modelling (Gibson et al. 2007;
Fillon and van der Beek 2012). Exhumation, at least that
constrained by low-temperature thermochronology, started
in the central Pyrenean orogen by the early Eocene
(*50 Ma) at a rate of *0.2–0.3 km/Myr. At *37–35 Ma,
exhumation dramatically increased on the southern side of
the orogen to rates on the order of 1–3 km/Myr. Exhumation
then slowed, with the southern flank being buried by syn-
tectonic conglomerates as the south Pyrenean basin filled
and conglomeratic deposits on-lapped onto the orogen.
Thrusting on the southern flank of the orogen was active up
until ca. 20 Ma (Barruera thrust) followed by tectonic qui-
escence until ca. 9 Ma. At about that time, base level
dropped in the Ebro Basin due to a connection to the
Mediterranean Sea and syntectonic conglomerates filling the
foreland basin and overlying the fold-and-thrust belt were
largely flushed out of the system. The thermochronology
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adds constraints to the geologically and geophysically con-
strained evolution of the orogen and related basins (e.g.
Muñoz 1992; Beaumont et al. 2000; Muñoz 2002) as
well as confirming the ideas of Coney et al. (1996) with
respect to the post-orogenic evolution and re-excavation of
topography.

17.4.3 Exhumation History of the Pyrenean
Orogeny Based on Detrital
Thermochronology of Conglomerates
in a Stratigraphic Framework

Detrital thermochronology using cobbles from the syntec-
tonic Eocene–Oligocene conglomerates of the South
Pyrenean Foreland Basin is successful because of the
presence of “granitic cobbles” throughout much of the
basin stratigraphy. One of the amazing peculiarities of the
Pyrenees is that piggyback basins filled with syntectonic
conglomerates lie very close to the interior part of the
orogen and often the granitic massifs within the Axial Zone
from where the granitic cobbles are sourced can be seen
from the conglomeratic sampling locations. The AFT data
from cobbles collected from these syntectonic conglomer-
ates (Beamud et al. 2011; Rahl et al. 2011) provide a
“classic example” of applying thermochronology to cob-
bles collected in a stratigraphic framework. Beamud et al.
(2011) analysed 13 cobbles while Rahl et al. (2011) anal-
ysed 8 cobbles, plus 2 aggregate samples (multiple cob-
bles). These studies used similar approaches, namely
lag-time plots and thermal modelling of the AFT data and
obtained similar results, but with slight differences that
serve as good examples of potential issues with this
approach—as discussed below.

Lag-time plot and thermal models The lag-time plot
(Fig. 17.3b) is used to visually assess the change in
exhumation rate of the samples, but the timing of these
events can be problematic to determine from this plot. That
cobble AFT data can constrain the exhumation rate (as
discussed above) relies on confined track-length distribu-
tions (that reveal the cooling history) from each cobble as
well as the inverse thermal models. Best-fit T − t envelopes
(Fig. 17.4) constrain the timing and rate of the
pre-depositional cooling events that can then be related to
exhumation events. Evaluation of the thickness of the
stratigraphic section as compared to the thermal range of the
thermochronological method being applied along with
constraints/assumption of a geothermal gradient or use of
other thermal indicators such as VR also allows one to

estimate when partial annealing or partial resetting is likely
to have occurred within basin strata.

AFT ages (Fig. 17.3b) generally increase down-section,
as would be expected from progressive unroofing of an
active orogen (e.g. van der Beek et al. 2006; Rahl et al.
2007) but with variation that suggests a changing exhuma-
tion rate. In the lag-time plot, we have combined data from
Beamud et al. (2011) and Rahl et al. (2011) but keep the
same groups 1 through 5 that Beamud et al. used to describe
their data. Mean track lengths in samples from the upper-
most part of the section (group 1; stratigraphic age *25 Ma
and group 2; stratigraphic age *28 Ma) down to *36 Ma
(group 3) or *39 Ma (Rahl et al. 2011) indicate rapid
cooling, and these samples are used to constrain the
changing exhumation rate. Groups 4 and 5 with the lowest
samples in the stratigraphic section have been partially reset
by burial (up to temperatures of ca. 70 °C), but thermal
models (Fig. 17.4) from those samples constrain both hin-
terland cooling events and late Miocene cooling that
accompanied re-excavation of the Pyrenean fold-and-thrust
belt. Note that most of these groups are defined by more than
one cobble age; an important consideration given that the
lowest stratigraphic sample of Rahl et al. may be signifi-
cantly older than the rest of group 5, as discussed below. All
but two samples of the data of Rahl et al. fall into group 5
(samples with partial annealing due to burial). One of their
samples lies on the trend between group 4 and 3, and their
uppermost sample labelled “R” adds to the pattern of
changing exhumation rates. Sample “R” extends the trend
from groups 2 to 1 to slightly older stratigraphic ages, as
shown by the inverse thermal model for “R” (see Fig. 6 in
Rahl et al. 2011) that is similar to other thermal models for
samples in group 2.

Cooling/exhumation episodes: To constrain exhumation
rates using lag-time plot, Beamud et al. (2011) used a
geothermal gradient constrained independently by other
workers and also compatible with VR data. Because group 5
samples have been partially annealed (shown by track-length
distributions and thermal models in Fig. 17.4), they cannot
be used to constrain the exhumation rate. Group 4 samples
are partially annealed, but only slightly; yet it seems likely
that the average exhumation rate was slow (<0.15 km/Myr)
for this group. From group 3 up, calculation of exhumation
rates from the lag-time plot are not affected by partial
annealing. Thus while average exhumation rates of group 4
samples must have been very slow, rates increase to group 3
(*0.3–0.4 km/Myr, underway by at least *49 Ma). Rates
then likely decrease slightly to *0.25 km/Myr (group “R”),
before increasing slightly to *0.3 km/Myr (group 2). Using
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information from this lag-time plot only, it can be seen that
rates increased dramatically (order of km/Myr) sometime
after *40 Ma, and certainly by at least *30 Ma (group 1)
(Fig. 17.3). The calculation of exhumation rates for group 1

samples are almost certainly affected by advection in the
hinterland during such rapid exhumation. Thus, the
exhumation rate for group 1 samples is simply constrained
as “on the order of km/Myr”.

(a)

(b)

Fig. 17.3 a Generalised age profile interpretation for the Pyrenean
orogen along the ECORS profile. This profile gives a simplified
thermal and tectonic history of the central Pyrenees as revealed in
thermochronology data, but it should not be interpreted as all profiles
having undergone identical histories. Modified from Fitzgerald et al.

(1999) with information from Sinclair et al. (2005), Gibson et al.
(2007) and Fillon and van der Beek (2012). b Lag-time plot for
samples from the Senterada, Pobla de Segur and Sierra de Sis basins
(modified from Beamud et al. 2011)
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Fig. 17.4 Representative inverse
thermal models (HeFTy, Ketcham
2005) from each “Group” plotted
against stratigraphic position
(diagram modified from Beamud
et al. 2011). The models are used
to constrain the time of “rapid
cooling” events, either in the
hinterland (before deposition) or
within the South Pyrenean
Foreland Basin (basin inversion)
following deposition and then
partial annealing. For the models,
the stratigraphic ages of the
sample are marked by a black
square, which is a “hard”
constraint for these models

17 Detrital Thermochronology Using Conglomerates and Cobbles 305



Thermal models of the cobbles (Fig. 17.4) constrain both
the pre-depositional rapid cooling episodes, plus a period of
late Miocene cooling following burial of the sediments in the
basin. Pre-depositional cooling events within the orogen are:

(i) A 70–60 Ma event is poorly defined in group 4
thermal models, with a cooling rate of *5 °C/Myr.
The exhumation rate is unconstrained from the
lag-time plot as these samples are partially annealed
and this cooling event is part of a complex thermal
history. However, this event likely relates to relatively
slow exhumation (<0.3 km/Myr).

(ii) A *50–40 Ma cooling event is evident in models
from groups 2, 3, 4 and 5. The strength of the signal is
dependent on the quality of age and length data from
each cobble. For the Rahl et al. samples, this event is
evident in all models except one. Cooling rates are
*6–10 °C/Myr and exhumation rates are
*0.2–0.3 km/Myr.

(iii) A *30–25 Ma rapid cooling event (group 1) has
cooling rates of *30 °C/Myr and exhumation rates
>1 km/Myr.

(iv) Late Miocene cooling is revealed in group 4 and 5
models, starting *<10 Ma at averaged rates of
5–10 °C/Myr.

Another way to visualise the changing thermal histories
through geologic time is to plot the thermal history (rapid
cooling episodes, burial and annealing) derived from the
inverse models with respect to stratigraphic age (Fig. 17.5a).
Rapid cooling episodes in the thermal models must be older
than the depositional age, except for models with Late
Miocene cooling where samples were buried, partially
annealed and then later re-excavated. Thus, only cobbles
from the deepest strata (groups 4 and 5) reveal the youngest
cooling event. However, as a result of burial-related partial
annealing, the oldest tracks recording the oldest cooling
episode (*70–60 Ma) have been lost in group 5 samples,
yet enough of these old tracks are still preserved in group 4
samples to reveal the older 70–60 Ma event. The dominant
cooling episode (from *50 to 40 Ma) is revealed in groups
2 through 5, but these groups do not record the strong
exhumation cooling beginning *35 Ma, as these samples
were already exhumed by the time of this event.

Lessons learned from comparison between the Bea-
mud et al. and Rahl et al. studies: These two studies have
similar approaches and similar data, but they emphasise
slightly different factors as they arrive at a fairly consistent
story. Beamud et al. had a more variable exhumation history,
whereas the Rahl et al. exhumation history was simpler.
A difficult part with the interpretation of the detrital data is
what represents a real signal and what represents noise

(dispersion in the thermochronology data). Sampling multi-
ple cobbles at regular intervals over the greatest stratigraphic
interval obviously provides more information. Beamud et al.
sampled higher in the sequence, which turned out to be
crucial as these youngest samples revealed the youngest
pulse of orogenic exhumation. In addition, this meant Bea-
mud et al. had a greater proportion of their samples that were
not partially annealed (by burial) and hence could be inter-
preted in terms of the lag-time approach, whereas Rahl et al.
had only two samples that were not partially annealed
(Fig. 17.3b). Beamud et al. tended to have clusters of sam-
ples at each stratigraphic level, and all their AFT ages from
each level had similar AFT ages, so they were more confi-
dent in their interpretation of a variable exhumation history.
For example, for group 4 cobbles (stratigraphic age of
*37 Ma), Beamud et al. had three cobbles in that group
with similar AFT ages, and they regarded this as a real
signal. In contrast, Rahl et al. had one cobble near group 4,
but regarded this age as not representative as it lay off a
simple trend. In another example, one of the Rahl et al.
cobbles (stratigraphic age of *30 Ma, between group 2 and
3 cobbles) from a level not sampled by Beamud et al., fur-
ther constrains the variable exhumation history. The com-
bined cobble datasets also addresses issues raised in
Sect. 17.3 about “the number of cobbles from a stratigraphic
horizon needed to provide a representative sample of the
hinterland exhumation”. To illustrate this point with respect
to cobble age variation at one stratigraphic level, partially
reset cobbles from a stratigraphic age of *41 Ma have AFT
ages that range from about 42 to 55 Ma. The oldest AFT age
from this stratigraphic level lacks a younger age population
of single-grain ages, which suggests this sample was likely
derived from higher in the paleo-landscape than the other
samples from this same level (Rahl et al. 2011). Rahl et al.
(2011) also showed that AFT ages from individual cobbles
are similar to aggregate samples from the stratigraphic
horizons, indicating that the cobble samples are representa-
tive of the landscape exposed at the time. As suggested
above, a possible method to investigate possible ambiguities
with cobble data is to also undertake AFT thermochronology
on the matrix to examine single-grain age variation.

Comparison of detrital cobble thermochronology to
in-situ thermochronology data: When compared, there is a
good agreement in both the timing and rates of exhumation
events between the thermochronology data from the orogen
and the detrital data (Fig. 17.5b). All pre-Miocene
exhumation events have been related to erosion associated
with movement of the thrust sheets (e.g. Muñoz 1992;
Fitzgerald et al. 1999; Beaumont et al. 2000; Gibson et al.
2007; Metcalf et al. 2009; Rahl et al. 2011), first movement
of the Nogueres thrust sheet (*70–60 Ma), then the Orri
thrust sheet (*50–35 Ma) and finally the lowermost Rialp
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(a)

(b)

(c)

Fig. 17.5 a Model-constrained
rapid cooling events versus
stratigraphic age plot for
representative samples from each
of the five groups. The grey boxes
are the timing of the rapid cooling
events constrained from HeFTy
models (see Fig. 17.4) of the
individual cobbles, and the blue
horizontal boxes indicate which
rapid cooling events are recorded
in each sample’s model. The
orange line marks the 1:1 line
where stratigraphic age = AFT
age. Models will only record
cooling events younger than the
stratigraphic age if they are
“partially reset” by burial in the
basin (as shown by samples in the
lower two groups 4 and 5).
b Comparison between hinterland
thermochronologic-constrained
exhumation and that derived from
thermochronology on South
Pyrenean Foreland Basin cobbles
collected within a stratigraphic
framework. Data from the
hinterland are mainly from in-situ
samples from granitic plutons
within the Axial Zone: Fitzgerald
et al. (1999), Sinclair et al.
(2005), Gibson et al. (2007),
Metcalf et al. (2009), Fillion et al.
(2013). Data from basin cobbles
are summarised from Beamud
et al. (2011). c Schematic (and
simplified) figure showing the
different (but similar) approaches
used in the hinterland and the
detrital (stratigraphic framework)
approach
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thrust sheet (*35–20 Ma) that formed the antiformal stack
within the Axial Zone (Fig. 17.2). As mentioned above, the
poorly defined cooling/exhumation event at *70–60 Ma
has not been revealed with in-situ thermochronology data
from the orogen. However, detrital zircon (U–Th)/He ages of
*80–68 Ma are found within sandstones (deposition age
*60–40 Ma) on the southern flank of the Pyrenees,
although these samples were likely exhumed into the upper
crust in the Late Cretaceous and then exhumed to the surface
later (Filleaudeau et al. 2012). Exhumation at *25–20 Ma
related to thrusting of the Barruera thrust sheet (Gibson et al.
2007) is not revealed in the detrital data because that
thrusting occurred after deposition of our youngest cobbles,
and at the time of thrusting the Barruera Massif was already
covered by the syntectonic conglomerates (Beamud et al.
2011). Burial of the southern fold-and-thrust belt by syn-
tectonic conglomerates and later re-excavation since the Late
Miocene (Coney et al. 1996) is revealed in the inverse
thermal models (Fig. 17.4) and thermo-kinematic models
(Fillon and van der Beek 2012).

17.5 The Bergell-Gonfolite Source-to-Sink
System

17.5.1 Geology of the Bergell-Gonfolite Area

The Bergell-Gonfolite source-to-sink system (Fig. 17.6a)
provides another example of a detrital thermochronology
study using conglomerates and cobbles, from the area where
the concept of blocking temperature was first defined (Jäger
1967). The Oligocene Bregaglia/Bergell pluton was intruded
on top of the subducting European slab within Alpine
metamorphic rocks at 30 ± 2 Ma (von Blanckenburg 1992;
Oberli et al. 2004; Malusà et al. 2015). The smaller Novate
granite was intruded in the same area at 25–24 Ma (Liati
et al. 2000). These rocks were progressively eroded together
with their country rock providing detritus to the Oligocene–
Miocene turbidites of the Gonfolite Group, which is now
exposed south of the Alps (Wagner et al. 1979; Giger and
Hurford 1989; Spiegel et al. 2004; Malusà et al. 2011,
2016a). Widespread volcanic detritus at the base of the
stratigraphic succession indicates that volcanoes were pre-
sent above the Bergell pluton (Malusà et al. 2011; Anfinson
et al. 2016). Estimates of unroofing depth provided by
hornblende geobarometry (Davidson et al. 1996) range from
*20 km in the Bergell main body, to *26 km in its
western tail. Differential exhumation of the Bergell pluton is
ascribed to N–S post-magmatic tilting, constrained to
between *25 and 16 Ma by bedrock thermochronologic
data (Wagner et al. 1977, 1979; Hurford 1986; Rahn 2005;
Malusà et al. 2011). The first significant detrital pulse in the
Gonfolite basin marks the onset of rapid erosion in the

Bergell source area. This pulse is dated biostratigraphically
at *25 Ma (Gelati et al. 1988). This rapid sedimentation is
delayed by *5 Myr relative to the main magmatic pulse,
which is instead associated to negligible erosion and starved
sedimentation in the basin (Garzanti and Malusà 2008;
Malusà et al. 2011). Compared to the southern Pyrenean
fold-and-thrust belt, which involves magmatic rocks intru-
ded during the Variscan orogeny, particular care is required
in the Bergell-Gonfolite case to distinguish between the
effects of magmatic crystallisation, and the effects of
exhumational cooling during erosion and deposition of
Bergell-derived cobbles in the Gonfolite basin (Chap. 8,
Malusà and Fitzgerald 2018a, b).

17.5.2 Detrital Thermochronology
of the Gonfolite Group and Lessons
Learned from the Bergell-Gonfolite
Source-to-Sink System

The diagram in Fig. 17.6b summarises all the ther-
mochronologic ages measured in cobbles of the Gonfolite
Group, including AFT, ZFT, biotite K–Ar and zircon U–Pb
ages, often from the same cobbles. Ages are shown as full
dots (for magmatic clasts) or empty dots (for country rock
clasts) with 1r errors indicated by horizontal bars. These
ages have long been interpreted exclusively in terms of
cooling during exhumation (Jäger 1967; Giger and Hurford
1989; Bernoulli et al. 1993; Fellin et al. 2005; Carrapa
2009). Because several magmatic cobbles from the basal
strata of the Gonfolite Group yielded indistinguishable K–
Ar, ZFT and AFT ages within error, this suggested a very
fast erosion of the Bergell pluton shortly after its emplace-
ment (Giger and Hurford 1989; Carrapa and Di Giulio
2001). However, such interpretation was in conflict with the
compelling evidence of negligible erosion provided by the
stratigraphic record. Previous thermochronologic interpreta-
tions exclusively considering cooling during exhumation
were also unable to explain a substantial part of the ther-
mochronologic dataset of Fig. 17.6b. In the basal strata of
the Gonfolite Group (units A and B in Fig. 17.6b), ages
yielded by country rock clasts are in fact systematically older
than the ages yielded by magmatic clasts from the same
strata, unlike expected in the case of cooling during
exhumation of both country rock and encased magmatic
rocks.

Malusà et al. (2011), by integrating geologic evidence
from both the source and the sink areas that has become
available over the last 30 years, demonstrated that the above
interpretation of the Gonfolite thermochronologic record was
incorrect. They showed that a pulse of shallow magmatism
and hence rapid cooling was responsible for multiple ther-
mochronologic methods yielding almost identical ages, thus

308 P. G. Fitzgerald et al.



600

30 Ma

ti

600

30 Ma

ti

4020 > 40

26

30

24

22

20

18

0 km

2

4

6

8

U
nr

oo
fin

g 
de

pt
h 

of
 th

e 
Be

rg
el

l p
lu

to
n 

(k
m

)

 Mineral ages in cobbles (Gonfolite Group)

Ann
ea

lin
g 

du
e t

o b
uri

al

(Ma)

Pre-intrusion ages
Post-intrusion

exhumation ages
Bergell

magmatism

30 4020 > 40(Ma)

U
ni

t A
U

ni
t B

U
ni

t C

M
ar

ls
 w

ith
vo

lc
an

ic
de

br
is

Lu
ci

no
 C

gl
C

om
o 

C
on

gl
om

er
at

e
G

on
fo

lit
e 

G
ro

up

Accumulation
rate

0.
25

 m
m

/y
r

up
 to

 0
.3

5 
m

m
/y

r
st

ar
ve

d

St
ra

tig
ra

ph
ic

 a
ge

 (M
a) Zircon

FT ages in
sandstones

Novate
pulseW

 tail
M

ain body
-dam

age

FT apatite
FT zircon
K-Ar biotite
U-Pb zircon

Magmatic rock
Country rock

KEYS:

4.5
5.0
5.5
6.0
6.5

6.5

7.0
7.58.0

25.9

23.7

22.5

21.0 21.0

Insubric Fault

Gonfolite
Group

Bregaglia /BergellLepontine
dome

Lake
Maggiore

Lake
Como

Gonfolite Group

Novate granite
Plio-Quaternary

a, tonalite
b, granodioriteTravedona-Ternate Fm

South Alpine

Metamorphic
country rocks

Main detritus
pathway during
Oligo-Miocene

Axial Alps

Mesozoic cover rocks
Paleozoic basement

a b

5.0 Hornblende
geobarometry
data (kbar)

K-Ar biotite
age (Ma)22.5

Bregaglia/Bergell:

45°40'

46°00'

9°00' 9°30'

Alps

ADRIA

AFRICA

10° 20°
EUROPE

Apennines

(a)

(b)

Fig. 17.6 a Sketch map of the
Bergell-Gonfolite source-to-sink
system. Lakes Como and
Maggiore occupy Oligo–Miocene
paleo-valleys funnelling detritus
towards the Gonfolite basin
(simplified after Malusà et al.
2011; hornblende geobarometry
data after Davidson et al. 1996;
biotite K–Ar ages after Villa and
von Blanckenburg 1991).
b Observed age pattern in cobbles
of the Gonfolite Group (modified
from Malusà et al. 2011, and
references therein). Full and
empty dots indicate magmatic and
country rock clasts, respectively
(see colour coding on the
top-right). Fission-track grain age
distributions from detrital zircon
grains are shown in boxes (after
Spiegel et al. 2004). Three
mineral-age units (A–C) are
detected within the Gonfolite
Group. Ages in unit A provide no
direct information on exhumation
rate
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resolving the long-lasting paradox of fast erosion without
detrital counterparts in adjacent foreland basins.

The cooling ages yielded by the Gonfolite clasts may
either record (i) the pre-intrusion history of the country rock,
(ii) the cooling history of the magmatic rock during magma
crystallisation or (iii) the subsequent erosion of the mag-
matic complex. The thermochronologic ages recording these
processes define a complex, but fully predictable detrital age
pattern in sedimentary rocks, including both stationary and
moving age peaks (“magmatic complex model” in Chap. 16,
Malusà 2018). Ages belonging to the moving age peaks are
generally set during exhumation and can provide direct
constraints on the motion of rocks toward the Earth’s sur-
face. Ages belonging to the stationary age peaks, instead,
provide no direct constraints on exhumation.

Trends of stationary and moving age peaks expected in
the Gonfolite Group, based on available thermochronologic
constraints from eroded bedrock, are shown by colour bands
in Fig. 17.6b (blue for AFT, purple for ZFT, and orange for
biotite K–Ar). Noteworthy, ages measured in clasts are fully
consistent with these trends. The existence of a moving age
peak is particularly evident for the AFT system that yields,
in all of the clasts from strata younger than 24 Ma,
exhumation ages that get progressively younger up-section.
A broader moving age peak is also marked by ZFT ages in
strata younger than 21 Ma. Within this moving age peak,
ZFT ages in country rock clasts are slightly younger than in
magmatic clasts, because fission tracks in zircons are gen-
erally reset at lower temperature in these older rocks, due to
the greater amount of accumulated a-damage (Rahn et al.
2004). The existence of a stationary age peak is observed in
Fig. 17.6b for both the main Bergell magmatic pulse and for
the minor Novate magmatic pulse, which is recorded by
magmatic clasts yielding ages of 25–24 Ma. Ages belonging
to these peaks record magmatic crystallisation, not
exhumation, whereas the oldest ages recorded by country
rock clasts in units A and B record the pre-intrusion history
of the country rock. The age distribution in magmatic and
country rock clasts allows the recognition of three different
units (A–C) in the stratigraphic succession, thus providing
an example of reverse mineral-age stratigraphy (see
Chap. 10, Malusà and Fitzgerald 2018b). Units A–C mark
the different steps of the unroofing history of the Bergell
volcano-plutonic complex and provide a reference frame for
detecting tectonic repetitions by thrusting in the Gonfolite
Group (Fig. 17.6a).

The magmatic complex model first proposed by Malusà
et al. (2011) thus provides a coherent explanation for the
whole thermochronologic dataset of the Bergell-Gonfolite
system and reconciles geochronological data from cobbles
with stratigraphic evidence. It also shows that a reliable
interpretation of thermochronologic ages in cobbles may
require the analysis of cobbles from different lithologies, and

from different levels of the stratigraphic succession, in order
to correctly identify stationary and moving age peaks. The
analysis of cobbles exclusively from plutonic rocks, which
are often preferred for thermochronologic analysis because
of the higher percentage and quality of datable minerals
compared to their country rocks, may lead to incorrect
interpretations of magmatic cooling ages in terms of fast
exhumation. Figure 17.6b also shows that the same amount
of information provided by multiple methods on cobbles
would not be provided by detrital ZFT analysis of sand-
stones (boxes in Fig. 17.6b), even if ZFT single-grain ages
were coupled with U–Pb dating on the same grains. This
indicates the extent that different methods provide differing
information, dependant on the questions being asked and the
objectives of the study.

17.6 Summary and Conclusions

Detrital thermochronology data from cobbles within con-
glomerates from foreland basins has the potential to con-
strain well the exhumation history of the adjacent orogen.
Overlapping as well as complimentary information can be
gained by using detrital thermochronology as well as in-situ
bedrock sampling. An obvious corollary is that there is much
greater confidence in the interpretation of detrital data if
there is complementary hinterland data, as well as support-
ing geological information (e.g. basin analysis and structural
restorations) with which to compare data sets. For each
approach (bedrock, detrital), we stress the need to follow a
well-thought out sampling strategy based on existing geo-
logical knowledge, followed by an interpretation of the data
before modelling is undertaken, as this allows better evalu-
ation of resulting best-fit T − t envelopes (Fig. 17.5c). We
note that detrital thermochronology may constrain older
(earlier) exhumation events that are not revealed by in-situ
thermochronology data as bedrock with that information
may have been eroded off the orogen. In contrast, the detrital
record may miss younger exhumation events, as this material
has not yet eroded off the orogen. This is where multiple
techniques on the same samples will prove useful.

When applying detrital thermochronology in a strati-
graphic sequence, the broader the stratigraphic interval
sampled means a better control on the exhumation history.
AFT single-grain ages typically have large errors due to
lower [U], relative to zircon, for example. An advantage to
using cobbles is that all grains share a common thermal
history. Using AFT ages and confined track-length mea-
surements allows better constraints on pre-depositional
cooling (exhumation) events as well as post-depositional
history. Lag-time plots are useful to constrain an integrated
exhumation rate, assuming that (i) the stratigraphic age of
the sample is well known, (ii) ages represent a “closure age”,
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which can be evaluated using track-length distributions and
thermal models, and (iii) the time from erosion to deposition
is negligible. Inverse thermal models in conjunction with the
lag-time plot can be used to constrain the timing of cooling
(exhumation) episodes and hence the exhumation history of
the hinterland. The detrital exhumation signal can be blurred
due to a number of factors: (i) partial annealing in the basin,
(ii) cobbles sourced from different provenances or over
significant paleo-relief resulting in cobbles at a single
stratigraphic horizon that may have different ages/lengths
and hence exhumation histories, (iii) samples exhumed
higher into the crust during one event but not to the surface;
thus, they are not eroded and deposited until the next
exhumation event, (iv) samples stored in transient basins
during transportation, (v) poor quality data resulting, for
example from weathered samples or young samples/few
tracks and/or poorly constrained thermal models.

We have summarised and synthesised AFT data from
Eocene and Oligocene syntectonic conglomerates (Beamud
et al. 2011; Rahl et al. 2011) and compared this data to
in-situ thermochronology data from within the Pyrenean
orogen (e.g. Fitzgerald et al. 1999; Gibson et al. 2007;
Metcalf et al. 2009; Fillion et al. 2013). Lag-time plots in
combination with inverse thermal modelling constrain two
well-defined episodes of rapid cooling at *50–40 and
*30–25 Ma, with a poorly defined episode at *70–60 Ma.
These episodes relate to exhumation associated with con-
vergence between Iberia and Europe, resultant shortening,
deformation, uplift and progressive erosion of different
thrust sheets. The oldest and most deeply buried samples
have undergone partial annealing associated with that burial,
followed by late Miocene cooling due to the re-excavation
of fold-and-thrust belts by the Ebro River. In the Bergell
region of the Alps, detrital thermochronology on cobbles
from the Gonfolite basin indicates the onset of erosion at
*25 Ma in the source area. A moving peak of exhumation
ages that get progressively younger up-section is revealed, as
is expected with progressive unroofing of the source region.
Previous interpretations had rapid exhumation at *30 Ma,
but this coincides with the main Bergell magmatism, as is
shown by a stationary peak of that age in progressively
younger strata, associated with older ages in cobbles of
country rocks.
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18Application of Low-Temperature
Thermochronology to Hydrocarbon
Exploration

David A. Schneider and Dale R. Issler

Abstract
The maturation of organic material into petroleum in a
sedimentary basin is controlled by the maximum temper-
atures attained by the source rock and the thermal history
of the basin. A cycle of continuous deposition into the
basin (burial) and regional basin inversions represented
by unconformities (unroofing) may complicate the simple
thermal development of the basin. Applications of
low-temperature thermochronology via fission-track
(FT) and (U–Th)/He dating coupled with independent
measurements (vitrinite reflectance, Rock-Eval) resolving
the paleothermal maximum are the ideal approach to
illuminate the relationship between time and temperature.
In this contribution, we review the basics of
low-temperature thermochronology in the context of a
project workflow, from sampling to modeling, for
resolving the thermal evolution of a hydrocarbon-
bearing sedimentary basin. We specifically highlight the
application of multi-kinetic apatite FT dating, emphasiz-
ing the usefulness of the rmr0 parameter for interpreting
complex apatite age populations that are often present in
sedimentary rocks. Still a rapidly advancing science,
thermochronology can yield a rich and effective dataset
when the minerals are carefully and properly character-
ized, particularly with regard to mineral chemistry and
radiation damage.

18.1 Introduction

The timing of and degree to which a sedimentary unit has
been heated after deposition is important from several
practical perspectives, including the maturation of hydro-
carbon source rocks (heating) and assessing the magnitude
of eroded sections in basins (cooling). Differences in sed-
imentary facies, burial history, and tectonic processes also
affect the mechanisms by which oil and gas are generated.
The common model, however, is fairly simple. Following
deposition of organic-rich sediments, microbial processes
convert some of the organic matter into biogenic methane
gas. Greater depths of burial are accompanied by increases
in heat dependent on the basin’s geothermal gradient. This
heat causes the organic matter to gradually transform into
an insoluble organic matter (kerogen). The kerogen con-
tinues its evolution as heat increases; these changes, in
turn, result in petroleum compounds that are subsequently
generated, yielding bitumen and petroleum. Increasing
thermal maturity also causes initially complex petroleum
compounds to undergo structural simplification: com-
mencing with oil then wet gas and ending at dry gas
(Fig. 18.1). The main driver for this process is temperature;
therefore, resolving the thermal history of basins is a fun-
damental first step in evaluating the hydrocarbon resource
and potential. A wide variety of paleotemperature methods
may be applied to assessing the intensity of post-
depositional heating in basins (e.g., Naeser and McCulloh
1989; Harris and Peters 2012). Whereas many techniques
can provide a relative or qualitative measure of the mag-
nitude of that heating, quantitative treatment is only pos-
sible using those methods for which the kinetics are
understood in sufficient detail, such as vitrinite reflectance
(Burnham and Sweeney 1989; Nielsen et al. 2015).
Although extremely useful, such techniques provide infor-
mation merely on the magnitude of the maximum pale-
otemperature, and little or no constraint on when it
occurred. Application of thermochronologic methods (FT
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and (U–Th)/He dating) conducted on sedimentary rocks
provides the possibility to determine the timing and mag-
nitude of the thermal maximum. This information is par-
ticularly important in hydrocarbon exploration, by
resolving the timing of hydrocarbon generation in source
rocks and identifying reservoirs in potential structural traps
that formed after the main phase of generation.

In this chapter, we outline the tools and approaches to
help determine the time–temperature histories of
hydrocarbon-bearing sedimentary basins. This can often be a
difficult task since the commonly used chronometers (ap-
atite, zircon) are detrital in nature, possessing pre-
depositional thermal histories, which may be partially pre-
served even after basin development. Moreover, the chem-
ical composition of those detrital minerals will be varied,
leading to mixed mineral kinetics and diffusivity, both
controlling a mineral’s closure temperature (Tc) and conse-
quently cooling age. There are now a number of techniques
that can be integrated to assess the thermal maturity and
timing of thermal maximum of reservoir rocks and their
surrounding stratigraphy. In particular, this contribution
focuses on multi-kinetic apatite fission-track (AFT) ther-
mochronology, an underutilized method that is ideally suited
for resolving the thermal history of mixed apatite popula-
tions. Although this is not an exhaustive discussion, we hope
that the information contained here within can assist in the
design and execution of even the most challenging projects.

18.2 Thermochronologic Tools

Thermochronology is distinguished from geochronology by
its ability to resolve both temporal and thermal aspects of
geologic processes, and thus the timing and rates of pro-
cesses. Since thermochronometers possess temperature win-
dows over which the daughter product starts to be retained in
the system, by measuring the amount of both parent nuclide
and daughter product within a crystal, the time when the
crystal passed through a temperature window can be calcu-
lated. This temperature window is called the partial annealing
zone (PAZ) for FT dating and the partial retention zone
(PRZ) for (U–Th)/He dating. Minerals such as apatite and
zircon can therefore be used as thermochronometers, with
their dates recording cooling rather than crystallization. The
temperature ranges for PAZs and PRZs (Fig. 18.1) can vary
with cooling rate, grain size, mineral chemistry, and crystal
defects (e.g., Reiners and Brandon 2006).

18.2.1 Traditional FT Dating

The AFT dating method has been used extensively to resolve
the low-temperature thermal histories of petroleum systems
(e.g., Gleadow et al. 1983; Green et al. 1989a; Kamp and
Green 1990; Burtner et al. 1994; Duddy 1997; Issler et al.
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1999; Crowhurst et al. 2002; Hendriks and Andriessen 2002;
Osadetz et al. 2002; Hegarty et al. 2007; Mark et al. 2008),
whereas zircon FT (ZFT) dating has been applied mainly to
sediment provenance studies and the cooling history of
orogens due to its sensitivity at higher temperatures (e.g.,
Cerveny et al. 1988; Hurford 1986; Brandon and Vance
1992; Tagami et al. 1996; Bernet et al. 2004; Garver 2008;
Marsellos and Garver 2010). The FT method is based on the
accumulation of narrow damage trails in uranium-rich min-
erals, which form as a result of spontaneous nuclear fission
decay of 238U in nature (Price and Walker 1963; Fleischer
et al. 1975). FT thermochronology is founded on the concept
that tracks are partially or entirely erased at elevated tem-
peratures, resulting in readily measured reductions in both
track lengths and track densities. For apatite, kinetic models
for thermally activated annealing of the fission tracks are
well developed (e.g., Naeser 1979; Gleadow et al. 1986;
Green et al. 1989a, b; Carlson 1990; Corrigan 1991;
Crowley et al. 1991; Ketcham et al. 1999). Fluorapatite is the
most common form of apatite (e.g., Pan and Fleet 2002) and
is generally the least resistant to thermal annealing (see
Chap. 3, Ketcham 2018). However, the annealing behavior
of fission tracks, and the temperature at which all tracks are
totally annealed, is influenced by apatite compositional
variations and crystallographic anisotropy (Green et al.
1985, 1986, 1989b; Donelick et al. 1999; Carlson et al.
1999; Ketcham et al. 1999; Gleadow et al. 2002). It has been
extensively documented that Cl content is the dominant
factor with respect to compositional influences, and in fact
other elements, such as Fe (Carlson et al. 1999), can also
increase track retentivity. Annealing not only depends on
kinetics (e.g., Green et al. 1986), but also on the duration of
heating experienced by the sample (Green et al. 1989b). The
degree of annealing can be determined by measuring etched
horizontal (parallel to the polished mineral surface) confined
track lengths within a sample (Gleadow et al. 1986; Green
et al. 1989b; and Chap. 2, Kohn et al. 2018).

Empirical calibration studies of AFT data patterns
demonstrate how apparent ages and track lengths vary sys-
tematically with depth and burial temperature (e.g., Green
et al. 1989a, b; Dumitru 2000; Gleadow et al. 2002). For
typical fluorapatite, all fission tracks are totally annealed
above *120 °C and partially annealed between *60
and *110 °C, defining the PAZ (e.g., Gleadow et al. 1986;
Laslett et al. 1987; Green et al. 1989a; Fitzgerald and Glea-
dow 1990; Ketcham et al. 1999). This temperature range
overlaps with the temperatures required for petroleum gen-
eration (Fig. 18.1), making AFT analysis well suited for such
exploration purposes. Below *60 °C, fission tracks in apa-
tite anneal only at very slow rates (e.g., Fitzgerald and
Gleadow 1990). Some extreme end-member fluorapatite
crystals may reset at temperatures of *85 °C based on the
annealing experiment results in Ketcham et al. (1999), and

studies by Crowley et al. (1991) and Ketcham et al. (1999)
have shown the importance of incorporating room tempera-
ture annealing into kinetic models. Unfortunately, at present
there is little published literature on annealing as a function of
apatite composition, as an effective lower annealing tem-
perature would be a function of composition-dependent track
retentivity. The quantitative understanding of FT annealing
kinetics allows partially annealed AFT apparent ages and
confined length data to be used to constrain the thermal
evolution (* 60–120 °C) of samples using stochastic
inverse modeling approaches (e.g., Lutz and Omar 1991;
Corrigan 1991; Gallagher 1995; Willett 1997; Ketcham et al.
2000; 2003a, b; Ketcham 2005).

Fission tracks in zircon anneal at higher temperatures than
those in apatite and thus resolve higher temperature parts of
the thermal history. Based on a comparison with potassium
feldspar 40Ar/39Ar results, the ZFT Tc has been estimated to
be *250 °C (Foster et al. 1996; Wells et al. 2000), in good
agreement with experimental data suggesting a ZFT Tc
of *240 °C (Zaun and Wagner 1985; Tagami 2005). Con-
servative estimates of the temperature bounds of the zircon
PAZ are between *220 and *310 °C (Yamada et al. 1995;
Tagami and Dumitru 1996; Tagami 2005; Yamada et al.
2007; and Chap. 3, Ketcham 2018). However, little is known
about the impact of compositional variations on annealing
behavior in zircon. Detailed descriptions of the fundamentals
of traditional AFT and ZFT dating are readily available (e.g.,
Gallagher et al. 1998; Dumitru 2000; Gleadow et al. 2002;
Donelick et al. 2005; Tagami 2005, and Chap. 12).

18.2.2 Multi-kinetic AFT Thermochronology

Traditional AFT dating requires that samples have a statis-
tically uniform population of apatite grains with similar
thermal annealing behavior and single grain AFT ages that
pass the v2 test (Galbraith 1981; see also Chap. 6, Ver-
meesch 2018). In the absence of annealing kinetic parameter
data, a fluorapatite composition may be assumed but more
track-retentive AFT populations can be modeled if corre-
sponding kinetic data are available. Problems can be
encountered when trying to apply traditional FT methods to
the study of detrital apatite in sedimentary basins. Such
apatite can be derived from multiple source areas, with
different pre-depositional cooling histories and with variable
apatite chemical composition. These factors can all con-
tribute to discordant AFT grain-age distributions when the
variance of the grain-ages is greater than expected for the
analytical error, causing samples to fail the v2 test. This is
particularly common for detrital AFT samples from sedi-
mentary basins that have had long residence times in the
PAZ, which leads to differential annealing of composition-
ally variable grains. Under such conditions, reliable kinetic
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parameters are required to “unmix” and sort the apatite
grains into statistical kinetic populations for thermal mod-
eling. Difficulties in resolving AFT kinetic populations may
be one of the main reasons why there are so few published
studies on this subject.

AFT retentivity increases with increasing Cl content, as
observed in studies of apatite from borehole samples (e.g.,
Green et al. 1986), except at very high Cl concentrations
where retentivity appears to be less compared to the more
intermediate compositions (Carlson et al. 1999; Ketcham
et al. 1999; Gleadow et al. 2002; Kohn et al. 2002). Other
elements such as Fe and Mn as well as OH content also
affect AFT annealing (Carlson et al. 1999; Ketcham et al.
1999; Barbarand et al. 2003; Ravenhurst et al. 2003). AFT
annealing kinetic parameters have been expressed in terms
of the concentration of Cl or OH in atoms per formula unit
(apfu) in the crystal, or the diameter of FT etch pits parallel
to the apatite crystal c-axis, defined as Dpar (Donelick 1993;
Carlson et al. 1999; Donelick et al. 1999; Ketcham et al.
1999). Dpar, which is related to composition-dependent
apatite solubility, is the most commonly used proxy for
annealing kinetics due to its low cost and relative ease of
measurement. In general, more easily annealed F-rich apatite
has smaller Dpar values than more track-retentive Cl-rich
apatite, although significant OH content can enhance apatite
solubility and perturb this relation (Ketcham et al. 1999).
AFT annealing experiments for apatite of variable compo-
sition suggest that heating/cooling rate-dependent total
annealing temperatures can vary from *80 to >200 °C,
depending on apatite composition (Ketcham et al. 1999).

In spite of their limitations, Dpar and Cl content have been
the recommended practical kinetic parameters to use for the
interpretation and modeling of mixed, multi-kinetic AFT
samples (Ketcham et al. 1999; Barbarand et al. 2003). These
parameters may be adequate if Cl is the main element con-
trolling annealing but these factors are likely to fail when
applied to more diverse apatite compositions, a common sit-
uation for apatite-bearing Phanerozoic sedimentary rocks of
northern Canada (e.g., Issler and Grist 2008a, b, 2014; Issler
2011; Powell et al. 2017, Issler unpublished). The empirical
rmr0 parameter (Ketcham et al. 1999) accounts for the effect of
variable elemental composition on AFT thermal annealing,
and it is a measure of the relative resistance to annealing for a
given apatite compared to the most resistant apatite (Bamble,
Norway) in the calibration dataset for the annealing experi-
ments (see Chap. 3, Ketcham 2018). A multi-variate equation
was developed to predict rmr0 values using a set of composi-
tional variables determined from electron probemicroanalysis
(Carlson et al. 1999), and this parameter has much wider
application for resolving statistical kinetic populations than
the conventional kinetic parameters. A revised rmr0 equation
was published (Ketcham et al. 2007a, b) as a result of com-
bining and re-analyzing the experimental annealing results of

Ketcham et al. (1999) and Barbarand et al. (2003), but it is
unclear that the new equation is superior to the initial one given
the uncertainties in correcting for all systematic differences
between analysts and experimental conditions.

For samples with discordant AFT grain-age distributions,
it can be useful to display single grain AFT ages according
to their relative precision on a radial plot (Galbraith 1988,
1990) and apply mixture modeling software such as
Binomfit (Brandon 2002) or RadialPlotter (Vermeesch 2009)
to resolve different statistical age populations. On a radial
plot, the most precise AFT ages plot closest to the age axis
whereas lower precision ages plot closer to the origin (see
Chap. 6, Vermeesch 2018). Binomfit was developed for
AFT data obtained using the conventional external detector
method (Fleischer et al. 1964; Hurford and Green 1982),
whereas RadialPlotter can also be used for AFT data
acquired using the LA-ICP-MS method (Hasebe et al. 2004;
Donelick et al. 2005; Chew and Donelick 2012). In addition,
single grain AFT ages can be displayed with respect to their
corresponding kinetic parameter value on a simple x–y plot
so that interpreted statistical kinetic populations can be
compared with the age populations derived from mixture
modeling. This type of analysis can help to determine
whether the different age populations within a sample are
mainly the result of differential annealing of multi-kinetic
apatite grains or due to variations in provenance.

Figure 18.2 shows an example radial plot of AFT age
data for a drill core sample recovered from an Aklak
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Sequence sandstone of late Paleocene-to-early Eocene age
(c. 56 Ma) at 2400 m depth in the Ellice O-14 petroleum
exploration well located in the Beaufort-Mackenzie Basin of
northern Canada (Issler et al. 2012). This sample fails the v2

test, and Binomfit resolves three statistically significant age
populations shown by the radial lines: 81 Ma, 42 Ma, and
15 Ma. The 81 Ma population is significantly older than the
stratigraphic age of the sample, suggesting that post-
depositional annealing was insufficient to erase its inher-
ited pre-depositional thermal history. The 42 Ma and 15 Ma
populations are younger than the stratigraphic age, which
implies significant post-depositional annealing. The young-
est AFT age population consists of two apatite grains with
non-stoichiometric excess F content that appear to correlate
with unusually low track retentivity.

Figure 18.3a shows a plot of single grain AFT ages for
the same detrital sample with respect to the rmr0 parameter
(Carlson et al. 1999), also expressed as an effective Cl value
(apfu) using the rmr0-Cl equation of Ketcham et al. (1999).

Two main kinetic populations with statistically significant
pooled ages of 44 Ma and 77 Ma (similar to the Binomfit
ages) using the rmr0 kinetic parameter (Fig. 18.3a) compared
with a plot of AFT length versus rmr0 show that all of the
shortest lengths are associated with the younger age popu-
lation at low effective Cl values (Fig. 18.3b). The boundary
dividing these statistical populations is placed at an effective
Cl value of 0.12 apfu but some population overlap is
expected; duplicate elemental analyses for selected grains
indicate that effective Cl values are usually accurate to
within 0.02–0.04 apfu and larger differences up to 0.24 apfu
have been observed in a few cases. In contrast, these two
statistical populations cannot be resolved using the con-
ventional kinetic parameters, Cl content (Fig. 18.3c) and
Dpar (Fig. 18.3d). Effective Cl values (Fig. 18.3a) are sig-
nificantly higher than measured Cl values (Fig. 18.3c) due to
the variable cation and OH contents of the apatite grains.
Paleogene AFT samples from the Ellice O-14 well have Fe
and Na contents up to 0.08 apfu, Mg values up to 0.09 apfu,
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OH values as high as 1 apfu, and Ce values up to 0.06 apfu.
The sample attained a mean random percent vitrinite
reflectance (%Ro) level of *0.6 (*100 °C), indicating that
paleotemperatures were hot enough to cause significant
annealing of fission tracks. These results strongly suggest
that differential annealing of this multi-kinetic sample is the
main reason for the observed discordant AFT grain-age
distribution. The youngest two age-grains have low Cl and
Dpar values (Fig. 18.3c, d) but high effective Cl values
(Fig. 18.3a) due to their variable cation content. These
effective Cl values are inconsistent with their 15 Ma popu-
lation age, which requires an unusually low resistance to
annealing that may be related to their excess F content.
Although anomalously high F values may be an artifact
caused by F migration under the electron beam during
electron probe microanalysis (Stormer et al. 1993; Stock
et al. 2015), excess F grains in other samples from the region
also appear to have very low track retentivity.

The procedure detailed above using Binomfit age analysis
and plots of AFT parameters versus rmr0 was applied to five
other core samples from Paleogene stratigraphic intervals in
the Ellice O-14 well. Figure 18.4 shows the relationship of
AFT age and mean length versus depth and present tem-
perature for six core samples between 1000 and 3000 m
depth in the well. Organic maturity values for each sample
(ranging from 0.49 to 0.64 %Ro) were derived from detailed
downhole measurements (Issler et al. 2012). Organic matu-
rity levels indicate that maximum paleotemperatures were
tens of degrees higher than present values in accordance with
geological evidence for late Cenozoic exhumation at this
location. Two statistical kinetic populations, a low retentiv-
ity fluorapatite population and a higher retentivity Fe-rich
population, were resolved for each sample using the rmr0

parameter (Fig. 18.4a). The similar AFT ages for the two
kinetic populations in the shallowest sample are consistent
with complete thermal annealing of both AFT populations at
high temperature, followed by rapid cooling of the apatite
source region and subsequent minimal post-depositional
annealing. The AFT ages of the two kinetic populations
diverge with increasing depth and organic maturity due to
differential annealing. The fluorapatite population shows a
consistent decrease in AFT age with depth, becoming
younger than the stratigraphic age at *1800 m. The more
retentive Fe-rich AFT population shows a more variable
AFT age pattern reflecting provenance influences; AFT ages
are younger than the stratigraphic age below 2600–2700 m.
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Mean AFT lengths are shorter for the fluorapatite kinetic
population, and both kinetic populations show parallel trends
downhole (Fig. 18.4b). The fluorapatite population for the
deepest sample is interpreted as being thermally reset based
on the results of thermal modeling (see Sect. 18.5).

The Ellice O-14 example demonstrates the importance of
collecting elemental data for constraining the annealing
kinetics of multi-kinetic AFT samples. The rmr0 parameter
provides a means for sorting the AFT data into different
kinetic populations to be treated as separate ther-
mochronometers with different annealing temperatures for
thermal modeling purposes (see Sect. 18.5). The Ellice O-14
samples could not be properly interpreted using the con-
ventional kinetic parameters, Cl content or Dpar. Two of the
six AFT samples from the Ellice O-14 well passed the v2 test
(although Binomfit analysis indicates they have two statis-
tically significant populations), and in the absence of mineral
chemistry data, they might have been treated erroneously as
single uniform populations. The other four samples that
failed the v2 test may have been deemed to be uninter-
pretable and rejected as unsuitable for further analysis.

18.2.3 (U–Th)/He Dating

Apatite (U–Th)/He (AHe) dating (e.g., Zeitler et al. 1987;
Lippolt et al. 1994; Wolf et al. 1996, 1998) is now a
well-established thermochronologic technique and is widely
applied across a range of geological environments. AHe
dating is based on the decay of 235U, 238U, and 232Th (and to
a lesser extent 147Sm) by alpha (4He nucleus) emission.
Whereas a Tc of *70 °C is often invoked for the AHe
system, this concept is only applicable in samples that have
cooled rapidly from high temperatures (Reiners and Brandon
2006). In most cases, helium diffusion in apatite with pro-
tracted thermal histories is sensitive to the effects of cooling
rate, grain size, radiation damage, and grain chemistry
(Stockli et al. 2002; Flowers et al. 2009; Gautheron et al.
2013). In particular, the amount of radiation damage, as
assessed through the proxy “effective uranium concentra-
tion” (eU = [U] + 0.235 ∘ [Th]) is positively correlated with
increasingly retentive AHe systems (Shuster et al. 2006;
Flowers et al. 2009; Gautheron et al. 2009). In effect, the
AHe system may be sensitive to temperatures between 30
and 90 °C depending on the amount of radiation damage to
the crystal lattice (Flowers et al. 2009). Gautheron et al.
(2013) used the rmr0 parameter (Carlson et al. 1999; Ketc-
ham et al. 1999) to investigate the connection between grain
chemistry and radiation damage annealing in the AHe sys-
tem. Their results suggest that grain chemistry, and its effects
on fission track and alpha damage annealing, may influence
helium diffusion in apatite and the temperatures to which the
system is susceptible. This system is more sensitive at a

lower range of temperatures than most isotopic ther-
mochronometers. Assuming a mean annual surface temper-
ature of 10 °C and a geothermal gradient of 25 °C/km, the
relevant temperature range is equivalent to depths of *1 to
3 km. Thus, the AHe system can be applied to investigate a
variety of geologic processes in the uppermost part of the
crust, making the technique particularly useful for hydro-
carbon exploration in basin settings (Fig. 18.1).

The (U–Th)/He system in zircon (ZHe) is widely used as
a thermochronometer because of its high U–Th concentra-
tions, common occurrence in a wide range of lithotypes,
refractory nature under elevated thermal conditions, and
resistance to physical and chemical weathering (see Chap. 7,
Malusà and Garzanti 2018). Several studies (e.g., Kirby et al.
2002; Reiners et al. 2004; Stockli 2005) have presented
results of ZHe ages from rocks with potassium feldspar
40Ar/39Ar cooling models (350–150 °C; Lovera et al. 1989,
1991, 1997), confirming a ZHe Tc of *170–190 °C
(Reiners et al. 2004) and a PRZ *130–200 °C (Reiners and
Brandon 2006). Although in most cases potassium feldspar
models suggested relatively rapid cooling rates through the
ZHe Tc, the results showed good agreement between the two
techniques in nearly all cases, suggesting that the experi-
mentally determined helium diffusion parameters for zircon
and its inferred Tc apply in natural settings. ZHe ages from
some samples commonly show larger dispersion than
expected from analytical precision and a single set of kinetic
parameters for helium diffusion. In principle, this dispersion
could have several origins, including effects arising from
implantation (Spiegel et al. 2009; Gautheron et al. 2012),
anisotropic diffusion (Farley 2007; Reich et al. 2007;
Cherniak et al. 2009; Saadoune et al. 2009), compositional
influences (i.e., zoning) on helium diffusion (Hourigan et al.
2005), and crystallographic defects. However, one of the
most important known influences on helium diffusivity in
zircon is radiation damage. The effects of high radiation
doses on helium diffusion in zircon have been recognized for
some time (e.g., Hurley 1952; Holland 1954; Nasdala et al.
2004), but only recently have these effects been quantita-
tively integrated with helium diffusion models (Guenthner
et al. 2013, 2015; Powell et al. 2016).

18.3 Integration with Independent Data

Geoscientists employ a variety of techniques to evaluate the
hydrocarbon-generating capacity of source rocks. Tech-
niques for extracting thermal maxima that a rock has wit-
nessed include two broad groups: measurements on organic
matter (including certain fossils) and measurements on
minerals. The results help ascertain how much and what kind
of petroleum might have been generated, defining the source
rock’s potential. The history of organic thermal parameters is
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long, and several techniques have been developed
(Fig. 18.1) (see Harris and Peters 2012 for recent reviews).
Among these, the most notable are vitrinite reflectance and
the Rock-Eval pyrolysis parameter Tmax. Rock-Eval pyrol-
ysis involves the rapid heating of rock samples in an inert
atmosphere, which expels existing hydrocarbons and ther-
mally decomposes kerogen in the rock. The temperature at
which most of the kerogen pyrolyses, referred as Tmax, has
been shown to be a sensitive and predictable measure of
maturity (Peters 1986). As the sample is incrementally
heated, pyrolysis temperatures produce Tmax peaks that
correspond to the pyrolysis oven temperature during maxi-
mum generation of hydrocarbons. Tmax is attained during
cracking of the kerogen, which should not be confused with
geologic temperatures, and it can help better understand the
extent of thermal maturation of the sample.

Vitrinite reflectance relies on chemical changes in vit-
rinite, which is an organic maceral derived from the woody
tissue of plants that is present in kerogen. Vitrinite reflec-
tance, referred as %Ro, is the percentage of incident light
that is reflected off a polished particle of vitrinite; it is
dependent upon the maximum paleotemperature of the
sample and on the time spent at that temperature (e.g.,
Senftle and Landis 1991). %Ro tends to increase with
increasing burial in a sedimentary basin and is commonly
used to evaluate organic maturity in sedimentary rocks (e.g.,
Tissot and Welte 1978). Burnham and Sweeney (1989) and
Sweeney and Burnham (1990) presented a kinetic model for
the evolution of %Ro with temperature and time, which
showed that temperature has a larger influence on %Ro than
time. The EASY%Ro kinetic model of Sweeney and Burn-
ham (1990) was based largely on pyrolysis experiments; the
model has been recalibrated by Nielsen et al. (2015; basin%
Ro) using well-constrained sedimentary successions. Duddy
et al. (1991) illustrated that the AFT annealing kinetics
(Laslett et al. 1987) are similar to the kinetics of %Ro
(Burnham and Sweeney 1989) and that a given degree of
annealing in apatite will be associated with the same value of
%Ro. For example, a %Ro value of 0.7 is roughly associated
with total annealing of all fission tracks in Durango fluora-
patite reference material (Duddy et al. 1994), with some
differences depending on end-member heating/cooling rates.
A typical standard deviation for a%Ro measurement is 10%,
which depends on factors such as material recycling, number
of measurements, oil staining, oxidation, disseminated pyr-
ite. AFT and %Ro techniques complement each other
because %Ro values vary with the heating history and can be
used to determine maximum paleotemperatures, which is
especially useful when temperatures were greater than the
annealing temperature of fission tracks. In contrast, AFT data
are most sensitive to cooling yet both techniques provide
information on the thermal history of a sample, primarily
useful for middle Paleozoic and younger clastic sediments.

Other approaches for determining thermal maturity using
organic substances include the spore coloration index (SCI,
Staplin 1969; Marshall 1991) and thermal alteration index
(TAI, e.g., Batten 1996) that measure the color of paly-
nomorphs. With these techniques, chemical reactions occur
in response to increasing temperatures resulting in darkening
of the material. A standard set of colors has been developed
to categorize samples, standardized to the vitrinite reflec-
tance (Ro) maturity scale, and it includes the conodont
alteration index (CAI, Epstein et al. 1977). Field and labo-
ratory data have demonstrated that conodonts experience a
progressive and permanent sequence of eight color changes
(i.e., CAI) that record maximum temperatures ranging
from *50 to *550 °C (Epstein et al. 1977; Harris 1979).
Scanning electron microscopy studies of conodonts have
demonstrated that during progressive diagenesis and
low-grade metamorphism, conodonts can experience an
increase in the size and change in morphology (from anhe-
dral to euhedral) of apatite crystallites. Those changes are
largely restricted to the conodont surface for CAI of 1–5, but
above CAI of 5, internal re-crystallization may occur (Bur-
nett 1988; Helson 1994; Nöth 1998). Notably, using con-
odonts as a (U–Th)/He thermochronometer has witnessed
some success (Peppe and Reiners 2007; Landeman et al.
2016; Powell et al. 2018) and key advantages of conodonts
over traditional thermochronometers are that conodonts can
be routinely used as geothermometers and commonly occur
in limestones. Although the role of CAI on the microstruc-
tural character of conodonts is clear, how those changes
impact parent isotope distributions and mobility, He diffu-
sivity, and (U–Th)/He ages is unknown. Other less com-
monly used optical maturity scales include the transmittance
color index (TCI, Robison et al. 2000), acritarch fluores-
cence (Obermajer et al. 1997) and the foraminiferal col-
oration index (FCI, McNeil et al. 1996; McNeil 1997;
Gallagher et al. 2004; McNeil et al. 2010, 2015), which
measure color changes in the organic cement of agglutinated
foraminifera.

Among the approaches that rely on variable reaction rates
within minerals, the mixed-layer clay illite–smectite reaction
is commonly applied to helping determine the extent of
diagenesis (Fig. 18.1). Hower et al. (1976) were the first to
document the phenomenon of smectite reacting to illite over a
range of temperatures. Illite has been reported to form in a
variety of environments, from soils to deeply buried sedi-
ments. Evidence that elevated temperatures promote the
authigenic precipitation of illite or the diagenetic conversion
of illite–smectite mixed-layer (I/S) into illite, both termed
illitization, comes from experimental work as well as geo-
logic studies with well-documented geothermal regimes
(e.g., Frey et al. 1980) or local temperature increases resulting
from circulation of hydrothermal solutions at depth (e.g.,
Lampe et al. 2001; Meunier and Velde 2004; Timar-Geng
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et al. 2004). This technique has been extended to incorporate
isotope geochemistry (Clauer and Lehrman 2012).

18.4 Sampling Strategy

Sampling and sample size are commonly limited by bedrock
exposure, the logistics of carrying samples during traverses
and of shipping samples back to the laboratory, and the
nature of the material extracted during drilling (cuttings,
core). When possible, bedrock samples should be fresh and
collected away from ridge tops, lightning strike-prone areas,
and areas devoid of any historic forest fires to avoid any
effects of thermal resetting (Mitchell and Reiners 2003; see
also Chap. 8 Malusà and Fitzgerald 2018). Contamination is
a major concern, and the rock samples should be clean of
exotic soil and sediment. For bedrock samples,
blocks *10 cm3 (0.5–1.0 kg) are typically adequate for
recovering an appropriate amount of material for statistically
robust dating and independent thermal maturity analyses
(e.g., vitrinite reflectance, Rock-Eval). Although
coarse-grained material will likely yield larger accessory
minerals, a grain size as small as 60 lm will produce ade-
quate crystals (see Chap 7 Malusà and Garzanti 2018). For
finer-grained sedimentary rocks, such as shales and silt-
stones, larger volumes of samples may be required for
adequate yield. Intermediate or felsic crystalline rocks are
favored for zircon recovery, whereas apatite can be present
across the range of felsic to mafic lithotypes. Quartz arenites
typically have a low apatite yield, whereas polygenic and
lithic-rich sandstones are more likely to contain apatite;
zircon will be found in both end-members. Limestones and
dolostones do not possess apatite and zircon, but the car-
bonate sequences are commonly interbedded with sandy
units that will yield these phases. Bentonites, layers of vol-
canic ash, are particularly attractive to help reconstruct basin
histories since its zircon U–Pb crystallization age provides
unequivocal stratigraphic control, and its ZHe and AHe
ages, and AFT ages and lengths record the thermal
evolution.

The number of samples taken from a vertical transect or
drill core may be restricted by the availability of
core/cuttings or outcrop, and the availability of other data.
For example, %Ro data can yield maximum paleotempera-
tures and is a relatively low-cost method, so samples every
250 m or so would be recommended to get a reliable
maturity gradient depending on the thickness of section. This
type of sampling density would be helpful for conventional
AHe dating as well, restricting sampling intervals according
to temperature, but it could be prohibitively expensive for
AFT analysis if apatite chemistry data are also collected to
determine rmr0 values. In such a case, defining the thermal
maturity of the borehole would help assist in choosing a few

strategic AFT samples that have experienced significant
annealing and/or thermal resetting (typically at maturity
values of 0.6–0.7 %Ro or higher). Although a series of
samples from a well is preferred, a well-chosen sample from
a borehole that is strongly annealed and includes
multi-kinetic data can still yield a lot of useful thermal his-
tory information. Such samples behave as multiple ther-
mochronometers with different annealing temperatures that
can provide information on multiple thermal events in areas
with complicated geological histories (Issler et al. 2005).
The trade-off between vertical versus lateral coverage must
also be considered if the study area is large.

Rock cores are the most desirable type of well sample for
thermochronology studies because of minimal contamina-
tion and accurate depth control, but they are seldom col-
lected during petroleum exploration. Well cuttings are
common but only a small fraction is collected at regular
depth intervals and retained after drilling so it is better to
collect thermochronology samples during drilling of the well
in order to obtain sufficient material. Sampling restrictions
on post-drilling cuttings’ samples mean that material may
have to be combined over larger depth intervals influenced
by changes in stratigraphy, lithology, and temperature.
Furthermore, cuttings can be contaminated by drilling mud
additives (e.g., bentonite) and mixing of rock material from
different stratigraphic intervals through borehole caving and
recirculation of cuttings during drilling. Thermochronologic
data that are anomalous with respect to present temperature
and observed AFT age and length versus depth trends down
a borehole can indicate contamination from drilling mud
additives. For example, Eocene cuttings from 4100 m (110 °
C) near the base of the Taglu West H-06 well of the
Canadian Beaufort-Mackenzie Basin (Issler et al. 2012)
contain some apatite grains with a pooled AFT age of
608 Ma and long mean lengths of 12.9 lm. These AFT
parameters are inconsistent with the observed AFT age
(38 Ma) and mean length (11 lm) of the indigenous Fe-rich
apatite population at this depth. Both populations have
similar rmr0 values but the older AFT population has higher
Ce, Sr, S, and Na contents indicating a different source for
the apatite, most likely a mud additive. Contamination due to
caving and/or cuttings recirculation can be harder to identify
unless significantly different stratigraphic units are involved.
Contamination of Devonian cuttings by overlying Creta-
ceous sediments has been documented for a well drilled in
the Mackenzie Valley region south of Norman Wells
(Northwest Territories, Canada; Issler and Grist 2008b).
Evidence includes the presence of Cretaceous paly-
nomorphs, organic-rich shale, and sandstone mixed with the
fine-grained sandstones and siltstones of the Devonian
Imperial Formation. Multi-variate statistical analysis of ele-
mental data shows that a fraction of the apatite in the
Devonian sample has the same chemical composition as the
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overlying Cretaceous apatite, and such information can be
used to ignore the contaminant grains.

Apatite and zircon are separated from whole rock or chips
by crushing using a jaw crusher alternating with sieving (see
Chap. 2, Kohn et al. 2018). Care is required not to overcrush
(or re-crush) the sample, which may produce broken grains.
Alternatively, SELFRAG© technology allows liberation or
weakening of material along natural grain boundaries using
high-voltage electrical pulses. It also allows for controlled
crushing without contamination. A water table may be used
to provide the first level of density-based liquid separation,
followed by magnetic and heavy-liquid density separations.
Whereas FT dating can utilize both whole and broken grains
for dating, (U–Th)/He dating is a little less forgiving, and a
careful selection of inclusion and crack-free idiomorphic
crystals is the best practice. This matters because the frag-
ments will all yield ages that are different from each other
and from the whole grain-age if the 4He distribution within
the whole grain is not homogeneous, because of partial loss
due to thermal diffusion (e.g., Brown et al. 2013).

There is no general guideline for the number of crystals
to use for AFT analysis because it depends on the nature of
each sample. Although 50–100 grains may be an ideal
case, most laboratories usually analyze 20 age-grains and
try to measure 100 confined track lengths (Donelick et al.
2005; Galbraith 2005). This may be sufficient for conven-
tional AFT analysis of single uniform apatite populations
that are common for igneous rocks but more age and length
measurements are needed to properly characterize
multi-kinetic detrital AFT samples. Laboratories with
experience in multi-kinetic AFT analysis such as some high
volume commercial laboratories (Apatite to Zircon, Inc.;
GeoSep Services, LLC) generally provide 40 AFT ages and
150–200 confined track length measurements per sedi-
mentary rock sample. This is normally sufficient for typical
sedimentary samples with two or three statistical kinetic
populations. The FT mount can then be used for mineral
chemistry analysis via LA-ICP-MS or EMPA techniques.
For the (U–Th)/He methods, the thermochronology com-
munity has not agreed on a suitable number of analyses per
rock required for reliable data. The number of crystals
analyzed for a study is driven by the scientific question to
be answered, and the time and budget allocated for the
project. For crystalline rocks, 5–6 single crystal analyses
per rock are becoming more common, although some
investigations still only report 2–3 single crystals per rock.
For detrital samples, at least 10–15 single crystals per rock
should be carried out, particularly if the sample has a broad
spectrum of detrital ages. Some research has been suc-
cessfully undertaken to utilize broken apatite for He dating
(Brown et al. 2013; Beucher et al. 2013). The challenge is
balancing a representative sampling of age data that allows
the researcher to assess age, chemistry, and size

correlations, in order to provide the necessary data for
successful modeling.

18.5 Thermal Modeling

Continuous formation and annealing of fission tracks
through geologic time mean that observed AFT age and
track length distributions contains a record of a sample’s
thermal history (see Chap. 3, Ketcham 2018). Further,
advances in understanding the effect of radiation damage on
temperature-dependent helium retention in apatite and zircon
have shown that the (U–Th)/He age–eU dispersion of ali-
quots from a single sample is dependent upon the thermal
history experienced by that sample (Shuster et al. 2006;
Flowers et al. 2009; Guenthner et al. 2013; Powell et al.
2016). Therefore, thermal modeling of He age–eU data can
be used to investigate the range of possible thermal histories
that could produce the observed He age–eU distribution
(e.g., Flowers et al. 2009; Guenthner et al. 2013, 2014;
Powell et al. 2016). Forward thermal modeling involves the
prediction of observations (AFT ages, lengths; AHe ages)
given the values of the parameters that define the model
which include the laboratory-based AFT annealing kinetics
and/or AHe diffusion and radiation damage parameters, from
a proposed time–temperature path. Forward modeling may
be used to check if a time–temperature path provides a
plausible explanation of measured thermochronologic data
and is also a useful way to predict and understand the effect
of a thermal history on AFT ages and track length distri-
butions, or on ages and eU dispersions for He ages.
Although forward models can be constrained by independent
geological data, they do not provide a unique time–tem-
perature solution, only representing plausible time–temper-
ature candidates. Inverse modeling involves using the
observed thermochronologic data (AFT ages, lengths; AHe
ages) to infer the values of the model parameters that suc-
cessfully simulate the data. Under most applications, the
AFT annealing kinetics and AHe diffusion kinetics are fixed
parameters whereas time–temperature paths are adjusted by
the model so that calculated AHe ages and AFT ages and
lengths match the measured thermochronologic data to
within a specified amount of statistical error. Inverse mod-
eling allows for a more thorough exploration of potential
solution space, and it provides a more realistic assessment of
our ability to resolve temperature histories using measured
data. The present-day sample conditions and any known
independent geological controls (e.g., unconformities, burial
events, deposition age, organic maturity) are also applied to
constrain the inversion. Commonly, a best-fit time–temper-
ature path and a range of good- and acceptable-fit paths are
found using Monte Carlo simulations (Gallagher 1995;
Willett 1997; Issler et al. 2005; Ketcham 2005).
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Just as a broad or bimodal distribution of FT lengths
indicate that a sample has resided at temperatures within the
FT PAZ, so a correlation of (U-Th)/He age with eU con-
centration indicates that a sample has resided at temperatures
within the He PRZ. Such ages cannot simply be interpreted
as the time elapsed since the sample passed through the Tc of
the thermochronometer. Modeling is the only way to gain
understanding of the thermal histories of slowly cooled
samples, or of samples that have resided in the PAZ or PRZ
for a significant time (relative to their age) and have a par-
tially reset age. Ages calculated from forward modeling and
time–temperature paths determined from inverse modeling
may both be useful for understanding real He and FT ages
but should be interpreted with caution. Modeling results are
dependent on the kinetic parameters that constrain annealing
and diffusion. Whereas both forward and inverse modeling
are based on a wealth of annealing and diffusion studies
(e.g., Green et al. 1986; Laslett et al. 1987; Duddy et al.
1988; Green et al. 1989b; Wolf et al. 1998; Ketcham et al.
1999, 2007a,b; Farley 2000, 2002; Barbarand et al. 2003;
Reiners et al. 2004; Shuster et al. 2006; Flowers et al. 2009;
Guenthner et al. 2013), model solutions are non-unique.
Although the models should be used to test explicit
hypotheses, models need to be applied carefully—any new
hypothesis should be rooted in (good) data and any unex-
pected adjustment to the thermal history should be faithful to
the data and independent geological constraints with some
differences depending on end-member heating/cooling rates.

Early inverse models used mono-compositional AFT
annealing kinetics and employed a variety of stochastic
optimization and Monte Carlo search techniques to derive
thermal history information from AFT data (Corrigan 1991;
Lutz and Omar 1991; Gallagher 1995; Willett 1997).
However, these models have been superseded by newer
models that incorporate multi-kinetic AFT annealing. AFT-
Solve (Ketcham et al. 2000), the precursor to the widely
used HeFTy model (Ketcham 2005), was the first publically
available model developed for forward and inverse thermal
modeling of multi-kinetic AFT data. The newer HeFTy
model (Ketcham 2005) can be used for forward and inverse
modeling of multi-kinetic AFT and AHe data and is used
extensively by the thermochronology community (see
Chap. 3, Ketcham 2018). AFTINV (Issler 1996), originally
developed as a user-friendly version of the inverse model of
Willett (1997), has been extensively upgraded to deal with
multi-kinetic AFT data (Issler et al. 2005). AFTINV shares
many common features with AFTSolve and HeFTy,
including the multi-kinetic scheme of Ketcham et al. (1999),
but differs in how thermal histories are constructed and how
geological constraints are applied. The QTQt model (Gal-
lagher 2012) uses a Bayesian trans-dimensional Markov
Chain Monte Carlo method to extract thermal history
information from various combinations of data types (AFT,

U–Th/He, 40Ar/39Ar) and it has forward and inverse mod-
eling capabilities. Unlike HeFTy, this model uses the data to
determine the number of model parameters (i.e., number of
time–temperature points, kinetic parameters) subject to
user-defined constraints. Vermeesch and Tian (2014) com-
pare and discuss the advantages and drawbacks of the
HeFTy and QTQt models. Although most modeling appli-
cations have been directed at individual samples, some
models have been designed to deal with multiple samples
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Fig. 18.5 a AFTINV thermal model results for the Ellice O-14 sample
of Figs. 18.2 and 18.3 showing acceptable solution space defined by
300 Monte Carlo solutions. The envelopes bounding the 300 Monte
Carlo solutions are not acceptable solutions. b The exponential mean
thermal history (bold curve) provides a good fit to the AFT data and
shows that there was rapid cooling of the apatite source area
(constrained by the more retentive Fe-rich kinetic population) and
slower, steady cooling (constrained by F-apatite population) following
rapid burial. Model retention ages are theoretical ages marking the time
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collected along vertical profiles (Gallagher et al. 2005;
Gallagher 2012; Ketcham et al. 2016). Braun et al. (2006)
discuss modeling methods that allow thermochronology data
to be interpreted in the context of heat transfer processes
within the Earth in different tectonic settings.

18.5.1 Multi-kinetic AFT Modeling

The utility of multi-kinetic AFT modeling for a petroleum
exploration well is illustrated in Fig. 18.5, which shows
AFTINV thermal model results for the detrital AFT data
corresponding to the Ellice O-14 core sample shown in
Figs. 18.2 and 18.3. Temperature histories are generated
randomly within geologically constrained a priori limits to
obtain a set of statistically acceptable thermal solutions that
yield calculated AFT ages and lengths that fit observed AFT
data within prescribed statistical error. Initial temperature
search space is defined loosely based on sample attributes
and geological information (e.g., time of deposition, the
presence of unconformities, thermal maturity), and users
specify limits for heating and cooling rates that apply within
these temperature limits. Thermal histories are generated
forwards and backward by random selection of heating or
cooling rate (projection angle to next point) from randomly
selected initial points, subject to rate and temperature limits.
Trial thermal solutions are evaluated according to the degree
of misfit between calculated and observed AFT and %Ro
values using the combined merit function approach descri-
bed in Willett (1997) and Ketcham (2005). Track length
distributions are assessed using the Kolmogorov–Smirnov
(KS) statistic (e.g., Miller and Kahn 1962; Press et al. 1992),
and calculated AFT ages are required to be within two
standard deviations of the observed ages. A significance
level probability of 0.05 provides a pass/fail test of the null
hypothesis that the measured and calculated distributions are
the same. The model converges when a set of statistically
acceptable Monte Carlo solutions (typically 300) has accu-
mulated (Fig. 18.5a). Convergence to 300 solutions can take
thousands to millions of iterations depending on model
complexity. There is no attempt to find the optimal fit to the
data because the data are not optimal and will vary with the
number of measurements. However, following Willett
(1997), the exponential mean of the 300 solutions is taken as
a representative, good-fitting solution (Fig. 18.5b).

Both kinetic populations were modeled simultaneously,
and results are consistent with a common rapid exhumation
and cooling history for the apatite source areas (Fig. 18.5).
Calculated model AFT retention ages for the exponential
mean history suggest that tracks started to be retained in the
Fe-rich apatite population as temperature cooled below
160 °C at *100 Ma, whereas track retention started in the
fluorapatite population at temperatures below 120 °C

at *80 Ma. Corresponding AFT ages for both populations
are significantly younger due to partial annealing of tracks
with continued cooling and subsequent reheating. Following
deposition, model results show rapid Paleocene-to-mid–late
Eocene heating associated with rapid burial of deltaic sedi-
ments and then slower, steady cooling associated with late
Cenozoic exhumation (Fig. 18.5). The final phase of heating
is poorly resolved due to the thinness of the Plio-Pleistocene
strata and the rapid changes in surface temperature that
occurred in the Arctic during this time period. The less
annealed Fe-rich AFT kinetic population retains a record of
the pre-depositional exhumation history, whereas the more
annealed fluorapatite population is most sensitive to the
post-depositional part of the thermal history.

Figure 18.6 shows exponential mean thermal solutions
for the six Ellice O-14 AFT core samples presented in
Fig. 18.4. Although each sample was modeled indepen-
dently, they show similar thermal histories that are offset
with respect to stratigraphic age (shift in time–temperature
inflection points) and temperature related to their downhole
position and thermal maturity. The overall coherence in
thermal histories may in part be related to the uniform
application of modeling constraints but it is also related to
the remarkable consistency of the kinetic parameters for
these detrital Paleocene–Eocene samples. This is demon-
strated by the narrow range in effective Cl values for the
fluorapatite (0–0.05 apfu) and Fe-rich apatite (0.19–0.23
apfu) kinetic populations and the consistency in calculated
model retention temperatures (Fig. 18.6). The fluorapatite
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population for the deepest sample (0.64 %Ro) has the lowest
effective Cl value (0.005 apfu), and thermal resetting of this
AFT population is demonstrated by the young calculated
retention age (*36 Ma). As expected, the deepest and most
annealed AFT samples show better resolved Cenozoic
thermal peaks and therefore provide the best constraints on
the time and magnitude of maximum burial temperature.

The Ellice O-14 example clearly illustrates the impor-
tance of the proper interpretation and modeling of
multi-kinetic AFT data. Different AFT kinetic populations
can be treated as separate thermochronometers that are
sensitive to different parts of the thermal history, and this can
have important applications for resolving thermal histories in
geologically complicated regions. Issler et al. (2005) used
multi-kinetic AFT thermochronology to study the thermal
history for a petroleum exploration well in the Mackenzie
Corridor region of northern Canada, a frontier area with
limited exploration success. Two statistical AFT popula-
tions, a fluorapatite (0.055 apfu Cl) and a higher retentivity
apatite population (0.21 apfu Cl), were recovered from a
well sample within the Devonian stratigraphic succession.
The kinetic parameters for this sample are very similar to
those of the Ellice O-14 samples, indicating that annealing
temperatures differ by tens of degrees for these two AFT
populations. Model results suggest that Devonian petroleum
source rocks in the region reached peak temperature condi-
tions (*125 °C) and generated petroleum during the Early
Triassic to Middle Jurassic, prior to the development of
Late Cretaceous–Cenozoic structural traps. Peak Cenozoic
temperatures as recorded by the fluorapatite population
(*100 °C) were insufficient to reactivate petroleum gener-
ation in the Devonian source rocks. Early Mesozoic heating
thermally reset the fluorapatite FT population but the more
retentive AFT kinetic population preserved a record of the
early higher temperature event.

18.5.2 (U–Th)/He Modeling

Helium diffusion from apatite is a function of the volume
fraction of radiation damage to the crystal, a quantity that
varies over the lifetime of the apatite, and He diffusivity
decreases with increasing damage (Shuster et al. 2006;
Flowers et al. 2009; Gautheron et al. 2009; Shuster and
Farley 2009). This has been interpreted as a result of pref-
erential partitioning (trapping) of the He in damage zones,
impeding diffusion. The relationship manifests as positive
correlations between AHe age and effective uranium (eU),
which among specimens from a sample that experienced a
common time–temperature (t–T) history, is a proxy for rel-
ative extents of radiation damage. The radiation damage
accumulation and annealing model (RDAAM; Flowers et al.

2009) and its variant of a damage-enhanced kinetic diffu-
sivity model (Gautheron et al. 2009) adopt the effective FT
density as a proxy for accumulated radiation damage. This
proxy incorporates creation of crystal damage proportional
to a-production from U and Th decay, and the elimination of
that damage governed by the kinetics of FT annealing. It
also has the potential to explain at least some cases in which
(U–Th)/He ages are actually older than the corresponding FT
ages.

Because of its lower Tc and the better documentation of
apatite annealing kinetics which have been extended to the
radiation damage models of apatite in the (U–Th)/He realm,
the application of apatite thermochronology is quite wide-
spread. Slightly less clear is the understanding of how
radiation damage affects He diffusion in zircon. A zircon
radiation model (ZRDAAM) has been applied to assess the
thermal evolution of Neoproterozoic stratigraphy, which
witnessed protracted (100 s m.y.) cooling through the
uppermost crust (Guenthner et al. 2013; Powell et al. 2016).
Single crystal ZHe ages from these older rocks possess
intrasample age dispersion as great as 350 Myr, indicating
that the strata have not been heated sufficiently to fully reset
the ZHe system. The modeling has its most utility in samples
where self-irradiation of zircon has occurred over long
geologic timescales without significant annealing of dam-
aged zones. Partially to fully reset detrital datasets can
contain a tremendous amount of time–temperature infor-
mation, due to the wide range in grain size, eU, and potential
for variable pre-depositional histories and inherited radiation
damage in the zircon population. These variables result in a
broad spectrum of Tc within a single sample and in tectonic
settings where strata are never buried to sufficiently high
temperatures can potentially record more than the most
recent thermal event. Additionally, modeling of these data-
sets has added value in strata where apatite is absent or too
small for AHe analysis, as highly damaged zircon can record
similar parts of the cooling history as the AHe system.
However, several factors complicate interpretation of these
datasets including the influences of pre-depositional history
(e.g., inherited 4He and radiation damage on ZHe ages and
age–eU relationships). As a result of these variables, sam-
pling from the same stratigraphic succession can yield sub-
stantially different ZHe age populations, despite having
experienced the same thermal history, should the strata have
different grain sizes or provenance. For these reasons, we
believe that detailed thermal modeling is required to
understand the probable geologic history exhibited by the
datasets. We do not recommend selecting only the youngest
ages from samples or averaging (U–Th)/He ages, as these
methods do not acknowledge the complexity of the (U–Th)/
He system and potentially exclude non-obvious, but equally
probable, geologic scenarios. To this extent, using the
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vertical profile approach to assess exhumation rates from
cooling age data may also provide an inaccurate result if the
strata have not been buried to sufficient temperatures to
completely reset any prior thermal history. As an alternative,
analysis of more grains from individual samples and a
combination of data from similar structural regions to assess
regional trends in thermal history is the best approach
(Guenthner et al. 2013; Powell et al. 2016). We believe that
this tactic does an appropriate job of acknowledging the
errors and assumptions involved in the technique and pro-
viding meaningful information on thermal history of a
region.

In an example integrating multi-kinetic AFT and AHe
dating, Powell et al. (2017) investigated the Upper Creta-
ceous Slater River Formation of the Mackenzie Plain of the
Canadian Northwest Territories, which has potential as a
regional source rock due to the high organic content and the
presence of both oil- and gas-prone kerogen. That study
examined a basal bentonite unit to understand the timing and
magnitude of Late Cretaceous burial experienced by the
Slater River Formation. Moreover, LA-ICP-MS and EPMA
methods were employed to assess the chemistry of apatite
and use these values to derive the AFT kinetic parameter
rmr0. The AFT ages and track lengths, respectively, range
from 201.5 ± 36.9 to 47.1 ± 12.3 Ma, and 16.8 to
10.2 µm, and single crystal AHe ages are between
57.9 ± 3.5 and 42.0 ± 2.5 Ma with eU concentrations from
17.3 to 35.6 ppm. The AFT data exhibited no relationship
with the kinetic parameter Dpar and failed the v2 test indi-
cating that the data do not comprise a single statistically
significant population. However, when plotted against their
rmr0 value, the data are separated into three statistically
significant kinetic populations with distinct track length
distributions: 154.3 ± 10.2, 89.0 ± 3.7, 53.5 ± 6.5 Ma.
Inverse thermal history modeling of both the multi-kinetic
AFT and AHe datasets reveal that the Slater River Formation
reached maximum burial temperatures of *65–80 °C
between the Maastrichtian and Paleocene, indicating that at
best the source rock matured to the early stages of hydro-
carbon generation. The Powell et al. (2017) study empha-
sizes the importance of kinetic parameter choice in AFT
thermochronology, as both the Dpar measurements and the
rmr0 values calculated without fluorine measurements are
unable to explain the AFT age dispersion and track length
distribution recognized in the F–OH apatite dataset. Apatite
chemistry will have an effect on the helium diffusion in the
AHe system as well, as it controls the temperatures at which
the radiation damage anneals in apatite. Studies that integrate
AFT and AHe thermochronology should consider these
implications or risk thermal history model results that are
inconsistent with the present understanding of annealing and
diffusion kinetics in apatite.

18.6 Summary

The FT and (U–Th)/He systems have proven to be powerful
but challenging tools for basin thermal history analysis, as
they often have the unique potential to uncover information
about passage through an important temperature window.
The integration of these low-temperature thermochronome-
ters has many potential uses in understanding the thermal
and structural evolution of petroleum-bearing regions.
Age-depth profiles from boreholes within a sedimentary
package provide information on the timing and amount of
burial and exhumation of the basin. If the cooling and
exhumation are directly related to tectonics, they also con-
strain the timing of deformation, which in turn may have
implications for hydrocarbon migration and trapping. It is
also clear that, despite recent advances, important challenges
remain for low-temperature thermochronologic systems.
Both systems discussed commonly exhibit age dispersion
beyond the analytical uncertainty of the techniques. When
the samples are carefully and properly characterized, par-
ticularly with regard to mineral chemistry and radiation
damage, a rich and effective dataset can emerge.

The toolbox for deciphering the thermal histories of
hydrocarbon-bearing regions is growing, and advancing
somewhat rapidly, particularly the numerical modeling. Sev-
eral new low-temperature chronometers are being developed
for application in sedimentary basins, including calcite
(Copeland et al. 2007; Cros et al. 2014; Pagel et al. 2018) and
fossils such as conodonts (Peppe and Reiners 2007) and cri-
noids (Copeland et al. 2015). These are particularly exciting
since the science currently lacks reliable chronometers for
carbonate-dominated basins. Moreover, technological advan-
ces in the acquisition of isotopic data now permit integrated
in situ (U–Th–Sm)/He and U–Pb dating on single crystals
(e.g., Evans et al. 2015; see Chap. 5 Danišík 2018) to obtain
double dating of detrital minerals that will be beneficial for
sediment provenance and recycling studies and in exploration
applications. Defining the appropriate scientific question at the
beginning of the project will help determine which techniques
to implement. Although the examples outlined in this chapter
primarily address conventional petroleum exploration in sed-
imentary basins, the thermochronology approaches can be
also applied to non-conventional petroleum systems.
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19The Application of Low-Temperature
Thermochronology to the Geomorphology
of Orogenic Systems

Taylor F. Schildgen and Peter A. van der Beek

Abstract
The geomorphologic evolution of orogens has been a
subject of revived interest and accelerated development
over the past few decades, thanks to both the increasing
availability of high-resolution data and computing power
and the realisation that orogenic topography plays a
central role in coupling deep-earth and surface processes.
Low-temperature thermochronology takes a central place
in this revived interest, as it allows us to link quantitative
geomorphology to the spatial and temporal patterns of
exhumation. In particular, rock cooling rates over
million-year timescales derived from thermochronological
data have been used to reconstruct rock exhumation
histories, to detect km-scale relief changes, and to
document lateral shifts in relief. In this chapter, we review
how classic approaches of determining exhumation histo-
ries have contributed to our understanding of landscape
evolution, and we highlight novel approaches to quanti-
fying relief changes that have been developed over the
last decade. We discuss how patterns of exhumation
in laterally accreting orogens are recorded by
low-temperature thermochronology, and how such data
can be applied to infer temporal variations in exhumation
rates, providing indirect constraints on topographic devel-
opment. We subsequently review recent studies aimed at
quantifying relief development and modification associ-
ated with river incision, glacial modifications of land-
scapes, and shifts in the position of range divides. We also
point out how interpretations of some datasets are
non-unique, emphasizing the importance of understanding

the full range of processes that may influence landscape
morphology and how each may affect spatial patterns of
thermochronologic ages.

19.1 Introduction

Understanding the development of topography not only
helps to reconstruct the geodynamic and surface processes
responsible for landscape development, but it is also one of
the most important requirements for correctly interpreting
stratigraphic records, speciation patterns, and regional to
global paleoclimatic changes (Ruddiman 1997; Crowley and
Burke 1998). Despite its clear importance, some of the most
common techniques for reconstructing paleotopography,
involving reconstructing changes in paleotemperature from
paleobotany or changes in stable-isotope ratios, have limited
resolution, and the latter in particular require detailed
knowledge of air circulation patterns, isotope lapse rates in
space and time, continental (evapo-) transpiration, and vapor
recycling (Mulch 2016). Moreover, although these approa-
ches can help reveal the existence of high topography, they
typically do not provide information on the distribution of
elevation across the landscape (i.e., the relief), such as may
be created by rivers or glaciers. Low-temperature ther-
mochronology complements and may offer some advantages
over these approaches. Although it does not provide direct
constraints on paleo-elevations, low-temperature ther-
mochronology can be used to (1) resolve changes in rock
cooling rates over million-year timescales, which can be
interpreted in terms of rock exhumation and may provide
indirect constraints on topographic development (e.g.,
Montgomery and Brandon 2002); (2) detect km-scale relief
changes; and (3) document lateral shifts in relief.

One of the most common applications of low-temperature
thermochronology in the realm of geomorphology has been
to test for changes in erosion/exhumation rates, which are
typically linked to changes in climate, uplift rates, and/or
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topography. But changes in exhumation rates are typically
linked to changes in topographic relief, making it difficult to
separate the two. Although the influence of changing relief
on low-temperature thermochronometers has been appreci-
ated for decades (e.g., Stüwe et al. 1994; Mancktelow and
Grasemann 1997), it is only within the past decade that a
number of novel approaches to quantify changes in land-
scape relief have emerged. These relief changes include
those associated with river incision, glacial modifications of
landscapes, and shifts in the position of range divides.
Because thermochronometers are typically limited to spatial
resolution on the km scale and temporal resolution on the
million-year scale, thermochronological data is most rele-
vant for discerning long-term changes in relief that occur in
orogenic or post-orogenic settings.

In this chapter, we review how classic approaches of
determining exhumation histories have contributed to our
understanding of landscape evolution, and we highlight
novel approaches to quantifying relief changes. In each case,
a range of different sampling schemes have provided useful
information (Fig. 19.1): bedrock samples have been col-
lected in transects that traverse topography either in very
steep (Fig. 19.1b, c) or in sub-horizontal (Fig. 19.1d) tran-
sects, over distances that are either localised or span the
width of an orogen. Detrital samples (Fig. 19.1e) have been
collected from modern river sediments throughout the
landscape and from within dated sedimentary stratigraphic
sections. Previous reviews (e.g., Braun 2005; Spotila 2005;
Braun et al. 2006; Reiners and Brandon 2006) have laid out
the groundwork for many of these techniques; here, we will
focus on studies that have taken advantage of the record of
past thermal structure and erosion patterns contained in
low-temperature thermochronometers to study landscape
development in orogenic systems.

19.2 Exhumation Histories
from Low-Temperature
Thermochronology

On the scale of a compressional orogenic system, the tectonic
(accretionary) influx of crustal material into the system leads
to thickening of the crust, isostatic uplift of the surface, and
increasing topographic relief. Because erosion rates tend to
increase with steeper slopes (Ahnert 1970), topographic relief
is predicted to increase until the flux of material leaving the
system through erosion matches the tectonic influx (Jamieson
and Beaumont 1988). An important refinement to this con-
cept in orogenic settings was the notion of “threshold hill-
slopes,” which are the strength-limited maximum slopes that
can be achieved despite further increases in erosion rates
related to landslide frequency (Larsen and Montgomery
2012). This concept, first illustrated by the nonlinear

relationship between mean slope and erosion rates derived
from thermochronological data (Burbank et al. 1996; Mont-
gomery and Brandon 2002), has since been supported with
catchment-mean erosion rates derived from cosmogenic
nuclides (e.g., Binnie et al. 2007; Ouimet et al. 2009).

(b)

(a)

(c)

(d) (e)

Fig. 19.1 Sampling schemes for thermochronologic data. a Illustration
of various surface- and subsurface sampling schemes. Solid black
circles are sample sites. Tc refers to closure temperature of the
associated thermochronologic system. AHe: apatite (U–Th)/He; AFT:
apatite fission track; ZFT: zircon fission track. b Age-elevation plot of a
steep elevation surface transect. For the thermal structure shown in (a),
the slope of the ZFT data provides the correct exhumation rate, while
those of the AFT and AHe data overestimate the exhumation rate (see
Sect. 19.2.2.2). c Age-elevation plot of borehole samples, in which
each thermochronologic system provides the correct exhumation rate if
the thermal structure is steady over time. d Age-distance plot of
samples from a horizontal transect, which reflect the inverted shape of
the Tc isotherm at the time that the samples crossed it. e Age-frequency
plot of a detrital sample, illustrating the distribution of ages that result
from material derived from a range of elevations within the source area;
note that the width of the PDF is comparable to the range of ages shown
in (b). Parts (a–d) modified from Braun et al. (2012), reproduced with
permission from Elsevier
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If the accretionary flux remains constant, topography is
likely to be relatively stable as well, with steeper slopes
enabling faster erosion in areas of faster rock uplift (Willett
and Brandon 2002). Under these conditions, exhumation
steady state, reflecting the rates and pathways through
which rocks are exhumed to the surface, should also be
reached (Willett and Brandon 2002) (Fig. 19.2). Hence,
topographic and exhumational steady state are presumably
closely linked. In the examples that follow, we will
illustrate how exhumation histories derived from ther-
mochronology data have been used to infer either
steady-state topography or changes in uplift rates and the
evolution of topography.

19.2.1 Exhumation Patterns in Laterally
Accreting Orogens

The spatial distribution of thermochronometric ages across
an orogen can help reveal whether or not exhumational
steady state has been reached (Batt and Braun 1999; Willett
and Brandon 2002). Material that passes through a com-
pressional orogenic system follows a trajectory that is con-
trolled by the direction of accretion and the pattern of
erosion at the surface (Fig. 19.2). Material that enters the
system through the accretionary flux will be heated to a
temperature that depends on the depth of its trajectory before
being cooled as it approaches the surface. Across a laterally
accreting orogen, material that reached greatest depths tends
to occur near the center, or is offset toward the retro side of
the orogen (opposite from the accreting side) (Fig. 19.2).
This characteristic of the material pathways implies that
when an orogen reaches exhumational steady state
(unchanging rates and patterns of exhumation), different
thermochronometers will show distinct patterns of reset
ages, with higher-temperature thermochronometers only
reset in the region revealing deepest exhumation pathways,
and lower-temperature thermochronometers showing wider
zones of reset ages. Overall, this should create a pattern of
higher-temperature reset age zones successively nested
within lower-temperature reset age zones (Fig. 19.2).

Several studies have taken advantage of this characteristic
of compressional orogenic systems to test for exhumational
steady state. Batt and Braun (1999) used the pattern of nested
ages in the southern Alps of New Zealand together with
thermal modeling (see also Chap. 13, Baldwin et al. 2018) to
illustrate the west-to-east transport of material across the
orogen, as well as to show that the system is close to or at
exhumational steady state. A nested pattern of ages across the
Cascadia wedge in NW Washington state (Brandon et al.
1998) was argued to illustrate the existence of flux steady
state, but not yet exhumational steady state, because the reset
age zones have not yet reached the northeastern margin of the
orogen (Batt et al. 2001). In Taiwan as well, the pattern of
reset zircon (ZFT) and apatite (AFT) fission-track ages
published by Liu et al. (2001) and Willett et al. (2003) was
used to argue that the central portion of the mountain range is
in exhumational steady state. However, because the collision
propagates to the south, steady state has not yet been reached
for the entire range, leading to a narrowing and eventual
disappearance of the steady-state zone to the south (Willett
and Brandon 2002; Willett et al. 2003).

The importance of lateral rock advection for creating
asymmetric topography and controlling exhumation pathways
has been demonstrated on smaller spatial scales as well,
including an individual fault-bend fold (e.g.,Miller et al. 2007).
Across the Himalayan front, Whipp et al. (2007) showed how

Fig. 19.2 Brandon 2002, reproduced with permission from the
Geological Society of America). Closure temperature “T” for each
thermochronometer (with subscripts a through d) is illustrated in the
cartoon below. Exhumation pathways that bring samples below their
respective closure isotherms result in reset ages at the surface, which
are much younger than those of samples that did not pass below their
closure isotherm. Note that thermochronometers with lower closure
temperatures show a wider distribution of reset ages across the orogen,
with reset zones of higher-temperature thermochronometers nested
within
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lateral rock advection with spatial variations in erosion rates
was necessary to explain complex patterns of AFT data. Since
then, numerous studies have used thermochronologic data from
the Himalaya to reconstruct exhumation pathways across
individual structures and/or ramps with duplex structures (e.g.,
Robert et al. 2009, 2011; Herman et al. 2010; Landry et al.
2016; van der Beek et al. 2016).

19.2.2 Determining Exhumation Histories

Although obtaining a wide spatial distribution of cooling
ages is effective for evaluating the exhumational “state” of
an orogen, useful information can also be derived from more
spatially targeted sets of samples. In the following section,
we review various approaches to deriving exhumation his-
tories based on (i) multiple thermochronometers and
shorter-term erosion rate data, (ii) age-elevation transects,
and (iii) detrital thermochronology (see also Chap. 9,
Fitzgerald and Malusà 2018 and Chap. 10, Malusà and
Fitzgerald 2018b). It is important to keep in mind that
exhumation rates derived from thermochronology are not
measured directly (see Chap. 8, Malusà and Fitzgerald
2018a), but rather are inferred from cooling ages and an
assumed crustal thermal structure. As such, we discuss
several of the complications that can make it difficult to
derive accurate exhumation rates without the aid of thermal
modeling.

19.2.2.1 Exhumation Histories from Multiple
Thermochronometers

As argued in Sect. 19.2, topographic and exhumational
steady states are often presumed to be linked (Willett and
Brandon 2002). Hence, exhumation histories derived from
multiple thermochronometers have commonly been used to
test for topographic steady state. Studying the Smoky
Mountains (USA), Matmon et al. (2003) reconstructed an
exhumation history not only with low-temperature ther-
mochronometry, but also with cosmogenic nuclides and
sediment yields to demonstrate similar exhumation rates
over timescales of 108–102 years. This apparent longevity of
the topography of the range was suggested to result from a
thickened crustal root that has responded isostatically to
erosion for nearly 200 million years (Matmon et al. 2003).
However, even in the case of persistently steady exhumation
in post-orogenic settings, changes in topography may occur.
Within the Dabie Shan of eastern China, Reiners et al.
(2003b) used AFT, ZFT and apatite (U–Th)/He data
(AHe) to infer similar exhumation rates over the past
*115 million years, but the data were best predicted by
assuming a decay of topography over time. Braun and
Robert (2005) refined the estimates of relief loss to between
a factor of 2.5–4.5 since the cessation of tectonic activity.

In many other cases, exhumation histories spanning
millions of years reveal changes through time. Some of the
earliest studies of exhumation histories based on multiple
thermochronometers were used to infer uplift and the
development of topography in the European Alps (e.g.,
Wagner et al. 1977; Hurford 1986; Hurford et al. 1991) and
in the northwest Himalaya (e.g., Zeitler et al. 1982). How-
ever, linking an exhumation history to topographic devel-
opment is not always straightforward. As we will illustrate
below, even in the case of similar derived exhumation his-
tories, differing interpretations of paleotopography can
emerge.

Several studies have used exhumation histories from
multiple thermochronometers to infer multi-km-uplift of the
Tibetan plateau. In eastern Tibet, Kirby et al. (2002) used
biotite 40Ar/39Ar thermochronology, multiple diffusion-
domain modeling of alkali feldspar 40Ar release spectra,
and (U–Th)/He thermochronology of zircon (ZHe) and
apatite to construct cooling histories of two different study
areas, one within the Tibetan plateau interior, and another
at the eastern plateau margin adjacent to the Sichuan
Basin. The plateau margin site revealed very slow cooling
from Jurassic to the late Miocene or early Pliocene, fol-
lowed by rapid cooling. The plateau interior site, in con-
trast, showed relatively slow cooling throughout the same
period, with only a small increase in cooling rates starting
sometime within the middle Tertiary. Kirby et al. (2002)
suggested that the rapid cooling along the plateau margin
site was induced by the development of relief in that
area, implying that the high topography adjacent to the
Sichuan Basin was created in the late Miocene or early
Pliocene.

A similar approach was used by van der Beek et al. (2009)
in the northwest Himalaya to help determine the age and
origin of high elevation, low-relief surfaces characterising
that part of the orogen. By combining AFT with AHe and
ZHe thermochronology, they found that the Deosai plateau, a
low-relief surface at *4 km elevation east of Nanga Parbat,
had experienced relatively slow cooling since at least the
middle Eocene (*35 Ma), just 15–20 Myr after the onset of
India–Asia collision. They therefore inferred that the region
marks one of several remnants of a plateau region that had
already been uplifted by middle Eocene time. Rohrmann
et al. (2012) extended the multi-thermochronometer
approach into central Tibet, where they found moderate to
rapid cooling from Cretaceous to Eocene time, followed by
relatively slow cooling since *45 Ma. They suggested that
the early phase of rapid cooling was related to crustal
shortening, thickening, and erosion associated with
India-Asia collision, whereas the subsequent extended phase
of slow cooling represents the establishment of a high ele-
vation, low-relief plateau in the Eocene, in line with the
interpretations of van der Beek et al. (2009).
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Similar to the studies by van der Beek et al. (2009) and
Rohrmann et al. (2012), Hetzel et al. (2011) found evidence
for rapid cooling in south-central Tibet between *70 and
55 Ma followed by a phase of very slow cooling since
*50 Ma based on AFT, ZHe, and AHe data. However,
unlike the other interpretations, Hetzel et al. (2011) suggested
that the slow exhumation since *50 Ma represented a phase
of peneplanation from laterally migrating rivers at low ele-
vations, and that uplift must have occurred sometime later,
subsequent to India-Eurasia collision, without inducing any
faster exhumation. Highlighting the differing assumptions
that led to these very different interpretations, Rohrmann
et al. (2012) argued that low-relief surfaces can form at high
elevation, calling into question the suggestions of Hetzel
et al. (2011). The contrasting interpretations illustrate the
potential difficulty of inferring uplift and topographic
development from cooling (exhumation) histories alone (see
also Chap. 8, Malusà and Fitzgerald 2018a).

19.2.2.2 Exhumation Histories
from Age-Elevation Relationships

In regions of high topographic relief, steep elevation tran-
sects of bedrock samples can be used to derive exhumation
rates over a range of time defined by the age distribution of
the samples, with the slope of the line on an age-elevation
plot (for a single thermochronometer) reflecting, to a first
order, the exhumation rate. Wagner and Reimer (1972) and
Wagner et al. (1977) were the first to propose and apply this
approach to determine exhumation histories at several
locations within the European Alps. Assumptions inherent to
this approach include: (1) the sample’s elevation is an
accurate proxy for distance from the closure-temperature
(Tc) isotherm; (2) there are minimal differences in the ero-
sion rates across the horizontal distance of the samples; and
(3) the isotherm’s position has not changed over the time-
scale of exhumation (Reiners and Brandon 2006). The first
assumption is most problematic for low-temperature sys-
tems, because their associated Tc isotherms more closely
mimic topography compared to high-temperature systems
(Stüwe et al. 1994, Fig. 19.1a). Braun (2002a) noted that in
these cases, exhumation rates estimated directly from
age-elevation relationships will be overestimated, as the
change in elevation from one sample to the next is greater
than the change in the distance traveled from the Tc isotherm
(Fig. 19.1a, b). The second assumption may be valid in cases
where the horizontal distance between samples is minimal
(e.g., Braun 2002a; Valla et al. 2010), as will be discussed in
more detail in Sect. 19.3.1.2. The third assumption may be
reasonable for areas that have undergone exhumation at
constant rates.

Generally, the onset of faster exhumation will produce a
region over which slopes of the age-elevation relationship
change, because thermochronometers tend to exhibit a zone

over which daughter products (or fission tracks) are only
partially retained (or annealed) (Gleadow and Fitzgerald
1987; Baldwin and Lister 1998; Wolf et al. 1998). In the case
of AHe thermochronology, this “partial retention zone”
(PRZ) occurs between *40–80 °C for typical cooling rates,
with the exact bounds dependent on the chemical composi-
tion of the crystal, the cooling rate, and any accumulated
radiation damage that affects He diffusion (Reiners and
Brandon 2006). In the case of AFT thermochronology, tracks
that are created will be instantaneously annealed at temper-
atures above 110 °C, and slowly annealed within the “partial
annealing zone” (PAZ) between *60 and 110 °C (Reiners
and Brandon 2006), the exact temperatures again dependent
on apatite composition and cooling rate. Hence, even in the
case of a sudden increase in exhumation rates, age-elevation
relationships tend to show a curved or double-kinked zone,
with the zone of intermediate or changing slope representing
the width of the exhumed PAZ/PRZ (see Chap. 9, Fitzgerald
and Malusà 2018 for details).

Another complication to directly inferring exhumation
rates from age-elevation relationships arises because iso-
therms tend to be advected upward with the onset of faster
exhumation; hence, the onset of faster cooling (which
involves rocks crossing isotherms) will be delayed. Moore
and England (2001) showed that for a step-wise increase in
exhumation rates, the cooling ages will initially reflect a
gradual increase in exhumation rates. Reiners and Brandon
(2006) estimated the time required for each isotherm to reach
a steady position following the onset of faster exhumation:
for an increase in exhumation rate from 0 to 1 km/Myr, the
Tc isotherm for He diffusion in apatite slows to 10% of its
initial (advected) upward velocity after *2.4 Myr, while it
takes *7.5 Myr for the Tc isotherm of Ar in muscovite to
slow to 10% of its initial velocity.

Changes in relief can also affect age-elevation relation-
ships. Using synthetic data extracted from the finite-element
thermal-kinematic model Pecube (Braun 2003), Braun
(2002a) illustrated how increasing relief leads to a shallower
slope of the plot, whereas decreasing relief leads to a
steepening. In extreme cases, decreases in relief may even
result in an inverted slope, with ages decreasing with
increasing elevation (see Chap. 9, Fitzgerald and Malusà
2018). Although low-temperature thermochronometers are
most sensitive to changes in relief, Braun (2002a) illustrated
that age-elevation plots of all thermochronometers with Tc
below 300 °C are affected by it. A complication that follows
from these findings is that a change in slope in an
age-elevation relationship may result from a change in relief,
a change in exhumation rates, or both. In a synthetic mod-
eling study, Valla et al. (2010) investigated how well
changes in exhumation rates and landscape relief could be
quantified from age-elevation relationships. They illustrated
how multiple thermochronometers can be most effective in
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resolving both, but in the case of AHe and AFT data
(ages and track lengths), the rate of relief growth must be
2–3 times higher than the background exhumation rate in
order to be quantified and precisely resolved. This limitation
was illustrated with field data from La Meije Peak in the
western Alps, where a combination of ZFT, AFT and AHe
data was effective in constraining temporal changes in
exhumation rates but not the relief history, due to the
relatively high background denudation rates (van der Beek
et al. 2010).

These complications related to the PRZ/PAZ, thermal
response times, and changes in relief can make it very diffi-
cult to infer exhumation histories directly from age-elevation
relationships. It is only since the development of 1D thermal
models (Brandon et al. 1998; Ehlers et al. 2005; Reiners and
Brandon 2006), spectral analyses (Braun 2002b), 3D
thermal-kinematic models (Braun 2003), and linear inversion
approaches (Fox et al. 2014), which can take into account
many or all of these effects, that more accurate reconstruc-
tions of exhumation histories have been possible. However,
in a densely sampled transect of Denali in Alaska, Fitzgerald
et al. (1995) illustrated the power of combining AFT ages and
track-length distributions to derive an accurate exhumation
history without thermal modeling (see Chap. 9, Fitzgerald
and Malusà 2018). Because fission tracks are slowly
annealed (shortened) between*60 and 110 °C (in the PAZ),
but rapidly (instantaneously) annealed at temperatures above
110 °C, the pattern of track-length distributions can be used
to reconstruct the position of the exhumed base of the fossil
PAZ (110 °C isotherm). Indeed, in addition to finding a sharp
steepening in slope of the age-elevation relationship below
4500 m elevation (starting at *6 Ma), Fitzgerald et al.
(1995) found a change from a wide distribution of track
lengths above 4500 m (13.2 ± 2.4 lm), indicating relatively
slow cooling and annealing through the PAZ, to a narrow
distribution of long track lengths below 4500 m
(14.6 ± 1.4 lm), indicating rapid cooling through the PAZ
with minimal annealing. Hence, they identified the sharp
break in slope and change in track-length distributions as the
exhumed base of the fossil PAZ, which marked the 110 °C
isotherm prior to the onset of rapid uplift. By reconstructing
the current depth of the 110 °C isotherm based on an
assumed geothermal gradient and using independent (sedi-
mentary) constraints on the paleotopography, Fitzgerald et al.
(1995) were able to infer the total rock uplift, the amount of
surface uplift, as well as the amount of exhumation that
occurred since the start of rapid exhumation.

19.2.2.3 Detrital Sediment Lag-Times and Age
Distributions

Detrital material, either from modern river networks or from
sedimentary rocks, can also be used to constrain exhumation
rates across the contributing source area. One common

application is to convert the difference between cooling ages
and depositional ages (the “lag-time”) into an exhumation
rate (e.g., Brandon and Vance 1992; Brandon et al. 1998;
Garver et al. 1999). Assumptions underlying this approach
are discussed in Chap. 10 (Malusà and Fitzgerald 2018b).
Within a single detrital sample, however, there is a range of
ages, which record spatial variations in exhumation rates
across the contributing area and/or topographic relief, which
is typically characterized by increasing ages at higher ele-
vations even for uniform exhumation rates (Garver et al.
1999, Fig. 19.1e). As such, a maximum exhumation rate
may be determined for the youngest age population within a
sample, based on the Tc isotherm depth beneath the lowest
elevation point within the contributing area. In cases where
multiple samples from a stratigraphic section are available, it
is possible to evaluate how the lag-times, or exhumation
rates, evolve through time (see Chap. 15, Bernet 2018).
These patterns have been linked to the topographic evolution
of orogens, with decreasing lag-times representing orogenic
growth, stable lag-times representing steady state, and
increasing lag-times representing topographic decay (e.g.,
Bernet and Garver 2005).

In an early application to the European Alps, Bernet et al.
(2001) found that the ZFT grain-age distributions from a
stratigraphic section spanning the last 15 Myr showed con-
stant lag-times, suggesting steady-state exhumation since at
least 15 Ma. What remained unclear, however, was how
well the approach could resolve exhumation-rate changes
that might have occurred. In a more recent study from the
Western Alps, Glotzbach et al. (2011b) found constant AFT
lag-times since 10 Ma. From their sensitivity analysis based
on 3D thermal modeling with Pecube, they illustrated that
the data should have been capable of resolving a twofold
increase in exhumation rates at 5 Ma, but not an increase as
recent as 1 Ma.

In an alternative approach, Brewer et al. (2003) and Ruhl
and Hodges (2005) used the age distribution from a modern
detrital sample and measurements of modern catchment
relief to determine a catchment-averaged erosion rate in the
Nepalese Himalaya. In essence, they use the detrital data to
predict a vertical distribution of cooling ages. Both studies
point out the range of assumptions inherent to the approach,
including vertical exhumation pathways, steady and uniform
erosion over the Tc interval represented by the detrital ages,
and no change in catchment relief compared to the present.
This approach is also affected by the variable mineral fer-
tility in different source rocks, which is the variable
propensity of different parent rocks to yield detrital grains of
specific minerals when exposed to erosion (Malusà et al.
2016; see also Chap. 7, Malusà and Garzanti 2018). Brewer
et al. (2003) used a modeling approach to explore what
average erosion rate gives an age distribution most similar to
the catchment hypsometry and found that good matches
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could be obtained for a slowly eroding catchment. Poorer
results were obtained from a more rapidly eroding catch-
ment, which they suggested was a consequence of higher
uncertainties in the younger ages, the steeper age-elevation
relationship (leading to less spread in expected ages), and
non-uniform erosion rates. Ruhl and Hodges (2005) simply
divided the range of modern elevations by the range of ages
to determine an average erosion rate, but compared the age
distribution to the shape of catchment hypsometries as a
first-order test for the steady-state assumptions. Out of their
three studied catchments, only one showed similarity
between detrital age distribution and catchment hypsometry,
suggesting steady, uniform erosion over the age range of the
samples (between 11 and 2.5 Ma). For the others, Ruhl and
Hodges (2005) suggested that a single detrital sample was
unlikely to fully characterize the temporally and spatially
transient erosion of the source area.

More recent studies have incorporated significant
improvements in these approaches. For example, Brewer and
Burbank (2006) used a kinematic and thermal model to
better predict bedrock cooling ages along the Himalayan
front in central Nepal, where lateral rock advection is an
important component of exhumation pathways. Furthermore,
Avdeev et al. (2011) illustrated how Bayesian statistics and
the Markov chain Monte Carlo algorithm could be used to
invert for the timing of erosion-rate changes. When applying
this approach to single-grain AFT and AHe ages from large
rivers along the southeast margin of the Tibetan plateau,
Duvall et al. (2012) found that all the rivers recorded an
increase in exhumation rate between 11 and 4 Ma.

19.3 Relief Development and Modification
in Landscapes

Although testing for changes in exhumation rates in an
active orogen is one way to indirectly constrain paleoto-
pography or paleorelief, a number of novel approaches in
thermochronology have provided more direct constraints on
the timing and magnitude of relief change. Most of these
approaches take advantage of the tendency of near-surface
isotherms to mimic the shape of topography, with strong
changes in the shape of the isotherms resulting from changes
in surface morphology (Fig. 19.1) (Stüwe et al. 1994;
Mancktelow and Grasemann 1997). Because these effects
are strongest for isotherms that are closest to the surface,
most of these studies employ systems with very low Tc such
as AHe or 4He/3He thermochronometry. In the subsections
that follow, we explore a number of different approaches that
have been used to investigate changes in landscape relief in
various contexts: fluvial landscapes, glacial landscapes, and
along drainage divides. As these examples show, (very)
low-temperature thermochronology data have the potential

to constrain models of landscape evolution when collected
using a targeted sampling strategy. However, careful con-
sideration of all possible scenarios as well as the detailed
kinetic behavior of the samples is required to discriminate
among competing models.

19.3.1 Relief Changes in Fluvial Landscapes

The timing and magnitude of km-scale river-valley incision
can provide critical information on the influence of climatic
or tectonic forcing on a landscape, or may alternatively
record a major change in a river network, such as a large
capture event. In the following examples, we highlight
various approaches that have successfully constrained the
relief history of fluvial landscapes, individual valleys, or
individual reaches of a river channel.

19.3.1.1 Landscape Relief Derived
from Sub-horizontal Transects

One of the earliest applications of a single ther-
mochronometer to constrain both the magnitude and age of
topographic relief within a fluvially sculpted landscape is the
work by House et al. (1997, 1998, 2001) in the Sierra
Nevada, California. In their approach, samples were col-
lected at a similar elevation along the full length of the range
(similar to the sampling approach illustrated in Fig. 19.1c),
with the presumption that variations in age would reflect
deflection of the Tc isotherm at the time the samples passed
through it, and hence, paleorelief. AHe ages across the
northern sector of the Sierra Nevada (the Kings and San
Joaquin river valleys) ranged from *40 to *70 Ma and,
interestingly, showed a pattern of ages that varied inversely
with the long-wavelength topography of the range: older
ages occurred across the broad valleys and younger ages
occurred around the peaks. Accordingly, House et al. (1997,
1998, 2001) inferred that km-scale topographic relief must
have existed at *70–40 Ma.

While the existence of significant paleorelief was well
demonstrated with the AHe data of House et al. (1998,
2001), later work has modified some details of the original
interpretations. Braun (2002b) found from a spectral analysis
of the available data that relief has decreased by at least
*50% since the end of the 70–80 Ma Laramide Orogeny,
although he noted that the data points were not ideally
spaced for an accurate reconstruction of relief. In contrast,
Clark et al. (2005a) suggested a paleo-range crest elevation
of only *1.5 km during the Late Cretaceous (i.e., less than
today’s *4 km crest elevation), which they justified by
noting that river profiles, as well as increased river incision
rates between 2.7 and 1.4 Ma (Stock et al. 2004), indicate
two periods of renewed uplift and relief generation since
*32 Ma. In a more detailed interpretation of the
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thermochronology data using Pecube thermal-kinematic
modeling, McPhillips and Brandon (2012) suggested an
alternative interpretation that potentially resolves the debate:
Their results indicate that relief and elevations were likely
high in the Late Cretaceous, decreased throughout the
Paleogene, and then increased again during the Neogene.
This work nicely illustrates that while direct investigations
into relief development may provide better constraints on
paleotopography, thermal modeling is often needed to
explore the full range of possible interpretations.

19.3.1.2 Canyon Incision
On a more local scale, numerous approaches have been used
to determine the incision history of an individual canyon,
including dating volcanic flows and travertine deposits (e.g.,
Pederson et al. 2002; Thouret et al. 2007; Karlstrom et al.
2007; Montero-López et al. 2014), cave fluvial sediments
(e.g., Stock et al. 2004; Haeuselmann et al. 2007), and car-
bonate deposits (e.g., Polyak et al. 2008), or by investigating
changes in sedimentology (e.g., Blackwelder 1934; Lucchitta
1972; Wernicke 2011). Volcanic flows are useful geomor-
phic markers, but their ages provide only a minimum con-
straint on the time that a canyon was carved to the depth at
which the flow is preserved; the relief may have been carved
earlier, and the flow itself may not have reached the lowest
elevations of the canyon. Cave deposits stranded along the
banks of an incising river are mainly limited by the require-
ment that one must have a clear understanding of the
hydrology (and paleo-hydrology) of the area to accurately
relate the end of carbonate or fluvial-sediment deposition to
river incision (e.g., Polyak et al. 2008; Karlstrom et al. 2008).
Finally, sedimentology can be very effective for revealing
changes in provenance and potentially changes in river flow
regime, which could record capture events or incision in
some cases (e.g., Wernicke 2011), but does not allow for
direct reconstructions of incision magnitudes or rates.

Low-temperature thermochronology has provided an
effective alternative (or complementary) approach in several
areas. In principle, km-scale valley incision will locally
depress near-surface isotherms, which can be recorded as
localised, rapid cooling from low-temperature ther-
mochronology (Schildgen et al. 2007, Fig. 19.3a). The ear-
liest application of this approach was in Eastern Tibet, where
rivers have incised more than 2 km beneath a low-relief
regional surface (Fig. 19.3b). Clark et al. (2005b) compiled
AHe data from several short elevation transects and inter-
preted the incision history after plotting the cooling ages
versus depth beneath the regional surface. This approach is
preferable to plotting all the samples on an age-elevation
plot, because considering their broad spatial distribution, the
shape of the Tc isotherm on a regional scale is best repre-
sented by the long-wavelength topography, i.e., the regional
low-relief surface. Distance from the low-relief surface

therefore provides a better proxy for distance from the Tc
isotherm compared to elevation, which inherently assumes
that the isotherm is horizontal. Building on this work, AHe
and ZHe data from the Dadu, Yalong, and upper Yangtze
rivers along the Eastern Tibet margin were shown by Ouimet
et al. (2010) to all reveal relatively rapid incision since
between *10 and 15 Ma, with variations in the onset sug-
gested to be related to local upper-crustal deformation pat-
terns superimposed on long-wavelength, epeirogenic uplift
(Fig. 19.3b). Yang et al. (2016) found similar pulses of
incision at or after *6 Ma in the Mekong and Salween
rivers farther to the southwest (Fig. 19.3b). They suggested
that spatiotemporal variations in erosion histories, and par-
ticularly the northward temporal progression of maximum
erosion rates along the Salween river, could be related to
deformation associated with the northward migration of the
corner of the Indian continent.

A similar approach was taken in southern Peru to con-
strain the incision history of the Cotahuasi-Ocoña canyon
across the western margin of the central Andean plateau
(Schildgen et al. 2007, 2009). In this case, plotting samples
on a plot of age versus depth below a preexisting low-relief
surface was critical, because the samples were collected over
a very limited elevation range along a valley bottom, but
over a large range of depths beneath the regional low-relief
surface (Schildgen et al. 2007). Indeed, samples that were
collected later from elevation transects up the canyon walls
revealed a similar pattern as the valley-bottom transect on an
age-depth plot (Schildgen et al. 2009). Three-dimensional
thermal-kinematic modeling pointed to an onset of incision
between *8.5 and 11 Ma (Schildgen et al. 2009).

The Grand Canyon of the Colorado River has been
another main target of river-incision studies based on ther-
mochronology. Flowers et al. (2008) used AHe data from
both plateau-surface and canyon-interior samples to try to
distinguish between regional unroofing and canyon incision
events. At the eastern end of the Grand Canyon, cooling
ages ranging from *25 to 20 Ma argued for a Late Ceno-
zoic (post-6 Ma) phase of canyon incision below the modern
plateau surface (Flowers et al. 2008). However, Early
Cenozoic thermal histories from samples separated by
1500 m of elevation and stratigraphic position in the same
area are very similar. This finding implies that there must
have been km-scale relief at that time, most likely carved
into units that have since been removed through regional
unroofing; otherwise, the deeper samples would have
experienced higher temperatures compared to the shallower
samples (Flowers et al. 2008). Later analyses using apatite
4He/3He thermochronology on canyon samples corroborated
this multi-phase cooling history of the eastern Grand Can-
yon, which contrasts with the evidence for a single-phase,
Laramide cooling history of most (70–80%) of the western
Grand Canyon (Flowers and Farley 2012). Earlier AFT
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studies from both the western outlet of the Grand Canyon
(Fitzgerald et al. 2009) and along the eastern end of the
canyon near Grand Canyon Village (Dumitru et al. 1994)
also found evidence for rapid Laramide cooling. Nonethe-
less, the proposed Laramide incision of most of the western
Grand Canyon was met with controversy. Fox and Shuster
(2014) pointed out that with the uncertainties concerning
how burial reheating affects the diffusion kinetics of He in
apatite, it was not possible to use the data of Flowers and
Farley (2012) to distinguish between the different incision
scenarios. Others had argued that most of the incision in the
western canyon occurred much later: Evidence pointing to
post-6 Ma incision included dated volcanic flows, other
thermochronology data, and the lack of Grand Canyon
sediments found at its western outlet prior to 6 Ma
(Karlstrom et al. 2008). But it is important to keep in mind
that the high incision rates inferred from volcanic flows and
speleothems represent maximum incision rates, and the lack
of sediments to the west prior to 6 Ma could be explained by
drainage reversal (from east- to west-flowing) at *6 Ma
(Wernicke 2011). While the idea of some Laramide paleo-
relief in the region appears to be well established, the canyon
may only have become fully integrated and comparable to
the modern system in the last 5–6 Ma (Karlstrom et al.
2014). Although the interpretations appear to be converging

on a story of geomorphologic evolution that is consistent
with the available data, the controversy surrounding this
problem illustrates the importance of appreciating the limits
to each approach of constraining the evolution of landscape
relief.

19.3.1.3 Knickpoint Migration
When attempting to interpret river-incision data in the con-
text of external forcing, it is important to consider potential
lags in the onset of incision. In a simple case of a regional
tilting of the landscape, the entire length of a river may start
to incise at a similar time, close to the timing of tilting
(Fig. 19.4a Scenario 1) (e.g., Braun et al. 2014). However,
following a uniform increase in uplift rates or a drop in base
level, a river may not immediately start incising along its full
length. Instead, incision will initiate at its downstream end
and propagate upward through time, with a knickpoint
separating the lower, incised reach from the upper, relict
reach (Whipple and Tucker 1999, Fig. 19.4a Scenario 2).
Bedrock river terraces can be useful for reconstructing river
incision (e.g., Burbank et al. 1996) and potentially knick-
point migration (Harkins et al. 2007), but when considering
km-scale incision waves or incision histories spanning mil-
lions of years, low-temperature thermochronology may
provide more insights.

(a) (b)

Fig. 19.3 Thermochronologic approach to constraining canyon inci-
sion history. a Schematic illustration of changes in topography, position
of the Tc isotherm of the AHe system (70 °C), and development of a
rapidly cooled zone beneath a canyon (shaded). Cartoon illustrates a
scenario in which moderate relief exists prior to 10 Ma, the onset of
rapid incision is at 10 Ma, and continues to the present (modified from

Schildgen et al. 2007, reproduced with permission from the Geological
Society of America). b Timing of the onset of rapid incision for rivers
at various sites throughout eastern Tibet, based on thermochronometric
data and modeling from Clark et al. (2005b), Ouimet et al. (2010), and
Yang et al. (2016). Extent of (b) is outlined with red box in the inset
map. SB: Sichuan Basin
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Apatite 4He/3He thermochronometry is a promising
technique for this particular application, due to its ability to
resolve cooling histories at and below the He Tc (Shuster and
Farley 2004, 2005). Schildgen et al. (2010) derived cooling
histories from inverse modeling of apatite 4He/3He data for
four different samples along the length of the canyon, in
order to decipher the onset of rapid cooling in each sample.
A comparison of the time-temperature paths illustrated the
time-transgressive nature of the onset of rapid cooling;
downstream samples showed a 1–2 Myr earlier onset of
cooling compared to upstream samples, which likely repre-
sents the upstream migration of a major knickpoint
(Schildgen et al. 2010, Fig. 19.4b).

19.3.2 Relief Changes in Glacial Landscapes

Glacial erosion of river valleys represents a special case of
relief development. Due to the localised erosion along the
lower flanks of the valley during this type of relief modifi-
cation (from V- to U-shaped valley morphology, Fig. 19.5a),
both spatial and temporal changes in erosion rates would be
expected. However, these changes may only be resolvable
with the lowest-temperature thermochronometers.

In the extensively glaciated Coast Mountains of British
Columbia, Shuster et al. (2005) used apatite 4He/3He ther-
mochronometry to resolve the onset of incision-related
cooling in a steep transect of samples along a valley wall.
Not only did all of the samples reveal increased cooling
rates at *1.8 Ma, but the highest sample revealed an onset
of cooling that slightly predated the lower-elevation sam-
ples, illustrating the progressive nature of valley deepening.
Furthermore, because a sample on the east side of the
valley revealed a later onset of cooling compared to a
sample at similar elevation on the west side, Shuster et al.
(2005) inferred that valley widening had proceeded toward
the east. In the same region, Ehlers et al. (2006) used AHe
data to illustrate that the increase in exhumation appears to
have extended over a wide region, with an apparent shift in
the position of a major topographic divide due to wide-
spread glacial erosion that overtopped and eroded
ridgelines.

In a slightly different approach in the western Alps,
Glotzbach et al. (2011a) applied inverse numerical
thermal-kinematic modeling to a dense set of AFT and AHe
data across and through (via a tunnel) the Mont Blanc
massif. From initial 3D thermo-kinematic modeling, in
which they assumed no change in relief, they found that
following a period of relatively slow exhumation, the data
were most consistent with a phase of rapid exhumation
starting at *1.7 Ma. However, that scenario did not effec-
tively predict ages from the tunnel samples. A second sce-
nario, which was consistent with both the tunnel and the

(a)

(b)

Fig. 19.4 Knickpoint propagation in the Cotahuasi Canyon (south-
west Peru) from apatite 4He/3He thermochronometry (Schildgen et al.
2010, reproduced with permission from Elsevier). a Schematic illus-
tration of how the river profile may evolve through time following
surface uplift, either through a uniform onset of incision following
monoclinal warping (Scenario 1) or upstream propagation of a
knickpoint following block uplift (Scenario 2). b Temperature–time
paths that provide good fits to 4He/3He data (see Schildgen et al. 2010
for details) illustrate the time-transgressive nature of the onset of rapid
cooling for different samples collected along the valley bottom,
indicating that Scenario 2 is more likely
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surface samples, included an increase in relief due to valley
deepening at *0.9 Ma, most likely related to Alpine
glaciations. AHe and 4He/3He data from the Rhône Valley in
Switzerland combined with thermal-kinematic modeling
revealed a similar pattern with even greater detail, indicating
*1–1.5 km deepening of the glacial U-shaped valley
starting at *1 Ma (Valla et al. 2011), representing an
approximate doubling of valley relief since that time. The
*1 Ma timing of glacial valley incision in the Alps is
consistent with independent sedimentary and cosmogenic-
isotope data (Muttoni et al. 2003; Haeuselmann et al. 2007)
and suggests that glacial erosion only became an efficient
relief-transforming agent after the mid-Pleistocene climatic
transition.

In some cases, valley widening might be detectable from
age-elevation transects alone. Within the Coast Ranges of
British Columbia, low-temperature thermochronometers
have revealed steepened (Densmore et al. 2007) or even
hooked (Olen et al. 2012) patterns on age-elevation plots,
with age minima occurring near the base of the valley due to
focused erosion at the lower flanks (Fig. 19.5a, b). In
Fig. 19.5a, this pattern can be understood by comparing the

“modern topography” to the “Paleo 70 °C” isotherm.
The shortest distance between the isotherm and the modern
topography, and hence, the youngest cooling ages, are found
near the edges of the flattened valley bottom. Densmore
et al. (2007) found that both temporal and spatial variations
in erosion rates were needed to explain the pattern of ther-
mochronometer ages in their elevation profile, but, in the
absence of landscape evolution modeling, they could only
qualitatively constrain the changes in relief that have
occurred.

In an AHe and 4He/3He data set from Fiordland, New
Zealand, Shuster et al. (2011) found a series of age-elevation
relationships that display distinctly hooked patterns, i.e.,
showing a change from a positive slope higher on the valley
walls to a negative slope near the base (e.g., Figure 19.5b).
Using Pecube to model these data, they found that best fits to
their data were achieved by models that included headward
migration of km-scale topographic steps, interpreted to be
facilitated by sliding-rate-dependent erosion at the base of
the glaciers that carved out the landscape. Another possi-
bility, which was not considered, is that valley widening
produced or at least contributed to the distinct age-elevation

(a) (b)

(d)(c)

Fig. 19.5 Age-elevation transects in areas of changing relief modified from Olen et al. (2012). a Schematic illustration of changes in topography
and position of the AHe Tc isotherm associated with increasing valley width, particularly a change from a V- to U-shaped valley. b Associated
age-elevation transect along slope 1. c Illustration of changes in topography and position of the Tc isotherm associated with a lateral shift in
topography, such as would be associated with asymmetric precipitation. d Associated age-elevation transect from the wetter (2) and drier (3) sides
of the range
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patterns. Although additional modeling is required to test if
both scenarios are plausible, this example highlights the
potential for non-unique interpretations of thermochrono-
logical data, particularly in the case of changing landscape
relief.

19.3.3 Range-Divide Migration

In areas of asymmetric precipitation across a mountain
range, a situation commonly encountered where the range
strikes perpendicular to oncoming winds, both numerical
(Beaumont et al. 1992; Roe et al. 2003; Anders et al. 2008)
and analog (Bonnet 2009) models predict a progressive
migration of the drainage divide toward the drier side of the
range. In the case of spatially uniform uplift, steepening of
the dry-side slopes and lowering of the wet-side slopes over
the course of divide migration may eventually lead to a
balance in erosion rates on both sides of the range, resulting
in steady, asymmetric topography (Roe et al. 2003). Where a
horizontal component to rock advection occurs, drainage
divides will also tend to migrate in the direction of tectonic
motion (Beaumont et al. 1992; Willett 1999; Willett et al.
2001) (Fig. 19.2). Exhumational and topographic steady
state may eventually be reached, with faster tectonic defor-
mation and exhumation occurring on the wetter, or

retrowedge (non-accreting), side (Willett 1999; Willett et al.
2001). In the former case (uniform uplift), topographic
steady state will be characterized by symmetric cooling ages
across the range, whereas in the latter case (with a horizontal
component to uplift), topographic steady state will be char-
acterized by asymmetric ages across the range.

However, if asymmetric ages across the range are found,
the interpretation may be non-unique. Rather than reflecting
a coupling between tectonic deformation and climate/erosion
under steady-state topographic conditions, an asymmetric
pattern of ages could reflect spatially uniform uplift with a
migrating drainage divide. As Olen et al. (2012) illustrated in
their modeling study, under spatially uniform uplift and
asymmetric erosion, the retreating (wet) side, which erodes
into the landscape faster during divide migration, is expected
to yield younger ages compared to samples at a similar
elevations on the advancing (drier) and more slowly eroding
side (Fig. 19.5c, d). Moreover, the pattern of ages on the wet
side (transect “a” in Fig. 19.5d) could mistakenly be inter-
preted to show an increase in exhumation rates due to the
steepening of the age-elevation relationship at lower
elevations.

Within the Washington Cascades (Northwestern USA,
Fig. 19.6a), Reiners et al. (2003a) suggested that a spatial
coincidence between peak orographic precipitation and
fastest exhumation from AHe data on the western flank of the

(a) (c)

(b) (d)

Fig. 19.6 Thermochronometric data from the Washington cascades
(USA) collected over a range of mean annual precipitation values.
a Overview of Cascades; red box outlines region shown in (b).
b Sample locations colored by AHe age on digital elevation model.
Samples from the Skagit Gorge (SG) elevation profile are from a wetter
region on the western side of the paleo-drainage divide compared to
samples from the Ross Lake (RL) profile, which is on the eastern side

of the paleo-divide. c Swath profile (location shown with white brackets
in (a) shows mean, minimum, and maximum topography along the
swath, and mean annual precipitation. Note the consistently younger
ages on the wetter (west) side of the paleo-drainage divide, both in map
view and in the age-elevation plot d of the two sample profiles. E is the
exhumation rate. (b–d) modified from Simon-Labric et al. (2014),
reproduced with permission from the Geological Society of America
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range pointed to a strong coupling between climate and
erosion. They noted that if topography is at or near steady
state, the data would argue also for a coupling among climate,
erosion, and tectonic deformation. However, denudation
rates derived from cosmogenic 10Be, which average over the
past several millennia, are about four times higher than the
million-year timescales, implying that the topography is not
in steady state (Moon et al. 2011). A study by Simon-Labric
et al. (2014) also emphasised the transient nature of topog-
raphy in the area: the existence of wind gaps, drainage basins
oriented parallel to the crest of the divide, and peaks in
topography that are offset from the drainage divide point to a
relatively recent reorganisation of the drainage system. Also,
Simon-Labric et al. (2014) highlighted how AHe data reveal
a pattern consistent with progressive divide migration:
age-elevation plots show similar slopes, but ages are con-
sistently younger on the wetter side at a given elevation
compared to the drier side (Fig. 19.6b–d). Their study illus-
trates the importance of independent geomorphic interpreta-
tions of the landscape in cases where the interpretation of
thermochronology data may be non-unique.

19.4 Summary

Thermochronology has proven to be a valuable tool in
geomorphological studies for the past several decades. With
the advent of thermal-kinematic modeling and
high-resolution low-temperature thermochronology systems,
we have moved from indirectly inferring paleotopography
and relief development toward more precise and quantitative
constraints on landscape morphology. Interpretations of
thermochronological data, including age-elevation relation-
ships, can be greatly improved with the incorporation of
thermal-kinematic modeling, which can help to disentangle
the influence of partial retention/annealing zones, transient
motion of isotherms following a change in exhumation rate,
and potentially also changes in relief versus changes in
exhumation rates, on age patterns. The development of very
low-temperature thermochronometers such as AHe and
apatite 4He/3He is vital in providing the resolution necessary
to quantify changes in relief and effectively distinguish them
from changes in exhumation rates.

Detrital thermochronology has proven to be effective for
characterising erosion rates, particularly when focusing on
interpreting lag-times (the time lapse between the cooling
age and depositional age). However, with respect to
detecting relief changes, this approach has been hindered by
insufficient characterization of complex (e.g., variable
lithology, non-uniform erosion rates) source areas. As such,
it seems to hold less potential for studying long-term chan-
ges in landscape relief, particularly for large, heterogenous
catchments.

Finally, thermochronology data alone may be insufficient
to resolve all types of changes in landscape relief. In the case
of both valley widening and range-divide migration, steep-
ened patterns at the base of age-elevation transects will
result. Hence, a single transect of thermochronological data
may be insufficient to distinguish valley widening or
range-divide migration from an increase in regional
exhumation rates. In such examples of major changes in
landscape relief, multiple sets of sample transects coupled
with geomorphological field observations will be crucial for
deciphering the details of landscape evolution.
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20Fission-Track Thermochronology Applied
to the Evolution of Passive Continental
Margins

Mark Wildman, Nathan Cogné and Romain Beucher

Abstract
Passive continental margins (PCMs) form at divergent
plate boundaries in response to continental breakup and
subsequent formation of new oceanic basins. The onshore
topography of PCMs is a key component to understand
the evolution of extensional settings. The classic nomen-
clature of PCMs is derived from early investigations that
suggested apparent tectonic stability after the initial phase
of rifting and breakup. However, geological and geomor-
phic diversity of PCMs requires more complex models of
rift and post-rift evolution. Fission-track (FT) ther-
mochronology provides appropriate tools to decipher
the long-term development of PCM topography and better
resolve the spatial and temporal relationships between
continental erosion and sediment accumulation in adja-
cent offshore basins. FT datasets have revealed complex
spatial and temporal denudation histories across some
PCMs and have shown that several kilometres of material
may be removed from the onshore margin following
rifting. Combining these data with geological and
geomorphological observations, and with predictions
from numerical modelling, suggests that PCMs may have
experienced significant post-rift activity. Case histories
illustrated in this chapter include the PCM of southeastern
Africa and the conjugate PCMs of the North and South
Atlantic.

20.1 Introduction

Fragmentation of continents involves a sequence of intra-
continental rifting, breakup and sea-floor spreading, with the
fringes of new continents referred to as passive continental
margins (PCMs) (Fig. 20.1, Péron-Pinvidic et al. 2013).
A large number of PCMs are associated with major hydro-
carbon provinces and/or important mineral deposits (e.g.
Campos Basin, Gabon and Angola shelves, Niger and
Mississippi deltas) and have been widely documented by the
oil industry (Katz and Mello 2000; Groves and Bierlin
2007). Kilometre-thick sedimentary basins adjacent to PCMs
imply a direct link between the onshore and offshore
domains (Whittaker et al. 2013). The onshore topography
and landscape morphology control the production and
transfer of material into the basins and have a critical role in
the development of the entire margin. However, due to
margin uplift and the destructive nature of erosion, the
onshore stratigraphic record of the early stages of PCM
development is generally not preserved.

Low-temperature thermochronology techniques, particu-
larly apatite fission-track (AFT) and (U–Th)/He (AHe)
analyses, provide constraints on the thermal history of rocks
as they are exhumed towards the Earth’s surface (e.g. Gal-
lagher et al. 1998; Gleadow et al. 2002). These techniques
have been successfully applied to constrain denudation his-
tories across PCMs, complementing the information derived
from the offshore sedimentary record, and providing inde-
pendent constraints for the validation of conceptual and
numerical models of PCM evolution (see Braun 2018, for
review). This chapter presents an overview of the modern
perspectives and debates surrounding PCM evolution and
explores the framework in which FT analysis and other
low-temperature thermochronology methods can be used to
shed light on the structural complexity and geomorpholog-
ical evolution of PCMs.
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20.2 Geodynamics and Geomorphology
of PCMs

20.2.1 Topography of PCMs

PCMs form through stretching and thinning of the litho-
sphere in response to an extensional stress field (see Watts
2012 for a review). The onshore regions of PCMs display a
wide range of landscape morphologies (Fig. 20.1).
High-elevation passive margins (e.g. southeastern Brazil,
southwestern Africa, western India) are characterised by a
low-lying coastal strip, extending *50–200 km landward,
separated from an elevated plateau by a major,
seaward-facing escarpment (e.g. Summerfield 1991). The
coastal strip and elevated plateau may be characterised by a
low-to-moderate relief, often with a gentle upwarping of the
plateau towards the escarpment lip (Gilchrist and Summer-
field 1990). The escarpment (or escarpment zone) is

characterised by high relief and steep hillslopes (Brown et al.
2002; van der Beek et al. 2002; Persano et al. 2005).
Low-elevation PCMs typically exhibit low-relief coastal
plains where elevation gain is modest (few hundred metres)
over several hundreds of kilometres away from the coast
(e.g. central southern Australia, eastern Argentina and cen-
tral western Africa). The creation and preservation of ele-
vated topography at PCMs are controlled by pre- and
post-breakup thermal, tectonic and surface processes. It is
the relative importance of these processes over time that
determines the evolution of the onshore region.

20.2.2 Styles of Lithospheric Breakup

Geodynamic models of rifting and lithospheric breakup have
advanced from models assuming pure shear and uniform
extension through the entire lithosphere (McKenzie 1978),
to more complex models involving simple shear (Wernicke
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1985; Lister et al. 1986) and a major role played by litho-
spheric rheology and mantle convection (e.g. Braun and
Beaumont 1989; Keen and Boutilier 1995; Kusznir and
Karner 2007; Huismans and Beaumont 2011). A conse-
quence of depth-dependant extension controlled by a layered
lithospheric rheology is that asymmetric patterns of uplift
and subsidence, magmatism and deformation are observed
across conjugate margins (Lemoine et al. 1986; Pér-
on-Pinvidic and Manatschal 2009; Malusà et al. 2015).
The isostatic response to lithospheric necking and defor-
mation in the upper and lower crust can cause subsidence
(for shallow crustal necking) or regional flexural uplift (for
subcrustal necking) (Braun and Beaumont 1989). Flexural
uplift of footwall blocks may also occur during the syn-rift
phase because of tectonic unloading (Kusznir et al. 1991).

20.2.3 Conceptual Models of PCM Evolution

While geodynamic models have validated several possible
mechanisms for creating uplift at rift flanks, one of the
challenges has been producing and maintaining
high-elevation topography several hundreds of kilometres
away from the main rift zone, as observed in many PCMs
worldwide (Weissel and Karner 1989; Gilchrist and Sum-
merfield 1990). This issue has been addressed by surface
process models that investigate the influence of lithology,
climate and isostasy on the evolution and preservation of
high-elevation rift flank escarpments over 10–100 Myr
timescales (e.g. Kooi and Beaumont 1994; Gilchrist et al.
1994; Tucker and Slingerland 1994; van der Beek et al.
2002; Sacek et al. 2012).

Early work suggested that the step-like topography of
many PCMs, characterised by low-relief surfaces and steep
escarpments (e.g. southern Africa and southeastern Aus-
tralia), was the result of parallel escarpment retreat. This
process would involve river incision to a base level fol-
lowing some form of regional uplift, to generate broad,
low-angle, concave surfaces (King 1962). However, surface
process models have highlighted the importance of isostatic
rebound in causing gradual surface uplift in concert
with erosion. Numerical models combined with
thermochronology-derived denudation estimates have shown
that models involving a downwarped pre-rift basal uncon-
formity (case (i) in Fig. 20.2) and escarpment retreats into an
upland plateau were not likely scenarios (e.g. Ollier and Pain
1997; Seidl et al. 1996). The apparent downwarped mor-
phology across some rift shoulders (e.g. southern Oman) has
been attributed to lithospheric flexure during post-rift ero-
sion and deposition offshore (Gunnell et al. 2007). Alter-
natives to the downwarp scenario require the initial
escarpment to form through long-wavelength upwarping or
at a syn-rift normal fault. The flexural isostatic response to

initial rifting and later to onshore denudation and offshore
sedimentation causes upwarping of the plateau inland of the
escarpment drainage divide, while fluvial erosion and the
existing drainage network control the evolution, morphology
and persistence of marginal escarpments over time (Braun
2018). The escarpment retreat model (case (ii) in Fig. 20.2)
predicts that escarpments originally at the coast propagate
towards their inland present-day location by fluvial erosion
until the inland catchment areas are captured (Kooi and
Beaumont 1994; Weissel and Seidl 1998; Braun 2018). The
plateau downwearing (or degradation) scenario (case (iii) in
Fig. 20.2) considers an existing pre-rift drainage divide on
an elevated landscape and predicts rapid erosion of the area
between the coastline and the inner divide leading to the
formation of an escarpment at the position of the divide
(Gallagher and Brown 1999). In this scenario, the escarp-
ment is established close to its present-day position rela-
tively quickly after breakup (tens of millions years) and
retreats slowly thereafter (Kooi and Beaumont 1994; van der
Beek et al. 2002; Cockburn et al. 2000; Persano et al. 2005;
Braun 2018).

20.2.4 The Role of Deep Processes and Tectonic
Inheritance

A major control on the post-rift development of rift flank
topography and adjacent sedimentary basins is the coupling
between surface processes and flexure of the lithosphere in
response to onshore denudational unloading and offshore
sediment loading (Burov and Cloetingh 1997; Rouby et al.
2013). The coupling between mantle convection, plate
stresses and the strength of the lithosphere may drive tec-
tonic uplift over short (10–100 km) and long (100–
1000 km) wavelengths (Cloetingh et al. 2008), with tran-
sient uplift phases possibly controlled by small-scale mantle
convection (Moucha et al. 2008; Sacek 2017).

The reactivation of pre-existing structures is very
important for the localisation of the main rift zone and may
also influence post-rift deformation (Ziegler and Cloetingh
2004). Redfield and Osmundsen (2013) propose that geo-
metric relationships exist between gradients in crustal
thickness, drainage networks, elevated topography and
brittle structures across a margin. Redistribution of sediment
through erosion and deposition across thinned crustal sec-
tions can lead to flexural uplift of the margin and may induce
lateral stresses triggering fault reactivation and footwall
uplift (e.g. Redfield et al. 2005; Redfield and Osmundsen
2013). Changes in intraplate stress triggering deformation
may occur due to changes in regional plate movements (e.g.
Torsvik et al. 2009; Pérez-Díaz and Eagles 2014) and by
lithospheric resistance to plate rotation (e.g. Bird et al. 2006)
triggering fault reactivation. Uplift over hot upwelling
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mantle plumes can introduce additional stresses that can
potentially propagate through pre-existing lithospheric
structures (e.g. Burov and Gerya 2014; Koptev et al. 2017).

20.2.5 Dynamic Geomorphology Models Versus
Polycyclic Landscape Evolution Models

In the context of creating and preserving PCM topography,
models of polycyclic landscape evolution (see Green et al.
2013; Lidmar-Bergström et al. 2013 for reviews) provide
an alternative to dynamic geomorphology models where

erosion and the flexural isostatic response to unloading can
explain the major topographic features observed at PCMs
(Bishop 2007). Polycyclic landscape evolution models typ-
ically involve cycles of uplift and erosion to form regional
peneplains—low-relief erosion surfaces worn to a distinct
and common base level (e.g. sea level) (Phillips 2002).
However, the tectonic implications that follow from this
concept have been fervently debated (e.g. Phillips 2002; van
der Beek et al. 2002; Nielsen et al. 2009; Green et al. 2013;
Lidmar-Bergström et al. 2013). The polycyclic landscape
evolution approach involves correlating regional planation
surfaces based on their form, weathering profile, spatial
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relationship with other planation surfaces and additional
geological constraints (Green et al. 2013). Correlating these
surfaces assumes that they once formed a single planation
surface at low elevations. If these surfaces are subsequently
uplifted and dissected by incising rivers, the remnant sur-
faces (i.e. their present-day form) can be correlated based on
their topographic concordance or similar weathering profiles
(e.g. Partridge and Maud 1987; Ollier and Pain 1997; Burke
and Gunnell 2008; Japsen et al. 2012a; Green et al. 2013;
Lidmar-Bergström et al. 2013). However, the use of erosion
surfaces to infer cyclic episodes of uplift and erosion is
fraught with uncertainties concerning, for example, the ini-
tial correlation of remnant surfaces (Summerfield 1985; van
der Beek et al. 2002; Burke and Gunnell 2008), and the more
fundamental issue of whether it is plausible that an evolving
landscape is permitted the time and tectonic stability to
become a peneplain (e.g. Phillips 2002). Alternative expla-
nations for the formation of low-relief surfaces have been
proposed, such as etchplanation, lateral stream erosion, local
drainage variations controlled by lithology and/or structure
and glacial erosion in glaciated regions (Pavich 1989;
Summerfield 1991; Mitchell and Montgomery 2006; Steer
et al. 2012; Gunnell and Harbor 2010; Yang et al. 2015).

20.3 The Application of FT
Thermochronology to PCMs

20.3.1 Sampling Strategies for FT Analysis

Numerical models of PCM landscape evolution imply major
erosion along the rift flanks and less erosion further inland.
The total amount of erosion and the rate and style of
escarpment retreat depends on the pre-rift topography,
amount of flexural isostatic rift flank uplift, with additional
controls on the topographic evolution exerted by lithology
and climate (Gilchrist et al. 1994; Braun 2018). Transects
comprising of AFT age and mean track length (MTL) data,
running inland perpendicular to the coastline through the
escarpment to the continental interior, and combined with
coast-parallel sampling, should provide information on the
regional thermal evolution of a PCM (Braun and van der
Beek 2004). Results of FT analysis can be interpreted
alongside predictions of erosion made by numerical land-
scape evolution models to better understand the large-scale
processes that produce the first-order topographic features of
a PCM.

In addition to a regional sampling approach, the growing
evidence for post-rift phases of margin uplift and/or loca-
lised fault reactivation invites further study of PCMs using
lower temperature techniques and sampling of more loca-
lised geological and structural complexity. In high relief
regions, elevation profiles on hill slopes and tilted fault

blocks are highly informative on the timing and rate of
exhumation, whereas high spatial resolution sampling across
known structures may reveal if reactivation during the syn-
or post-rift has been important. Sampling should also seek to
exploit well-dated geological and geomorphic markers that
may provide independent constraints for thermal history
modelling.

20.3.2 Regional AFT Transects

Samples collected from regional transects, which have been
exhumed from different palaeotemperatures, will have
experienced different degrees of thermal annealing. In this
case, AFT ages and MTLs form a distinct concave up (or
‘boomerang’) pattern (Green 1986; Gallagher et al. 1998;
see also Chap. 10, Malusà and Fitzgerald 2018b). These
‘boomerang’ style relationships have been observed along
the rifted margins of southeastern Australia and northeastern
Africa, and along the Red Sea (Fig. 20.3). On the right side
of these plots (Fig. 20.3), older AFT ages have relatively
long MTLs corresponding to samples that have resided at
temperatures colder than 60 °C after an initial (older) cool-
ing event. At these lower temperatures, fission tracks have
not been annealed after initial (earlier) cooling and retain
thermal information corresponding to this earlier event. AFT
ages and MTLs decrease in the central part of the plot,
reflecting samples that have resided at higher temperatures
and have experienced annealing in the partial annealing zone
(PAZ) prior to a later (young) cooling event. Towards the
left (younger) side of the plot, MTLs become progressively
longer as AFT ages become younger. Where MTLs are very
long (*15 lm), the AFT ages approximate the time of the
onset of rapid cooling (Fig. 20.3).

The downwarp, scarp retreat and downwearing models all
imply limited erosion landward of the escarpment
(Fig. 20.2). AFT ages in this inland region are significantly
older than the age of rifting and reflect the preservation of a
pre-rift cooling event (e.g. Gallagher and Brown 1999). If an
interior drainage divide exists, some denudation of the pla-
teau may occur; however, the magnitude of denudation is
typically too low to exhume rocks with completely reset
AFT ages following rifting. Differences in AFT age because
of the different style in PCM evolution are best observed
seaward of the escarpment (Fig. 20.2). In the downwarp
scenario (case (i) in Fig. 20.2), a pre-rift basal unconformity
is eroded through backwearing. This produces a pattern of
old AFT ages at the coastline, which young inland towards
the base of the present-day escarpment. Unless the pre-rift
elevation of the plateau was high (>2 km), magnitudes of
erosion predicted by this model may not be sufficient to
completely exhume any annealed samples (van der Beek
et al. 1995). In this case, AFT ages across the coastal strip
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seaward of the escarpment would typically be older than the
age of rifting (Fig. 20.2), and no boomerang pattern will be
expected. In the escarpment retreat and plateau downwearing
scenario (cases (ii) and (iii) in Fig. 20.2), denudation is
highest at the coast and can be several kilometres depending
on the initial escarpment height and isostatic response to
erosion. For escarpment retreat, as the total amount of
denudation decreases to a minimum above the present-day
escarpment, AFT ages gradually increase. If an inland
drainage divide is present, AFT ages on the coastal strip are
approximately syn-rift and uniform due to the magnitude
and pattern of denudation seaward of the drainage divide
(Fig. 20.2) (Gallagher et al. 1998).

20.3.3 Vertical Profiles and Borehole Samples

Sampling vertical profiles and borehole profiles can provide
greater insight into the cooling history of a region. Obtain-
ing AFT data from samples from a vertical section that have
resided at different palaeotemperatures prior to cooling (either
from a borehole or elevation profile) will reveal distinct trends
of AFT age and MTL with depth/elevation (see Chap. 9,
Fitzgerald and Malusà 2018). By modelling these data, the
thermal history may be better resolved and unjustified com-
plexity, introduced by modelling samples individually, pos-
sibly removed (Gallagher et al. 2005). Moreover, vertical
profile and deep borehole sampling can provide site-specific
constraints on the palaeogeothermal gradient of the upper
crust (Gallagher 2012; see also Chap. 8, Malusà and

Fitzgerald 2018a), which can be used to convert thermal his-
tories to denudation histories more reliably.

20.3.4 Integration of AFT with Other Methods

Apatite (U–Th)/He Apatite (U–Th)/He (AHe) ther-
mochronology has become a popular technique to obtain
tighter constraints on magnitudes of erosion lower than the
sensitivity of AFT data are able to achieve (see Chap. 5,
Danišík 2018). While the theoretically lower closure temper-
ature (Tc) of the AHe system makes its use a logical choice,
several factors can influence the Tc of an individual apatite
grain (Brown et al. 2013). At long-lived and relatively slowly
cooled settings such as PCMs and plate interiors, this can lead
to dispersed single-grain ages from a sample. Although these
data can be challenging to interpret and reproduce during
thermal history modelling, the natural dispersion in many
datasets may also contain additional thermal history infor-
mation (Fitzgerald et al. 2006; Hansen and Reiners 2006;
Ksienzyk et al. 2014; Wildman et al. 2016).

Cosmogenic Nuclides Recent erosion across many PCMs
has been constrained by cosmogenic nuclide dating (Flem-
ing et al. 1999; Bierman and Caffee 2001; Cockburn et al.
2000), which have generally predicted moderate to low rates
of erosion and scarp retreat. While these data have been used
to support the conclusions drawn from AFT and AHe
studies, confidence in the extrapolation of erosion rates
derived from cosmogenic nuclide analysis into the
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geological past is limited, depending largely on how long the
present climatic and tectonic conditions have prevailed.

Weathering Geochronology Dating techniques to con-
strain the timing of weathering profile formation, such as
40Ar/39Ar on K–Mn oxides, have provided both an age of
the preservation of landscapes and estimates of erosion
based on the dissection of these weathering profiles (de
Oliveira Carmo and Vasconcelos 2006; Beauvais et al. 2016;
Bonnet et al. 2016). These constraints can be incorporated
alongside thermochronology and cosmogenic nuclide data to
achieve a more complete record of the erosional history of
the margin (e.g. Vasconcelos et al. 2008).

20.4 Application to the Southeastern African
Margin

The prominent morphology of the Drakensberg Escarpment
in southeastern Africa is a classic example of a
high-elevation PCM, and the region has proved itself to be
an excellent natural case study for long-term landscape
evolution. The geomorphology is characterised by a
low-relief, low-lying coastal plain and a low-relief, elevated
inland plateau separated by a *200-km-wide region of high
relief and increasing maximum elevation with distance from
the coastline (i.e. Lesotho Highlands) (Fig. 20.4). The
escarpment is clearly defined by a rapid increase in elevation
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of around 1 km over a distance of 10 km, and the conti-
nental drainage divide coincides with the location of the
escarpment summit (Brown et al. 2002). The coastal geology
is comprised of Palaeozoic basement rocks while the
escarpment and plateau preserve a sequence of Permian–
Triassic sedimentary rocks capped by Lower Jurassic
basalts.

Initially, the formation of the Drakensberg Escarpment
was attributed to parallel escarpment retreat across a
downwarped monocline, which formed during continental
breakup (e.g. King 1962; Ollier and Marker 1985; Partridge
and Maud 1987). More recently, AFT data were collected
from outcrop samples along a transect through the south-
eastern African PCM and from two boreholes: one located
inland of the escarpment and one located seaward of the
escarpment (Brown et al. 2002). The aim of the study was to
test different models for the evolution of PCM topography.
The AFT ages of outcrop samples are *95–115 Ma at the
coastline, become slightly younger on the coastal strip, and
get progressively older with elevation at the escarpment,
reaching ages of *200 Ma on the plateau (Fig. 20.4a).
MTLs are generally longer on the coastal strip (13.5–
14.5 lm) and become shorter further inland (11.5–12.5 lm)
(Fig. 20.2b). These outcrop data imply that a minimum of
4.5 km of denudation occurred since 130 Ma along the
coastal plain (Brown et al. 2002). Borehole data show a
relationship of decreasing AFT age with depth (Fig. 20.4d);
however, the relationship of MTL versus depth is more
complicated because of annealing experienced by each
sample due to their different palaeotemperatures. Thermal
modelling of these samples predicts that a second pulse of
denudation in the Late Cretaceous affected both the region
immediately seaward of the escarpment and the hinterland
(Brown et al. 2002).

A companion paper (van der Beek et al. 2002) to the
study of Brown et al. (2002) investigated the role of surface
processes and isostatic rebound in producing an erosion
history consistent with the observed FT data and cosmogenic
nuclide analysis (Fleming et al. 1999). The surface process
modelling results support a scenario where an initially ele-
vated plateau experiences rapid degradation forming an
escarpment at an inland drainage divide tens of millions of
years after breakup, which experienced minimal retreat
(*20–30 km) since then. The spatial and temporal patterns
of post-breakup denudation predicted along the southeastern
African margin provide strong evidence against a downwarp
model. However, the surface process models produced by
van der Beek et al. (2002) predict constant rates of
denudation throughout the Cretaceous without a Late Cre-
taceous pulse in denudation as suggested by thermal mod-
elling of borehole data. Apatite FT borehole data from
southern Africa (Tinker et al. 2008a) also record this Late
Cretaceous denudation event suggesting that regional uplift

and denudation may have been more important in the
post-rift phase than processes typically associated with
‘classical’ escarpment evolution models.

20.5 The Conjugate South Atlantic Passive
Margins

An extensive AFT dataset now exists along the eastern
margin of South America and the western margin of
southern Africa (Fig. 20.5). This dataset provides insights
into the timing and style of topographic development on
both sides of the Atlantic since the Mesozoic. The breakup
of western Gondwana and the opening of the South Atlantic
occurred in the Late Jurassic and propagated northwards
with complete separation of South America and Africa
occurring by the mid–Late Cretaceous (Macdonald et al.
2003; Heine et al. 2013). Along both margins, the AFT ages
seaward of the escarpment are markedly younger than the
age of rifting. A general observation that can be made from
Fig. 20.5 is that younger AFT ages are typically associated
with longer MTLs and older ages with shorter MTLs. In
detail, these data reveal a more complex pattern of crustal
exhumation than is predicted by conceptual models, which is
linked to different modes of post-rift evolution along the
conjugate margins.

20.5.1 The Atlantic Margin of South America

In southeastern Brazil, the first regional AFT dataset (Gal-
lagher et al. 1994) qualitatively agreed with theoretical
landscape evolution models of scarp retreat following rifting
(see Fig. 20.2). The low-lying coastal strip exhibits ages
younger than rifting, whereas the elevated inland plateau
shows older ages. However, the geomorphology, charac-
terised by two different escarpments (Serra do Mar and Serra
da Mantiqueira), geological evidence of post-rift activity and
more recent thermochronological data suggest such a simple
evolution since rifting is unlikely.

In addition to the large AFT database that now exists in
southeastern Brazil (Fig. 20.5), ZFT and U–Th/He dating on
both apatite and zircon provide more detailed thermal history
constraints and are supportive of post-rift reactivation. Along
the southeastern Brazilian margin, modelled thermal histo-
ries imply that at least three phases of rapid cooling occurred
during the Late Cretaceous, Palaeogene and Neogene
(Tello-Saenz et al. 2003; Hiruma et al. 2010; Cogné et al.
2011, 2012; Franco-Magalhaes et al. 2014). Although an
inferred Neogene cooling pulse may be an artefact of
modelling (Dempster and Persano 2006; Redfield 2010)
there are several lines of evidence that support a phase of
Neogene cooling in Brazil. First, cooling is coeval with a
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period of increased sedimentary flux into the offshore basins
(Assine et al. 2008; Contreras et al. 2010). Second, structural
evidence argues for transpressional deformation in the
onshore Cenozoic basins (Cobbold et al. 2001; Riccomini
et al. 2004; Cogné et al. 2012) and offshore Campos Basin
(Fetter 2009). Finally, Modenesi-Gauttieri et al. (2011)
suggest climate changes along with Neogene uplift produced
weathering profiles in the Serra da Mantiqueira. The inferred
Cretaceous cooling episode is coeval with the emplacement

of alkaline bodies (Riccomini et al. 2005) and a period of
rapid sedimentation offshore (Assine et al. 2008). Palaeo-
cene cooling is localised on the area around the Cenozoic
basins and is coeval with their formation (Cogné et al. 2013).
Overall, in the Serro do Mar region of southeastern Brazil
the main post-breakup cooling events are linked to the
reactivation of old shear zones that run parallel to the coast.
South of 25°S (see Fig. 20.5), similar cooling episodes are
identified (Karl et al. 2013; De Oliveira et al. 2016) and are
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also coeval with main pulses in sedimentation into offshore
basins. Karl et al. (2013) identified three distinct blocks that
are separated by fracture zones inherited from the rift and are
reactivated during the Palaeogene and Neogene in a similar
manner to the reactivation of the Cabo Frio lineament during
the Late Cretaceous (Riccomini et al. 2005; Cobbold et al.
2001).

In contrast to southeastern Brazil, northeastern Argentina
is a relatively low-elevation PCM with low-elevation
(<1000 m) topography running perpendicular to the coast
(Fig. 20.1). Here, AFT ages are older than rifting and there
is no indication of post-rift reactivation (Fig. 20.5). Instead,
the geomorphological characteristics of the margin better
reflect the Gondwana tectonic history (Kollenz et al. 2016).
On the other hand, the margin of Brazil north of Rio de
Janeiro also exhibits low coastal plains and elevated inland
regions. Harman et al. (1998) showed that some of their
samples, north of the São Francisco Craton, have ages
younger than rifting and could be as young as Late Creta-
ceous near the Pernambuco Shear Zone. While most of their
samples indicate an episode of cooling during continental
breakup, the young ages indicate reactivation of old struc-
tures during the Late Cretaceous.

More recently, Turner et al. (2008) and Japsen et al.
(2012b) studied the Recôncavo-Tucano-Jatobá Rift, col-
lecting samples from basement rocks and sedimentary rocks
in the rift basin (Fig. 20.5). Through thermochronology and
geomorphological analysis, they conclude that three phases
of reactivation-driven cooling occurred during the Late
Cretaceous, Eocene and Miocene. The Late Cretaceous
(Campanian) and Eocene uplift phases led to the erosion of
sediments deposited since the Early Cretaceous breakup,
with the consequent formation of a peneplain. The peneplain
was then covered by sediments that were in turn eroded
during the Miocene uplift phase. This erosive period gen-
erated a second low-lying peneplain. Data from the eastern
margin (Morais-Neto et al. 2009; Jelinek et al. 2014) also
provide evidence for two cooling episodes during the Late
Cretaceous and Neogene in the Mantiqueira Range and the
Borborema Plateau. However, while Jelinek et al. (2014)
recognise the phases of uplift, they argue against the inter-
vening episodes of sedimentation. Indeed, their data do not
require heating episodes and show variability among the
same alleged palaeosurface. As in southeastern Brazil, the
main phases of cooling are coeval with phases of sedimen-
tation in the offshore basins (Jelinek et al. 2014).

At a regional scale, thermochronological data suggest the
Brazilian margin experienced at least two major episodes of
accelerated post-rift cooling during the Late Cretaceous and
Neogene, respectively, which was more significant near
inherited structures than in the interior cratons. A possible
third phase is locally inferred, such as in the Paraiba do Sul
Valley (Cogné et al. 2012) and in the Recôncavo-Tucano-

Jatobá Rift system (Japsen et al. 2012b). These three phases
at the scale of the margin agree with the sedimentary record
in the offshore basins. The synchronicity of these cooling
episodes with the main phases of building of the Andes led
several authors (e.g. Cogné et al. 2012; Japsen et al. 2012b)
to link cooling episodes to structural reactivation under
transmitted compressive stress. However, as described by
Jelinek et al. (2014), the ability to transmit this deformation
to the PCMs is largely dependent on lithospheric rheology
and may have required a thermal anomaly in the mantle.
According to Jelinek et al. (2014) and Morais-Neto et al.
(2009), the Neogene denudation episode was likely due to a
change to a more erosive climate.

20.5.2 The Atlantic Margin of Southern Africa

Samples along the western and southern margins of South
Africa yield AFT ages that fall within the mid-Triassic to
Late Cretaceous (*230–65 Ma) and do not show any sig-
nificant correlation with MTL, which are mainly between 12
and 15 lm. One of the most intriguing features of the AFT
data across southwestern Africa is that post-rift ages and
long MTLs extend well inland of the escarpment (*500–
600 km) (Fig. 20.5). Despite samples from different studies
yielding similar AFT data, different approaches to modelling
and interpreting thermal histories have led to different con-
clusions on the timing, magnitude and distribution of cool-
ing across the margin. However, a consistent conclusion is
that multiple cooling events have taken place since the
beginning of the Mesozoic.

Along the western South African margin, Kounov et al.
(2009) attribute cooling from 160 to 138 Ma to thermal
relaxation after Karoo magmatism at 180 Ma, but
acknowledge that Early Cretaceous rift-related tectonics may
also have played a role. Wildman et al. (2015, 2016) show
that the onset of cooling between 150 and 130 Ma can be
observed in samples from along the coastal strip and land-
ward of the escarpment, suggesting that cooling was a result
of exhumation driven by erosion of rift-related topography.
Green et al. (2017) suggest that cooling during this time
along the southern margin could be explained by differential
block uplift (and subsequent differential erosion) during the
rifting and separation of Africa. However, Tinker et al.
(2008a) predict cooling at 140–120 Ma attributed to
denudation triggered by regional uplift above a buoyant
mantle.

Post-rift cooling episodes during the mid–Late Creta-
ceous have been described by all thermochronology studies
across South Africa. However, the spatial and temporal
nature of mid–Late Cretaceous cooling is still debated.
Thermal histories derived from AFT data presented by
Kounov et al. (2009) and Wildman et al. (2015) and AFT
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and AHe data from Wildman et al. (2016) suggest that the
southwestern African margin experienced heterogeneous
patterns of crustal exhumation during 110–90 Ma related to
post-rift reactivation of basement structures. Green et al.
(2017) also propose that mid-Cretaceous (*120–100 Ma)
fault reactivation of the Cango Fault along the Cape Fold
Belt caused greater exhumation north of the fault. On the
South African Plateau, AFT borehole data (Tinker et al.
2008a), joint AFT and AHe data from outcrop samples
(Kounov et al. 2013; Wildman et al. 2016, 2017) and AHe
from Cretaceous kimberlite intrusions (Stanley et al. 2013,
2015) and the eastern Kaapvaal Craton (Flowers and
Schoene 2010) show the regional extent of mid-Cretaceous
cooling and suggest that several kilometres of material have
been removed from the plateau. Regional uplift due to
increased mantle buoyancy (Tinker et al. 2008a), isostatic or
‘dynamic’ mantle-sourced uplift (Kounov et al. 2013) or
thermochemical changes in the lithosphere (Stanley et al.
2015) has been proposed for triggering denudation. How-
ever, Wildman et al. (2017) suggest that block uplift along
the Doringberg-Hartbees fault zone at the craton–mobile belt
boundary may have also occurred in response to regional
horizontal stresses. The younger ages from this area likely
record cooling subsequent to heating associated with the
Etendeka magmatic episode, as samples from this region
were taken from the Etendeka basalts or closely underlying
lithologies. The older ages were obtained from Archaean
basement rocks and likely record partially reset ‘mixed ages’
after reburial since the Carboniferous and subsequent
exhumation in the Late Cretaceous. The spatial relationship
in the AFT data observed in northern and south-central
Namibia is such that the position of the present-day
escarpment broadly defines the boundary between young
post-rift ages (seaward of the escarpment) and
pre-Gondwana breakup ages (on the plateau) (Fig. 20.5a).
This could be due to samples in the coastal zone having been
exhumed from greater depths (i.e. due to greater erosion)
than the interior following rifting or due to samples in the
coastal zone being reset at *130 Ma by the emplacement of
the Etendeka lavas (Raab et al. 2002). However, in the
Damara Belt in central Namibia, a NE–SW trending zone of
Late Cretaceous (*60–80 Ma) AFT ages, with long MTLs,
extends 400 km inland and implies rapid cooling of this
block. This cooling has been attributed to reactivation of
NE–SW shear zones along the Damara Belt (Raab et al.
2002; Brown et al. 2014).

An alternative model for the Late Cretaceous and Ceno-
zoic evolution of southern Africa was proposed by Green
et al. (2017). Their interpretation of AFT data and thermal
histories from samples collected along the Cape Fold Belt is
that post-rift subsidence and burial, potentially extending far
enough inland to cover the southern Karoo basin, preceded
regional exhumation during the Late Cretaceous (85–75 Ma)

and Late Cenozoic (*30–20 Ma). The total amount of
cover that was deposited and removed over this time is
suggested to be between *1.2 and 2.2 km. They also sug-
gest that sedimentary basins along the southwestern Cape
and elevated escarpment topography were buried beneath an
overburden of *1 km during the Oligocene. They argue
that instead of the Great Escarpment being a remnant feature
related to continental breakup, it is produced by a period of
enhanced denudation in response to Late Cenozoic regional
uplift (e.g. Burke and Gunnel 2008). Although Cenozoic
denudation of*1 km is consistent with results from thermal
models from other studies (e.g. Tinker et al. 2008a; Stanley
et al. 2013; Wildman et al. 2015), these models predict that
the material was removed over the entire Cenozoic at low
rates, consistent with regional estimates of erosion over the
last few million years predicted from cosmogenic nuclide
studies (Kounov et al. 2007; Scharf et al. 2013; Decker et al.
2011).

The sedimentary record in the western and southern off-
shore basins shows that the peak of accumulation occurs
during the mid–Late Cretaceous whereas the Cenozoic is
characterised by much lower sediment volumes (Guil-
locheau et al. 2012; Tinker et al. 2008b) supporting the
importance of a mid–Late Cretaceous denudation phase.
Denudation during the mid–Late Cretaceous has been
attributed to enhanced erosion in response to uplift of the
entire subcontinent. Dynamic uplift, or tilting, of the South
African Plateau due to the movement of the continent over a
large buoyant ‘superplume’ in the deep mantle has fre-
quently been cited as a possible cause (e.g.
Lithgow-Bertelloni and Silver 1998; Gurnis et al. 2000;
Braun et al. 2014). However, the contribution to uplift from
dynamic vertical forces from the deep mantle relative to
isostatic responses due to chemical and density contrasts in
the lithospheric mantle is still debated (Molnar et al. 2015;
Stanley et al. 2015; Artemieva and Vinnik 2016). Moreover,
horizontal plate movements are suggested to be linked to
post-rift uplift (Colli et al. 2014), with Moore et al. (2009)
suggesting that flexural uplift is related to plate reorganisa-
tions and tensional stresses in the lithosphere. Irrespective of
such interpretations, the heterogeneous pattern of cooling
across southwestern Africa, predicted from thermochronol-
ogy data, implies a complex tectonic history with an inter-
action between regional uplift mechanisms and structural
reactivation at basement structures along the margins and at
major intraplate structural zones.

20.5.3 Analogies and Differences Across
the South Atlantic

Tectonic and magmatic asymmetries are observed on the
opposite sides of the South Atlantic mid-ocean ridge,
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with structural and magmatic changes being described both
along the southeastern American and southwestern African
margins (Blaich et al. 2013). A complex asymmetric rifting
history may be due to tectonic inheritance, rift migration and
plume–rift interaction (Becker et al. 2014; Brune et al. 2014)
and may lead to different patterns of uplift and subsidence on
the conjugate margins. Determining and comparing the
magnitude and spatial patterns of erosion of syn-rift topog-
raphy along the southeastern American and southwestern
African margins are challenging, due to the overprint of
post-rift tectonic events and localised structural reactivation.
During the breakup and separation of South America and
Africa, plate kinematics change the intracontinental stress
field possibly inducing intraplate deformation (Moulin et al.
2010; Pérez‐Díaz and Eagles 2014). In addition to stresses
related to divergent plate motions, South America and Africa
are subject to distinct regional tectonic and mantle processes
during their post-rift phase and their influence on the tectonic
and geomorphic development of the margins is still debated.
In southeast America, far-field stresses propagating from the
subduction zone beneath the Andes may have driven
post-rift margin uplift, whereas in South Africa, a mantle
‘superplume’ may have caused long-wavelength uplift of the
entire subcontinent. Despite different regional mechanisms
acting on each continent, thermochronology data have
revealed spatially distinct post-rift cooling events and sug-
gest a major control on the cooling pattern exerted by local
tectonic structures.

20.6 The Conjugate Passive Margins
of the North Atlantic

The North Atlantic PCMs are the result of a prolonged,
multi-phase history of rifting beginning in the Permo–Tri-
assic (Péron-Pinvidic et al. 2013). Rifting culminated in the
Palaeogene with continental breakup leading to the forma-
tion of new oceanic crust and the opening of the North
Atlantic. Despite extensive investigation, the origin of
high-elevation topography along the western Scandinavian
and the eastern Greenland margins is still debated. While the
AFT data from different studies are broadly similar, their
modelling and interpretation have been used to support quite
different hypotheses on the effective age of the present-day
topography. On the one end, the topography is interpreted to
be the result of a relatively young Neogene event involving
uplift and subsequent erosion; on the other end, the forma-
tion of the topography is interpreted as an essentially old
(Caledonian) event, with the present-day morphology
reflecting continuous slow erosion of the Caledonides and
associated isostatic rebound.

20.6.1 The Scandinavian Margin of the North
Atlantic

The earliest set of AFT data (Rohrman et al. 1994, 1995)
from the western Scandinavian PCM (Fig. 20.6) was inter-
preted in terms of two phases of rapid denudation related to
uplift of the margin. The first Triassic–Jurassic event was
ascribed to erosion of the margin driven by a lowering of
base levels and uplift of the rift flanks. The latter Neogene
event was proposed to have occurred in response to a
doming-style uplift caused by mantle convection. The
occurrence of uplift and erosion in the Oligocene to Neogene
has long been suggested by unconformities in offshore
sediments, but the mechanisms and timing of uplift are still
debated (Japsen and Chalmers 2000; Mosar 2003). An epi-
sodic evolution of the North Atlantic margins has been
advocated by combining AFT data (Fig. 20.6) with geo-
morphological observations of concordant erosion surfaces
and extrapolation of offshore unconformities onshore (Green
et al. 2011; Japsen et al. 2012a). Thermal histories derived
using this approach imply multiple cooling–heating episodes
involving erosion of a landscape to form peneplains at sea
level, followed by burial and then uplift.

The debate surrounding the tectonic and geomorphic
significance of low-relief surfaces has been particularly
important for the evolution of the western Scandinavian
margin (e.g. Schemer et al. 2017). A major criticism con-
cerns the lack of age constraints on surfaces and whether
they were eroded to sea level or not. In Norway, the absence
of local stratigraphic age constraints on surfaces due to the
lack of dateable sediment overlying them has resulted in age
information being extrapolated from widely distributed
stratigraphic sequences (Nielsen et al. 2009). The more
fundamental issue on whether a landscape is afforded the
tectonic and climatic stability to be eroded to a regional
planation surface (e.g. Phillips 2002) is questioned by the
other mechanisms that may have produced these surfaces.
For example, erosion in heavily glaciated regions has been
proposed to limit topography (Mitchell and Montgomery
2006; Steer et al. 2012; Egholm et al. 2009) and drainage
reorganisation may have resulted in low-relief surfaces
forming at different times and elevations (Gunnell and
Harbor 2010; Yang et al. 2015). Correlating poorly dated
surfaces is also challenging across PCMs, like western
Scandinavia, that may have experienced regional tectonic
and isostatic uplift, localised fault reactivation and
small-scale mantle-driven uplift (Redfield et al. 2005; Praeg
et al. 2005; Osmundsen and Redfield 2011). Although the
alternative mechanisms for producing elevated low-relief
surfaces are debated in the context of the Scandinavian
margin (e.g. Green et al. 2013) and the evolution of
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topography globally (e.g. Whipple et al. 2017), the complex
coupling between tectonics, climate and structural inheri-
tance in the crust seems to imply that the stability required to
produce regional peneplains is rarely obtained. However,
understanding how these low-relief surfaces have formed
may yield insight into the overall development of PCM
topography (Schermer et al. 2017).

An alternative interpretive model of Scandinavian
topography, proposed by Nielsen et al. (2009), suggests that
southern Norway has been elevated since the Caledonian
orogeny, with isostatic rebound in response to slow erosion
that would have maintained topography since then. Model-
ling of AFT data in their study, without the addition of
assumed geological constraints, leads to much simpler
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Fig. 20.6 Interpolation maps of AFT age (a) and mean track lengths
(b) for the east Greenland margin and the conjugate margin of western
Scandinavia. Dashed black lines represent major structural features and
tectonic boundaries: 1—Caledonian Deformation Front, 2—Storstrom-
men Shear Zone, 3—Western Fault Zone, 4—SW Clavering Ø, 5—
Scoresby Sund, 6—Kangertittivatsiaq; A—Caledonian Deformation
Front, B—Inner Boundary Fault, C—Møre Trøndelag Fault Complex,
D—Hardangerfjord Shear Zone, E—Fennoscandian Shield. Data
sources for east Greenland: Gleadow and Brooks (1979), Hansen

(1992), Thomson et al. (1999), Johnson and Gallagher (2000),
Mathiesen et al. (2000), Hansen et al. (2001), Hansen and Brooks
(2002), Pedersen et al. (2012), Japsen et al. (2014). Data sources for
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Hendriks and Andriessen (2002), Hendriks (2003), Huigen and
Andriessen (2004), Redfield et al. (2004, 2005), Hendriks et al.
(2010), Davids et al. (2013), Ksienzyk et al. (2014)
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thermal histories than those mentioned by other studies (e.g.
Japsen et al. 2012a) and implies protracted cooling through
the PAZ consistent with slow exhumation. Despite this more
conservative approach to modelling the data, significant
details were still resolved such as slow exhumation that
started earlier, in the Late Palaeozoic, on the western islands
and along the western coast than inland, and the occurrence
of a younger (Cenozoic) cooling event required to bring the
samples from within the PAZ to the Earth’s surface. The
former event is suggested to represent enhanced erosional
denudation of the margin caused by lowering of base levels
during rifting (Dunlap and Fossen 1998), which progres-
sively propagated inland. The timing and magnitude of the
latter event are poorly constrained due to both the temper-
ature sensitivity of the AFT system and the regional,
multi-sample approach used by Nielsen et al. (2009).

On a more local scale, detailed sampling across the
major structural features along western Norway has
revealed localised vertical movements and fault reactiva-
tions. Transects perpendicular to the strike of the
Møre-Trøndelag Fault Complex led to a reinterpretation of
the two-stage model of margin development proposed by
Rohrman et al. (1995). Instead of Neogene domal uplift,
Redfield et al. (2005) report offset AFT ages across major
faults and advocate that reactivation during the Late Cre-
taceous and Cenozoic caused different exhumation histories
on individual fault blocks. The mechanisms proposed to
drive fault reactivation are linked to stresses induced by
flexure of the lithosphere in response to erosional unload-
ing of the margin and loading in adjacent basins
(Osmundsen and Redfield 2011). More recent AFT and
AHe data from southwestern Norway (Ksienzyk et al.
2014) have similarly reported offset ages across faults and
support the importance of fault reactivation in the devel-
opment of PCM topography. The role of reactivation either
during the syn-rift or post-rift phase would distort and
complicated the pattern of ages across the margin predicted
for traditional models (Fig. 20.2). Offshore loading (by
sediment deposition) and onshore unloading (by erosion
and glacial retreat) may lead to flexure of the lithosphere
and generate compressional and extensional stress regimes,
respectively, in the upper part of the lithosphere
(Osmundsen and Redfield 2011). The location of reacti-
vated structures across the Norwegian PCM is linked to the
gradient of the thinning crust offshore.

20.6.2 The Eastern Greenland Margin
of the North Atlantic

Long-lived preservation of Caledonian topography has also
been suggested to explain the topography of the eastern
Greenland PCM (Pedersen et al. 2012), challenging previous

proposals for major Neogene uplift (e.g. Japsen and Chal-
mers 2000). AFT ages presented by Pedersen et al. (2012)
from northeast Greenland (75–80°N) range from 191 to
358 Ma and do not show characteristic AFT age or MTL
trends with distance from the coast expected for a ‘classic’
passive margin (Fig. 20.6). Pedersen et al. (2012) conclude
that their data can be explained by slow exhumation since
the collapse of the Caledonian orogen in Permo–Triassic
times. The implications of this model is that the present-day
topography, which is relatively subdued, is a remnant of the
original Caledonian topography and has been maintained
due to the isostatic response to unloading. More rapid
cooling related to rifting is suggested to have occurred until
*250 Ma due to denudation in response to rift flank uplift
and base-level changes. In contrast, Japsen et al. (2013)
argue that northeastern Greenland was buried following the
Caledonian orogeny and basement rocks previously at the
surface were buried under *1–2 km of sediments. Uplift
and erosion then formed a low-lying low-relief surface
during the mid-Jurassic, which was subsequently buried
under a further *1–2 km of sediments prior to exhumation
since post-mid-Jurassic times. The AFT data and inverse
geodynamic modelling approach adopted by Pedersen et al.
(2012) imply that reheating in the Mesozoic and Cenozoic
was not significant across northeastern Greenland, and that
any sediment cover would have caused insufficient burial to
reheat samples above 60 °C. As is the case across other
margins described previously, the nature of burial (reheat-
ing) events across the eastern Greenland margin and the
ability of low-temperature thermochronology data to con-
strain this is the source of much debate. Much of the conflict
between these two end-member scenarios described above
stems from fundamentally different interpretations of the
preserved post-rift sediments across the onshore margin.
Whereas Japsen et al. (2013) suggest that these sediments
are a remnant of a much more extensive sedimentary cover,
Pedersen et al. (2012) advocate that these sediments were
deposited in small fault basins. This minor onshore faulting
would be related to post-Caledonian continental rifting,
which would be largely confined to the offshore domain
(Osmundsen and Redfield 2011).

AFT ages younger than those reported by Pedersen et al.
(2012) from northeastern Greenland (i.e. post-Triassic) are
recorded along the central and southeastern Greenland
margins between 72 and 65°N (Fig. 20.6) (Johnson and
Gallagher 2000; Bernard et al. 2016). The data generally
show an increase in AFT age with elevation and distance
from the coast. However, the post-rift tectonic, thermal and
glacial history of the margin is complex, and care is
required when relating topographic evolution to the thermal
history predicted by AFT data. AFT ages from the interior
hinterland indicate that the region has resided at tempera-
tures less than 100–120 °C since the Early Mesozoic
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(Fig. 20.6). AFT data from an elevation profile from the
sides of a glacial valley at SW Clavering Ø show
increasing age (151–226 Ma) with increasing elevation (up
to 1000 m) (Johnson and Gallagher 2000). AFT ages and
track lengths from these samples were jointly inverted to
obtain a thermal history that predicts two Mesozoic cooling
episodes in the Early Jurassic and mid-Cretaceous,
respectively. However, the Cretaceous thermal history is
poorly resolved in this study and other FT studies have
suggested that cooling through the Cretaceous was slow
(Hansen et al. 2001; Hansen and Brooks 2002) or involved
reheating (Mathiesen et al. 2000). The exhumation and
burial history are partially resolved by the accumulation of
sediment in adjacent rift basins and an erosional uncon-
formity beneath Palaeocene lavas. The emplacement of
these lavas is in part responsible for the lack of preserva-
tion of the pre-Cenozoic thermal history. Extensive basaltic
volcanism characterises the final stage of rifting and the
onset of sea-floor spreading in the North Atlantic during
the Palaeocene–Eocene (Skogseid et al. 2000). Palaeocene
and younger AFT ages indicate that apatite from these
samples was buried beneath the thick lava pile and partially
reset. A component of this heating may also have been due
to minor and short-lived thermal effects from the conduc-
tive heat transfer from the basalt (Gallagher et al. 1994;
Hansen et al. 2001; Bernard et al. 2016) or from hot fluid
flow (Hansen et al. 2001). AFT ages from the margin
predict Neogene cooling reflecting erosion of the basalts
(Hansen and Brooks 2002; Bernard et al. 2016). AHe ages
from Kangertittivatsiaq (Fig. 20.6) were interpreted in the
context of their correlation with grain size and elevation
and were tentatively interpreted as recording 1.5 km of
glacial incision in the Neogene (Hansen and Reiners 2006).
Hansen and Reiners (2006) describe an apparent incom-
patibility between the thermal history predicted by AFT
data and that predicted by the AHe data. However, joint
modelling of AFT and AHe data from sub-vertical profiles
further north between 68 and 76°N reveals a 30 Ma cool-
ing event attributed to the initiation of glacial erosion
(Bernard et al. 2016).

Japsen et al. (2014) propose that AFT data across the
southeast Greenland margin are consistent with three phases
of post-rift uplift and erosion across the margin. The first
inferred uplift event occurred during the Late Eocene fol-
lowed by complete erosion of the margin topography to
produce a regional planation surface near sea level. This
surface was then uplifted in the Late Miocene and incised to
produce a lower planation surface at sea level. The third
uplift phase, during the Pliocene, led to incision of valleys
and fjords below the lower planation surface. This inter-
pretation is based on mapping what are interpreted to be
coeval planar surfaces to construct the remnants of the three

planation surfaces, and inferring tectonic significance to their
respective elevations. These three uplift episodes would be
linked to a combination of mantle convection and changes in
plate motion. This link has not been tested quantitatively and
cannot be constrained from AFT data and surface mor-
phology alone.

20.6.3 Polycyclic Versus Monotonic Cooling
of North Atlantic PCMs: The Role
of Thermochronology

Although AFT analysis has been widely applied along the
Scandinavian margin to develop models of landscape evo-
lution, considerable debate remains, often due to the
non-uniqueness of thermal history models derived from
thermochronology data. Furthermore, interpretations and
speculations concerning the nature of physical mechanisms
to explain the thermal histories can become distant from the
original AFT data. Contrasting views on the assumed geo-
logical history of the North Atlantic PCMs can also be
propagated back into the interpretation of thermochronology
data in the form of constraints imposed on thermal history
models. As multiple time–temperature paths may be able to
replicate in models, the observed AFT data, the choice of
geological constraints, annealing model and statistical cri-
teria for fitting the data are critically important (see Chap. 3,
Ketcham 2018).

On the one hand, imposing multiple constraints to honour
a complex geological history involving cycles of burial and
exhumation and searching for palaeothermal maxima con-
strained by AFT data will lead to complex thermal histories
involving several reheating and cooling episodes (Green
et al. 2011; Japsen et al. 2014). On the other hand, imposing
no (or limited) constraints due to the lack of well-dated
geological information can result in monotonic cooling
histories (e.g. Nielsen et al. 2009) that may still adequately
explain the data. In the latter approach, the data and their
uncertainty ultimately control the inferred complexity in the
thermal history. Consequently, in the absence of
well-justified geological constraints, more detail will only be
resolved by using more robust FT data (consisting of
single-grain ages, track lengths and compositional informa-
tion), joint modelling of multiple samples, (e.g. from
borehole/elevation profiles), multiple thermochronometers
(e.g. AHe), as well as appropriate sampling techniques. For a
more complete overview of the debate of these opposing
models on the development of the North Atlantic PCMs and
the role of AFT thermochronology within this debate, see
discussion papers by Lidmar-Bergström and Bonow (2009),
Nielsen et al. (2009), Pedersen et al. (2012), Japsen et al.
(2013), and the review by Green et al. (2013).
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20.7 Conclusion

Over the last few decades, efforts have been made to inte-
grate tectonic and geomorphological processes to achieve a
more holistic understanding of PCM evolution. Research
from field observations and numerical and analog models
have revealed important insights into the tectonic processes
involved during the pre-, syn- and post-rift phases and have
shown how margin topography can be sculpted and pre-
served over time. By providing unique insights into the
thermal history of rocks, FT thermochronology has had a
pivotal role in constraining the timing and rate of erosion
associated with these processes.

Many studies have shown ‘classical’ AFT trends across
PCMs, where data from the coastal strip record cooling in
response to erosion due to rifting, and data from the conti-
nental interior reflect pre-breakup processes. However, a
growing body of AFT data, and more recently AHe data,
points to significant post-rift erosion across several PCMs,
and spatially localised cooling events, related to structural
reactivation and landscape development. The driving
mechanisms for post-rift erosion remain debated and are
likely to reflect the surface response to deformation driven
by a complex interaction between mantle convection,
in-plate stresses and lithospheric properties.

Obtaining high-quality FT data from regional outcrop
samples remain a highly informative approach to obtaining
thermal history information across a PCM setting. However,
it is apparent that regional FT datasets are often not
explained by a single conceptual model, or even a few
‘end-member’ models, of PCM evolution. Therefore, con-
sideration should be given to the different structural, geo-
morphological and lithological factors that can control or
perturb a particular style of landscape evolution. To further
probe the thermal, tectonic and geomorphic history, sam-
pling strategies to extend the spatial resolution (e.g.
vertical/borehole profiles, high-density sampling of struc-
tural zones) and/or temporal resolution (e.g. AHe dating,
cosmogenic nuclide analysis) should also be considered.
Carefully selected sampling strategies, perhaps coupled with
preliminary modelling studies to identify preferred regions
for discriminating hypotheses, will likely be more informa-
tive than a random sampling approach, particularly in more
well-studied regions. Thermochronological data can provide
fairly direct information on the thermal history of rocks,
although the inferred thermal history depends on the mod-
elling approach and assumptions made during thermal
modelling. As inferences on tectonic and geodynamic pro-
cesses are typically made based on the results of thermal
modelling, the approach used should be carefully considered
and described. In this way, thermochronology data can be
integrated with other geochronology and geological data to

achieve a more comprehensive understanding of the physical
processes and mechanisms occurring at PCMs.
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21Application of Low-Temperature
Thermochronology to Craton Evolution

Barry Kohn and Andrew Gleadow

Abstract
The view that cratons are tectonically and geomorpho-
logically inert continental fragments is at odds with a
growing body of evidence partly based on
low-temperature thermochronology (LTT) studies. These
suggest that large areas of cratons may have undergone
discrete episodes of regional-scale Neoproterozoic and/or
Phanerozoic heating, and cooling from modestly elevated
paleotemperatures. Cooling is often attributed to the
km-scale erosion of overlying low-conductivity sedi-
ments, rather than to removal of large sections of
crystalline basement. Independent evidence for sedimen-
tary burial includes: preservation of outliers, the sedi-
mentary record in intracratonic basins, and sedimentary
xenoliths entrained within kimberlites periodically
emplaced into cratons. Further, stratigraphic and isotopic
data from basinal sediments proximal to some cratons
carry a record of the detritus removed, which can be
linked temporally to cooling episodes in their inferred
cratonic source areas. Differences in denudation rates
reported from cratonic basement reconstructed from LTT
data (long-term) and cosmogenic isotope and chemical
weathering studies (short-term) reflect the strong contrast
in erodibility potential between cover sediments since
removed and the preserved crystalline rocks. Underlying
processes involved in cratonic heating and cooling may
include one of, or a complex interplay between: proximity
to sediment sources from elevated orogens forming
extensive foreland basins, structural deformation trans-
mitted by far-field horizontal stresses from active plate
boundaries, and the development of dynamic topography
driven by vertical mantle stresses. Dynamic topography
may also explain elevation changes observed in some
cratons, where no clear deformation is apparent. LTT
studies from classic cratons in Fennoscandia, Western

Australia, Southern Africa, and Canada are reviewed,
with emphasis on different aspects of their more recent
evolution.

21.1 Introduction

Cratons (Greek kratos “strength”) are the scattered remnants
of the most ancient regions of the terrestrial crust and pro-
vide a direct record of the Earth’s early history. They have
conventionally been defined as areas of continental crust that
have attained and maintained long-term tectonic and geo-
morphologic stability as relatively inert crustal fragments
(e.g., Fairbridge and Finkl 1980; de Wit et al. 1992; Lenardic
and Moresi 1999), by and large resistant to internal defor-
mation, with tectonic reworking being confined to their
margins (e.g., Lenardic et al. 2000). The term craton is
commonly applied to stable segments of Archean (>2.5 Ga)
crust, but there is no strict age implication in the craton
definition, as many of these terranes may only have attained
final amalgamation and stability during the Proterozoic
(Bleeker 2003).

Archean cratons (Fig. 21.1) form <15% of continental
area (Bowring and Williams 1999) and are mostly charac-
terized by relatively subdued topography (<1000 m relief).
Their stability is thought to be partly a function of their
thicker lithosphere (high effective elastic thick-
ness >100 km), characterized by a relatively cool, but
compositionally buoyant keel of upper mantle (e.g., O’Neill
et al. 2008). Apart from some tectonic reworking at their
margins, cratonization has often been viewed as the end
point in the evolution of continental lithosphere, beyond
which it enters into a relatively quiescent state.

Some lines of evidence, however, attest to more recent
periodic disturbances of cratonic environments. These
include: scattered concentrations of low-level seismicity,
particularly at cratonic margins (e.g., Mooney et al. 2012);
the presence of Phanerozoic sedimentary sequences,
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including intracratonic basins preserving a record of regional
subsidence and uplift (e.g., Sloss and Speed 1974, Allen and
Armitage 2012); sporadic magmatic episodes (e.g. kimber-
lites, Heaman et al. 2004); far-field deformation transmitted
to cratons over hundreds of km from collisional plate
interactions (e.g., Pinet 2016); and evidence for fluid
movement and paleoclimate on heat flow (e.g., Popov et al.
1999; Mottaghy et al. 2005). However, knowledge of the
degree to which cratons have participated in the geodynamic
and morphological changes to continents in the last few
hundreds of millions of years of the Earth’s history is rather
fragmentary. This incomplete understanding has been
strongly influenced by the paucity of records that underpin
many conventional geological investigations, such as a
suitably preserved stratigraphic record, as well as the lack of
any structural controls.

It is in this context that low-temperature thermochronol-
ogy (LTT) has played an increasingly important role in
helping to decipher a more recent subtle record of possible
geodynamic and/or climatic interactions that may have

shaped the upper levels of the cratonic lithosphere. A grow-
ing body of data, mainly based on apatite fission-track and
(U–Th)/He studies from different cratons, has revealed that
episodes of regional-scale Phanerozoic heating and/or
cooling from modestly elevated paleotemperatures are the
characteristic of many cratons (e.g., Brown 1992; Harman
et al. 1998; Kohn et al. 2002; Lorencak et al. 2004; Danišík
et al. 2008; Flowers and Schoene 2010; Ault et al. 2013;
Japsen et al. 2016; Kasanzu 2017). These findings are at
odds with long-held views of craton stability and have
triggered further investigations aimed at a more compre-
hensive understanding of the later history of craton evolu-
tion. In part, this is because LTT studies may inform on the
preservation of some of the world’s most valuable mineral
resources hosted by cratons and provide fundamental
information on their potential as storage sites for radioactive
waste. Further, such studies often elucidate unroofing his-
tories, which may be particularly relevant to sediment supply
into intracratonic and adjacent basins, with important
implications for hydrocarbon prospectivity.
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Fig. 21.1 Worldwide distribution of exposed Archean crust, > 2.5 Ga. Names of Archean cratons and shield area are labeled in lower case.
Outlines of composite cratons that were assembled during the Proterozoic are labeled in upper case (modified after Bleeker 2003)
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21.2 Low-Temperature Thermochronology
(LTT)

LTT involves the use of radiometric dating methods char-
acterized by temperature-sensitive daughter products that
accumulate in minerals and are retained over temperatures
ranging from *40 to 300 °C. Within the upper crustal
environment, temperature can often be used as a proxy for
depth, so that reconstructed cooling histories may reveal a
record of rock movement toward the surface (see Chap. 8,
Malusà and Fitzgerald 2018). The unique ability to detect
and quantify the signature of such movements or thermal
perturbations in the near-surface environment, which are
largely invisible to other analytical techniques, has been the
basis for the application of LTT to a broad range of inter-
disciplinary problems in the earth sciences (e.g., Gleadow
et al. 2002a; Farley 2002).

21.2.1 Methods

Two principal methods commonly employed for LTT stud-
ies are fission-track (FT) analysis and (U–Th)/He dating, and
the most common minerals investigated are apatite, zircon,
and titanite. The fundamental principles underpinning these
techniques, interpretation of data, and their applications are
outlined in several works; for FT see Chap. 2, Kohn et al.
(2018) and references therein, and for (U–Th)/He see, e.g.,
Farley (2002) and Reiners (2005).

Briefly, fission tracks are formed continuously, but may
be annealed (i.e., track lengths are shortened) over specific
temperature ranges. If this process occurs gradually, then the
temperature range over which annealing occurs is termed as
the partial annealing zone (PAZ). For apatite fission track
(AFT), which is the best understood and most commonly
used mineral system, the temperature range over which
partial annealing occurs typically ranges between *60 and
110 °C for a heating time of *10 Myr, but this may also
vary with chemical composition. For zircon fission track
(ZFT), the PAZ varies between *180 and 350 °C for
a *10 Myr heating time (e.g., Tagami 2005), but this range
varies with degree of radiation damage, while for titanite
(TFT) it falls between *265 and 310 °C for the same
heating time (Coyle and Wagner 1998). Above the higher
temperature limits of these zones, any tracks formed are
totally annealed, so no physical record of the daughter
product remains and ages are reset to zero.

In recent years, an important advance in LTT has been the
resurgence and modern development of (U–Th)/He ther-
mochronometry (e.g., Zeitler et al. 1987, Farley 2002). In the
(U–Th)/He system, the partial retention zone (PRZ) is a
comparable concept to the PAZ. But in this case, the PRZ is

related to the retention of 4He, which can be readily lost
progressively by volume diffusion over a range of temper-
atures. The apatite (U–Th–Sm)/He system provides infor-
mation to lower temperatures, (PRZ is typically *35–85 °C
over relatively short heating times, e.g., Farley and Stockli
2002), than those accessible to the AFT system. For zircon
(U–Th)/He (ZHe) and titanite (THe), the typical temperature
range of the PRZ is *130–200 °C (Reiners 2005; Wolfe
and Stockli 2010) and *100–180 °C (Stockli and Farley
2004), respectively. Above the higher temperature limits of
the PRZ, no helium is retained and ages are totally reset. The
temperature range of daughter product retention sensitivity
in apatite, zircon, and titanite in the FT and (U–Th)/He
thermochronometry systems is therefore ideal for providing
complementary thermal history information relevant to the
uppermost *10 km or so of the continental crust.

Where samples have cooled relatively rapidly through the
PAZ or PRZ, the concept of closure temperature (Tc) can be
used (Dodson 1973). While this concept is very useful for
comparing the results of different thermochronology sys-
tems, it is based on the assumption that since passing
through the Tc samples have cooled progressively through
the PAZ or PRZ. However, this assumption does not always
hold in cratonic settings, where samples may have resided
for lengthy periods in these zones, providing complications
for data interpretation (e.g. Reiners 2005; Guenthner et al.
2013). Further, the Tc (and temperature range of daughter
product retention zones) may vary as a function of different
factors such as radiation damage, mineral chemistry, grain
volume, and cooling rate (e.g., Gleadow et al. 2002a;
Reiners 2005; Shuster et al. 2006; Guenthner et al. 2013, see
also Chap. 9, Fitzgerald and Malusà 2018).

21.2.2 Methodological Issues

21.2.2.1 Apatite
In principle, the AHe system should provide complementary
data to AFT analysis and, on the basis of their predicted
relative decay-product retention properties, in most geolog-
ical scenarios AFT ages would be expected to yield older
ages. However, AHe age data may yield results that are
difficult to replicate and which are older than the seemingly
more consistent AFT data, and this discrepancy may become
more pronounced in cratonic samples (e.g., Lorencak 2003;
Belton et al. 2004; Green and Duddy 2006; Kohn et al.
2009).

Several factors can result in seemingly anomalous or
dispersed intra-sample AHe ages (e.g., see Table 3 in
Wildman et al. 2016). Of particular interest for cratonic
environments is the finding that accumulating a-radiation
damage progressively increases the 4He retentivity of
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apatites (the trapping model), thereby increasing the effec-
tive Tc and apparent ages obtained from slowly cooled rocks
(e.g., Shuster et al. 2006). This phenomenon results in a
range of apparent ages correlating with both 4He concen-
tration and effective U concentration (eU) expressed as [U
ppm + 0.235 Th ppm], which weights the decay of the
parents for their a productivity. Enhanced 4He retention in
response to the accumulation of a-radiation damage, often
leads to positive correlations between grain age and eU, such
that grains with greater accumulated radiation damage may
have a higher Tc than lower eU, less damaged grains. The
amplification of this effect and that of a-damage annealing
on 4He retentivity, especially under conditions of slow
cooling or reheating of basement rocks as might be expected
in cratonic environments (e.g., Gautheron et al. 2009), is also
consistent with the empirical observations between coexist-
ing apatite FT and He ages reported by Green and Duddy
(2006) and Kohn et al. (2009).

21.2.2.2 Zircon
For both the ZFT and ZHe systems, a-radiation damage is a
key factor in evaluating the possibility of dating zircons from
cratonic terranes. Radiation damage is a function of U and
Th isotope content, accumulation time and the degree of
annealing and internal disorder repair as a function of the
thermal history. Because of their old age and relatively high
parent isotope concentration, the accumulated radiation
damage in cratonic zircons may progressively transform the
structurally ordered crystalline state, which eventually
becomes metamict (amorphous or non-crystalline), while
preserving the external crystalline form. If grains are too
damaged, then due to the loss of parent isotopes and/or
daughter products, they may not be useful for
geo-thermochronological measurement. This has funda-
mental implications for the retention of both fission tracks
(e.g., Kasuya and Naeser 1988; Tagami 2005) and He (e.g.
Reiners 2005; Guenthner et al. 2013). ZFT ages within a
sample may reveal a wide spectrum of different ages or age
populations (especially in detrital samples) reflecting differ-
ent provenances and/or degrees of radiation damage, and this
requires careful interpretation (e.g., Bernet and Garver 2005,
see also Chap. 16, Malusà 2018). For technical aspects
related to ZFT dating of old and/or high U zircons com-
monly found in cratonic rocks, see Sect. 2.7 in Chap. 2,
Kohn et al. (2018).

With respect to the profound influence of radiation
damage on the ZHe system, for zircons that have experi-
enced low to moderate a-radiation damage, ages may cor-
relate positively with eU and yield some information of
direct geo-thermochronological significance. In contrast,
more highly damaged grains display distinctly negative eU-
age correlations (Reiners 2005; Guenthner et al. 2013). This
dispersed age spectrum is more pronounced in samples that

have experienced a prolonged thermal history. However, an
approach incorporating zircon radiation damage and an
annealing model (ZRDAAM which follows zircon FT
annealing kinetics) of Guenthner et al. (2013) calculates
diffusion kinetics of individual zircons measured for (U–Th)/
He analysis. This is achieved by integrating the eU over the
time since the zircon cooled below ZFT partial annealing
temperatures, allowing for the quantification of thermal
histories from ZHe data sets in cratonic environments (e.g.,
Orme et al. 2016; Guenthner et al. 2017). A notable feature
of some eU-age plots is that some of the more damaged
zircon grain ages may form a quasi-plateau or pediment
without significant age dispersion across a wide range of eU
values (e.g., Orme et al. 2016). This suggests relatively rapid
cooling across a range of relatively low closure tempera-
tures, accompanied by “concurrent” closure of He loss and
damage accumulation. The ages defining these relatively
invariant eU-age plots may also be related to co-existing
AFT and AHe data, and in these cases suggest that the ZHe
Tc is only slightly above or within the range of the AFT PAZ
and even the AHe PRZ (e.g., Johnson et al. 2017; Mackin-
tosh et al. 2017). Recent work has further underlined com-
plexities in ZHe systematics, particularly in slowly cooled
rocks (e.g., Danišík et al. 2017; Anderson et al. 2017;
Mackintosh et al. 2017).

21.2.3 Sampling

Cratonic terranes comprise vast tracts of mainly igneous and
metamorphic rocks. Preferred lithologies for LTT studies and
some sampling strategies are outlined in Chap. 2, Kohn et al.
(2018). It is important to sample across major structures or
lithospheric boundaries and from deep drillholes (where
available), for the latter also collecting any available downhole
temperature data. It can also be useful to sample rocks with
contrasting petrology in close proximity, e.g., granites and
gabbros. Minerals in these rocks, e.g., apatite, often exhibit
different chemical composition and daughter product retentivity
properties, which may allow a more detailed thermal history to
emerge. It is always useful to collect non-basement samples
from which stratigraphic/geochronological or organic maturity
data may provide important geological constraints in thermal
history models (see section below). This may include outliers
of sedimentary cover or weathered regolith, in which case both
this material and underlying basement should be sampled.
Geo-thermochronological data from samples of
post-cratonization magmatism (including estimates of
emplacement depth) or impact structures can also serve as
useful time-marker inputs for thermal history modeling. Where
kimberlites are present, primary material and also any mantle or
sedimentary xenoliths entrained within them should be col-
lected, if possible. LTT data together with thermal maturation
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studies on the latter may yield useful information for estimating
burial depth prior to erosion of overlying sediments, providing
further important thermal history controls.

21.2.4 Thermal History Modeling

Forward and inverse thermal history modeling is commonly
used to extract geological interpretations that best match the
acquired LTT data. The two main software programs used by
the thermochronology community are HeFTy (Ketcham 2005)
and QTQt (Gallagher 2012—see also Chap. 3, Ketcham 2018,
Chap. 6, Vermeesch 2018). Vermeesch and Tian (2014) eval-
uated the two approaches and their assessment has generated
some spirited debate (e.g., Gallagher and Ketcham 2018;
Vermeesch and Tian 2018 and references therein). Recent LTT
craton studies have used both protocols (together with geo-
logical constraints) for generating thermal history simulations,
e.g., HeFTy (Flowers et al. 2012; Ault et al. 2013; Guenthner
et al. 2017, all using mainly He data) or QTQt (Kasanzu 2017;
Mackintosh et al. 2017, using both AFT and He data).

Due to complexities in He systematics, wherever pos-
sible, multiple thermochronometers should be used to
provide additional constraints for generating thermal

history models, particularly in ancient, slowly cooled rocks
(e.g., Anderson et al. 2017). In this context, the study of
Mackintosh et al. (2017) from the Zimbabwe Craton is
instructive in presenting a strategy for generating thermal
history models for large, complex LTT data sets (AFT,
AHe, and ZHe) in such a setting. QTQt was chosen for that
study as (U–Th–Sm)/He data from broken apatite grains
(with one or two crystal terminations preserved) could be
incorporated using the fragmentation model of Brown
et al. (2013). Furthermore, as the AHe and ZHe ages often
showed large intra-sample dispersion, a resampling pro-
tocol could be applied using a scaling factor to input some
of the undefined uncertainty for less precise data, while
still honoring the observed ages (Gallagher 2012). Because
our present understanding of the AFT system is arguably
more clearly established, each sample was first modeled
with only the AFT data. Using AFT as a baseline, mod-
eling of AFT with AHe data was then carried out and
finally the corresponding ZHe data was added, so that a
comparison could be made of all model outputs to ensure
reliability. An example of the model output from the
Zimbabwe Craton using this sequential approach together
with inputs and available geological constraints is shown
in Fig. 21.2.
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Fig. 21.2 Example of a QTQt thermal history inversion of AFT, AHe
and ZHe data from a granite gneiss, northern Zimbabwe Craton. Upper
panel: input single grain LTT data and relevant diffusion/annealing
models used to generate the thermal history—numbers 1–3 and arrows
indicate order in which data was used to create the inversion. Note 2T,
1T, and 0T refer to number of crystal terminations in analysed grain.
Lower left panel: model output of accepted thermal histories together
with constraints used, displayed as a color map indicating the posterior

distribution of the model histories. The expected model (weighted mean
of the posterior distribution) is regarded as the most representative
thermal history with the 95% confidence intervals shown. Lower right
panel: assessment of data fit using plot of observed ages against
predicted ages (with resampled He error values). Comparison of data fit
of the observed (o) and predicted (p) mean track length (MTL) values
and distribution together with associated uncertainties (modified after
Mackintosh 2017)
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21.3 Evidence for a Dynamic Phanerozoic
Cratonic Lithosphere

Petrological studies, particularly of suites of xenoliths and
xenocrysts, indicate that some cratonic lithospheric mantle
“keels” has undergone episodic and irreversible
post-Archean changes in composition (e.g., O’Neill et al.
2008). Such “re-fertilization” of cratonic lithosphere by
fluids related to subduction or magmatic processes results in
thinner, hotter, and chemically metasomatized lithosphere,
causing changes in the density (reducing cratonic root vis-
cosities) and geothermal gradient, e.g., the Sino-Korean
Craton (Xu 2001; Wenker and Beaumont 2017). This may
lead to a reduction in cratonic mantle lithosphere strength,
making it more susceptible to respond to plate boundary
forces, with significant thermal and tectonic consequences
that should be detected in the LTT record from the
near-surface environment.

Kimberlites, commonly found intruding cratons, have
been studied extensively because they are a major source for
diamonds and also occasionally include lower crustal and
subcontinental lithosphere mantle xenocrysts and xenoliths
(e.g., Heaman et al. 2004; Stanley et al. 2015). These pro-
vide a rich resource for understanding mantle evolution, and
a range of tectonic and geodynamic processes has been
invoked to explain their time–space relationships. Kimberlite
diatremes from several cratons contain sedimentary xeno-
liths, indicating that sediments covered the host craton at the
time of their emplacement, but in most cases this sedimen-
tary cover has since been eroded away (e.g., Stasiuk et al.
2006). Ault et al. (2015) reported a pattern of synchroneity
between phases of sedimentary burial largely based on
modeling of LTT data, and gaps in the kimberlite record for
some Canadian and Australian cratons. The implication
being that there may be a preservational bias of kimberlites
intruded during burial phases.

Interactions between horizontal tectonic plate motions
over the Earth’s surface may transmit far-field in-plane
stresses to cratonic areas resulting in crustal folding, reacti-
vation of ancient structures, uplifting of basement blocks,
and inversion of sedimentary basins (e.g., Pinet 2016).
Closer to orogenic fronts, extensive foreland basins may
form across adjacent cratons as a result of lithospheric
flexure due to tectonic loading resulting in extensive
km-scale sedimentary piles (e.g., DeCelles and Giles 1996)
that have since been largely eroded away (e.g., Huigen and
Andriessen 2004). Intracratonic and epicratonic basins con-
sisting of thick sections of sedimentary infill characterized
by continental and shallow marine paleoenvironments have
long histories of relatively slow subsidence. Classic
Phanerozoic examples include the Williston, Michigan, and
Hudson Bay basins of North America, and these show

irregular subsidence histories marked by periods of
exhumation (e.g., Crowley 1991; Osadetz et al. 2002).
Several mechanisms may be responsible for these histories
including: thermal relaxation following slow lithospheric
stretching or emplacement of warmer mantle, magmatic
upwelling, reactivation of ancient rift structures or basins
underlying intracratonic basins, mechanical coupling of
intracratonic basins with adjacent foreland basins, or mantle
convection and dynamic topography (e.g., Allen and Armi-
tage 2012).

Phanerozoic strata on continental platforms reveal a more
dynamic history of vertical motions than previously assumed
and have been used to infer the epeirogenic movements of
continents (e.g., Bond 1979). Since the late 1980s mounting
evidence has accumulated that viscous stresses created by
deep mantle flow and changing mantle flow patterns can
have a profound influence on the history of vertical motions
of continental interiors inducing surface deformation leading
to dynamic topography (e.g., Mitrovica et al. 1989; Gurnis
1993; Lithgow-Bertelloni and Silver 1998; Braun 2010). For
example, the influence of mantle circulation above
shallow-dipping subduction zones and associated vertical
displacement of the Earth’s surface generated by such flow
has been proposed to explain the distribution and tilting of
seemingly enigmatic Phanerozoic sedimentary sequences
across the North American craton (e.g., Mitrovica et al.
1989; Burgess et al. 1997). Dynamic topography may also
help explain why some stratigraphic sequences are tempo-
rally out of phase with the pattern of continental marine
transgressions predicted by worldwide eustatic sea-level
changes (e.g., Moucha et al. 2008). However, strata depos-
ited in long-wavelength depressions (reflecting the length
scale of mantle processes of several hundred to thousands of
km) with amplitudes generally � 1 km on continents
formed by dynamic topography have a low preservation
potential. This is a result of the ephemeral nature of the
topography; therefore, the record of sedimentation related to
subduction-related dynamic topography is often most likely
represented by unconformities (e.g., Burgess et al. 1997) and
is unlikely to be detected by conventional methods.

LTT data from cratons indicate that despite their long-
evity, they are mostly characterized by relatively young ages
(<500 Ma) (e.g. Brown et al. 1994; Harman et al. 1998;
Feinstein et al. 2009; Flowers and Schoene 2010; Ault et al.
2013; Kasanzu et al. 2016). However, there are some
exceptions where ages up to *1 Ga have been reported,
e.g., North American shield (e.g., Crowley et al. 1986;
Flowers et al. 2006; Kohlmann 2010) and Fennoscandian
shield (e.g. Hendriks et al. 2007; Kohn et al. 2009; Guen-
thner et al. 2017).

As noted above, thermal histories reconstructed from
apatite LTT data suggest that many cratons record episodes

378 B. Kohn and A. Gleadow



of Phanerozoic heating and cooling. Due to the extremely
low average heat flow reported for most Archean cratons
(mean 41 ± 12 mW/m2—Rudnick et al. 1998), the erosion
purely of crystalline basement would imply the removal of
unrealistic thicknesses (e.g., Brown et al. 1994). However,
the thermal history patterns observed in many cratonic areas
have often been linked to burial and unroofing of overlying
strata, rather than to the removal of large sections of crys-
talline shield rocks (e.g., Harman et al. 1998; Kohn et al.
2002; Ault et al. 2013).

Estimation of the cover thickness, however, depends on
the robustness of the techniques used, the paleogeothermal
gradient that prevailed at the time of cooling and the thermal
conductivity of any removed cover material (e.g., Braun
et al. 2016; Luszczak et al. 2017). Further, Braun et al.
(2013) demonstrated that fluvial erosion of dynamic topog-
raphy of long wavelength (*1000 km width) and amplitude
(*1 km) may attain sufficient depth to expose rocks in
which the apatite FT and (U–Th–Sm)/He systems have been
totally reset.

In some cases, a sedimentary cover on a craton formed as
part of an extensive foreland basin from an adjacent orogenic
belt (e.g., Huigen and Andriessen 2004; Kohn et al. 2005).
Sedimentary sequences still preserved around the margins
of, and occasionally on some cratons, together with strati-
graphic and isotopic evidence from proximal onshore and
offshore sediments, carry a record of the detritus removed,
which can be linked temporally to cooling episodes in their
source areas (e.g., Kohn et al. 2002; Patchett et al. 2004;
Kasanzu et al. 2016). However, long-term denudation rates
(107–108 yr) derived from AFT studies on cratons (e.g.,
Kohn et al. 2002) appear to be at odds with geomorphic
arguments (e.g., Fairbridge and Finkl Jr 1980; Gale 1992),
and the very low erosion rates derived from cosmogenic
isotope dating (e.g., Bierman and Caffee 2002; Belton et al.
2004) and chemical weathering studies (e.g., Edmond et al.
1995). It has therefore been argued that such studies based
on substantially shorter time scales are more consistent with
the traditional view of the relative tectonic and thermal
stability of cratons. However, for AFT (and He) studies it is
important to consider that the rate of basement cooling being
measured is usually related to removal of the more erodible
overlying strata rather than a considerable section of cratonic
basement.

Fewer zircon and titanite LTT data have been reported
from ancient terranes, some of which have been reviewed by
Enkelmann and Garver (2016). However, these ages are also
mostly younger than the crystallization or metamorphic ages
of their host rocks. ZHe ages of *1.58–1.7 Ga have been
reported from the western Canadian shield (Flowers et al.
2006) and approaching 1 Ga from Archean Wyoming Pro-
vince rocks in western North America (Orme et al. 2016)
and the Fennoscandian shield (Guenthner et al. 2017). The

oldest ZFT and TFT ages reported from the Fennoscandian
shield range between *560–930 Ma (Rohrman 1995; Lar-
son et al. 1999) and for THe ages up to *1.2 Ga from the
Kaapvaal Craton (Baughman et al. 2017) and *940 Ma
from the Fennoscandian shield (Guenthner et al. 2017).

21.4 Case Histories

LTT data aimed at evaluating the more recent thermal his-
tory of cratons and other ancient terranes have been reported
in numerous studies. It is not the intention here to review all
of these but rather to describe examples from some of the
more widely studied archetypal cratons, illustrating how
LTT data have been used to reconstruct different aspects of
their more recent thermal history evolution.

21.4.1 Fennoscandian Shield

The Fennoscandian shield (also known as the Baltic shield)
includes the exposed Precambrian crystalline basement
forming the northwestern terrane of the East European
Craton (Fig. 21.1). The Phanerozoic Caledonian Orogen
marks the western boundary, while the Phanerozoic cover of
the Russian platform defines the eastern outcrop boundary
(Fig. 21.3a). The shield can be divided geochronologically
into three main crustal domains, each related to successive
orogenic events during Archean to Mesoproterozoic time
(Gaál and Gorbatschev 1987). These contributed to conti-
nental growth and show a younging trend to the southwest
(Fig. 21.3a). Following its amalgamation, the Fennoscan-
dian crust was substantially reworked during the Sveconor-
wegian Grenvillian (*1.25–0.9 Ga) and Caledonian
(*0.43–0.39 Ga) orogenies (Gorbatschev and Bogdanova
1993; Gee and Sturt 1985, respectively).

TFT and ZFT ages from crystalline basement in southern
Sweden and southern Finland range between *560
and *930 Ma (averaging *850 Ma) (Larson et al. 1999).
The ages are interpreted as reflecting partial annealing due to
sedimentary burial under a foreland basin developed from
the Sveconorwegian Orogen (Fig. 21.3a). The thickness of
the sediment pile is estimated to have been at least 8 km,
at *100 km east of the preserved orogen, and covered large
areas of Sweden and Finland (Larson et al. 1999). Most of
these strata were eroded away and by the end of the
Proterozoic large areas of the present surface were exposed
or lay close to the present-day surface (e.g.,
Lidmar-Bergström 1996). ZFT and ZHe and THe data
reported by Rohrman (1995) and Guenthner et al. (2017),
respectively, from deep borehole samples (Figs. 21.3a and
21.4) are also consistent with this conclusion. The resulting
sub-Cambrian peneplain (Fig. 21.3a) was subsequently
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covered by a few hundred meters of Cambrian to Silurian
(* 540–420 Ma) platform sediments (Lidmar-Bergström
1996). On the Fennoscandian shield, apart from a Cambro–
Ordovician sequence in the Gulf of Bothnia, only scattered
remnants of this sequence are preserved, mainly in southern
Finland. The peneplain forms an important geological con-
straint for thermal history modeling because the present-day
surface must have been either exposed or at a near-surface
level by the end of the Proterozoic and that over much of the
Phanerozoic a sedimentary cover has preserved it.

The Late Siluran—Early Devonian Caledonian orogeny
is marked by continent–continent collision between *430
and *390 Ma (e.g., Gee and Sturt 1985). The resulting
mountain range is thought to have rivaled the modern day
Himalayas in scale (Streule et al. 2010). Fault-controlled
basins along the west coast of Norway are filled with up to
tens of km of Upper Silurian–Devonian conglomerates, and
the offshore Oslo Graben area (Fig. 21.3a) preserves some
4–6 km of Cambro–Silurian sediments in down-faulted
blocks (e.g., Steel et al. 1985). However, Silurian or Devo-
nian strata are largely absent from onshore Sweden or Fin-
land. Nevertheless, it has been proposed that the orogeny
caused flexure of the Fennoscandian shield and, following

gravitational collapse of the orogen resulting from uplift and
erosion, an extensive foreland basin was developed. This
basin extended for several hundreds of km, thinning to the
east, and was progressively redeposited over southeastern
Scandinavia (see Fig. 21.3b). Geological arguments,
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including evidence from different AFT studies, for the
existence of such a foreland basin across central and
southern Sweden are summarized by Larson et al. (2006).
This also includes evidence for Phanerozoic radiogenic Pb
loss from zircons in crystalline basement rocks across the
Swedish segment of the shield to the Åland Islands, south-
western Finland (Larson and Tullborg 1998). AFT data from
transects across Sweden, extending from the Caledonian
deformation front eastwards to the Gulf of Bothnia
(Fig. 21.2a), are compatible with a history of burial beneath
an asymmetrical Caledonian foreland basin, which is
thought to have attained a thickness of at least *3.5 km
near the deformation front, thinning to *2.5 km near the
Gulf of Bothnia coast (e.g., Zeck et al. 1988; Larson et al.
1999; Cederbom et al. 2000; Huigen and Andriessen 2004;
Japsen et al. 2016, see also Fig. 21.3b).

In southern Finland, AFT ages ranging between * 310
and 1030 Ma have been reported by Hendriks et al. (2007)
and Kohn et al. (2009). Ages are younger in the south and
southwest but are mostly >600 Ma and include some of the
oldest AFT ages reported from anywhere. The range of age
differences, sometimes over relatively small distances, can-
not be attributed solely to variations in sedimentary over-
burden. Rather they may be due to a combination of different
factors, such as variations in apatite chemistry, especially for
gabbros, in which apatites usually display higher Cl content
coupled with the oldest AFT ages (Kohn et al. 2009). Fur-
ther, variations in heat flow, rock conductivity or the rela-
tively low heat production in gabbros may also lead to
significant differences in thermal histories (e.g., Kukkonen
1998; Łuszczak et al. 2017). In this respect, the variable and
generally high heat flow within a modern foreland basin
overlying Precambrian basement (Western Canada Sedi-
mentary Basin) is instructive (Weides and Majorowicz
2014).

Thermal history models for southern Finland indicate a
major phase of Late Proterozoic cooling, which was attrib-
uted to intra-plate stress propagation from the Sveconorwe-
gian orogeny (Murrell and Andriessen 2004). Track length
measurements reported mostly suggest different degrees of
partial annealing. Larson et al. (1999) also presented AFT
data from three *1000 m deep drill holes across southern
Finland and estimated that sedimentary detritus derived from
the Scandanavian Caledonides had buried most of Finland
by 0.5–1.5 km. These estimates are in accord with time–
temperature models presented by Lorencak (2003), Murrell
and Andriessen (2004), and Kohn et al. (2009). The lack of
substantial Caledonide burial in southern Finland (see also
images of AFT age and track length patterns across the
Fennoscandian shield by Hendriks et al. 2007) suggests that
samples in this area may still retain older Neoprotero-
zoic AFT ages largely related to removal of a former thick
Sveconorgwegian foreland section, which had totally reset

zircon and titanite FT and He ages to the southwest in
eastern Sweden.

Hendriks and Redfield (2005, 2006) challenged the
notion of deep burial of the eastern Fennoscandian shield
under a regionally extensive Caledonian foreland basin,
especially in Finland. Rather they proposed that a hitherto
overlooked process of a-radiation-enhanced annealing
(REA) of fission tracks, resulting principally from the decay
of 238U, operates at low-temperatures (<60 °C) in areas of
prolonged thermotectonic stability such as southern Finland.
The effect of this postulated REA in addition to temperature
sensitivity, implied that modeled AFT data in cratonic set-
tings (and in U- and/or Th-rich apatites in general) using
conventional thermal annealing models may lead to an
overestimation of paleotemperatures, and hence the amount
of section removed.

The case for REA was partly based on inverse correla-
tions between AFT grain age and U content from southern
and central Finland samples. Donelick et al. (2006) also
reported a range of inverse relationships (weak to moder-
ately strong) between AFT age and a-emitter actinides
within samples from Finland and Canada, with the older
grains from Finland showing the strongest negative corre-
lation. Kohn et al. (2009), however, using new and old AFT
data from southern and central Finland, as well as from the
southern Canadian and Western Australian shields were
unable to reproduce the consistent inverse correlations pre-
sented by Hendriks and Redfield. Furthermore, despite the
large range of U content, sometimes varying three to sixfold
between intra-sample grains (with a limited range of Cl
content), AFT ages in southern Finland yield chi-square
values >5%, which are consistent with the data being treated
as a single age population.

Further, Hendriks and Redfield (2005) also argued that
REA could explain the observation that, contrary to pre-
dicted expectations, a significant number of AHe ages from
the Fennoscandian shield are older than their coexisting AFT
ages. However, many of the AHe data reported from
southern and central Finland samples (e.g., Murrell 2003;
Lorencak 2003; Kohn et al. 2009) show age dispersion and
poor reproducibility. In cratons, effects such as slow cooling,
lengthy HePRZ residence, annealing of a-damage due to
burial, variable eU and wildfires can enhance intra-sample
He age variation between single grains. Several of these
factors (see Sect. 21.2.2.1) were only recognized following
the publication of Hendriks and Redfield (2005). This makes
it difficult to directly compare at face value the relationship
between an AFT age with a number of coexisting dispersed
single grain AHe ages (see Sect. 21.2.4). The applicability of
the postulated REA to AFT studies has raised considerable
debate (e.g., Green and Duddy 2006; Larson et al. 2006;
Hendriks and Redfield 2006; Donelick et al. 2006; Kohn
et al. 2009) and is still somewhat controversial.
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The variation of fission-track parameters in deep borehole
samples has been of critical importance in extrapolating
laboratory-annealing experiments to geological environ-
ments. In this respect, FT studies from the superdeep Kola
borehole (SG3) located in the northeastern Fennoscandian
shield (Fig. 21.3a), drilled to a depth of 12,262 m (the
deepest drillhole on Earth), have also provided important
information on geological annealing constraints (Rohrman
1995) (see Fig. 21.4). The bottom hole temperature of the
well is *216 °C although the geothermal gradient is vari-
able, particularly in the upper *2 km, due to movement of
fluids and post-glacial isostatic adjustment leading to pres-
sure reduction in deep-seated faults (Popov et al. 1999). ZFT
data from the well suggest a *200–310 °C ZFT PAZ for a
heating time of *100 Myr. AFT data from samples at
depths from *7060 to 12,150 m essentially show a zero
age. This suggests that total track annealing, approximating
the base of the AFT PAZ, occurs at temperatures of *110–
115 °C (Rohrman 1995; Kohn et al. 2004) or possibly at a
slightly lower temperature at a higher level where no sam-
ples were available, which is typical of that reported from
wells elsewhere (e.g., Gleadow et al. 2002a). At this tem-
perature in the well, the depth equates to a pressure
of *127 MPa (Morrow et al. 1994), indicating that no
significant pressure effect on AFT annealing is evident.
Worthy of note here is that in almost all natural geological
environments a pressure range up to 127 MPa covers the
entire range of the AFT PAZ. Taken together, FT data in the
well are interpreted as evidence for rapid denudation
at *600 Ma, coincident with the formation of the
sub-Cambrian peneplain, as described from further south, as
well as substantial cooling commencing between *180
and *250 Ma (Rohrman 1995), consistent with later
re-exhumation of this surface.

21.4.2 Western Australia Shield

The Western Australian shield is an amalgamation of two
Archean cratons (Pilbara *60,000 km2 and Yil-
garn *657,000 km2) and several Proterozoic basins and ter-
ranes, surrounded by Phanerozoic basins (Fig. 21.5). Overlying
Proterozoic basins obscure the suture between the two cratons,
which consist predominantly of Archean granite–greenstone
belts, comprising an assemblage of several smaller terranes
with distinct geological histories and geochemical features
(e.g., Myers 1993). The cratons contain some of the oldest
well-preserved rocks and fossil stromatolites on Earth, and host
a rich endowment of precious and base metal deposits, and
major banded-iron formations. At Jack Hills in the Narryer
Gneiss Terrane (Fig. 21.5), zircons in a metamorphosed quartz
pebble conglomerate have been dated at >4 Ga (e.g., Harrison
2009).

The Phanerozoic cooling history of the Western Aus-
tralian Shield has been investigated using AFT ther-
mochronology (Gleadow et al. 2002b; Kohn et al. 2002;
Weber 2002; Weber et al. 2005). AFT ages are up
to *450 Ma (toward the eastern craton boundary), but
mostly range between *200 and 375 Ma, with mean con-
fined horizontal track lengths varying between 11.5 and
14.3 lm. Remarkably, these AFT parameters are similar in
range over many areas of the cratons, as well as in most of
the intervening Proterozoic basement (e.g., Gascoyne com-
plex) and basins (e.g., Hamersley Basin), the Mesoprotero-
zoic Albany-Fraser Orogen and the Neoproterozoic–
Cambrian Leeuwin complex (see Fig. 21.5). Thermal history
models from the southwestern Yilgarn suggest the onset of a
regional cooling episode from temperatures >110 °C in the
Late Carboniferous–Early Permian, which continued into the
Late Jurassic–Early Cretaceous (Kohn et al. 2002; Weber
et al. 2005). AHe and ZHe data acquired from the south-
western Yilgarn Craton and adjacent Proterozoic basement
mostly fall within a similar age range to that reported for
AFT data (Lu 2016).

The Yilgarn Craton is currently largely devoid of sedi-
mentary cover. However, remnants of Permian and Creta-
ceous strata are preserved within the fault-bounded Collie,
Wilga, and Boyup Basins located within the Yilgarn Cra-
ton *150–180 km SSE of Perth (Fig. 21.5). The largest
Collie Basin contains *1.4 km of Permian tillite, shale, and
coal measures (Le Blanc Smith 1993). Vitrinite reflectance
data (R0 = 0.41–0.61) and the stratigraphy suggest that
maximum burial temperature for the coal was up to *95–
100 °C. According to Le Blanc Smith (1993), these “basins”
are in-faulted remnants of a formerly much more extensive
cover sequence, several kilometers of which was removed in
the Permian, with a later erosion cycle removing further
section between the Permian and Early Cretaceous.

The Perth Basin, located west of the Yilgarn Craton
(Fig. 21.5), hosts up to 15 km of strata in major depocenters,
ranging in age from Ordovician to Quaternary, but most is
Permian to Lower Cretaceous (Baillie et al 1994). The
sediments show a predominance of Mesoproterozoic detrital
U–Pb zircon ages, with relatively few Archean grains (e.g.,
Cawood and Nemchin 2000), suggesting that despite its
close proximity, the extensive Yilgarn Craton itself was not
a major source for basin sediments. Further, U–Pb zircon
ages in the Permian Collie Basin coal measures and Lower
Triassic rocks of the northern Perth Basin, peak at *1200
Ma, suggesting a possible Albany-Fraser Province source to
the south (Veevers et al. 2005). Other possible sources for
sedimentary cover over the craton are from the relatively
poorly exposed Mesoproterozoic–Cambrian Pinjarra orogen
(e.g., Fitzsimons 2003), lying to the west of the Darling
Fault (Fig. 21.5) Cooling recorded on the craton can there-
fore most likely be attributed to the removal of a sedimentary

382 B. Kohn and A. Gleadow



cover rather than major denudation from the underlying
craton itself. Killick (1998) calculated the volume of sedi-
ment deposited in basins marginal to the Western shield
(Yilgarn and Pilbara Cratons and intervening Proterozoic
basins) between Early Ordovician to Late Cretaceous, after
which clastic sedimentation effectively ceased. This led to an
estimate that *4.1 km of material had been removed from
the West Australian shield since the onset of basin devel-
opment and sedimentation, at an average denudation rate of
8.87 m/Myr. This estimate along with those presented by
Kohn et al. (2002) are all significantly higher than the rates
of 0.1–0.2 and 0–2 m/Myr previously reported on the basis
of geomorphological considerations for the Yilgarn Craton
by Fairbridge and Finkl (1980) and Gale (1992), respec-
tively, although such low rates may well be typical for the
post-Cretaceous denudation of the craton basement.

Present-day heat-flow data from the Western Australia
shield range from *30 to *50 mW/m2 but measurements
are both sparse and heterogeneously distributed (e.g., Cull
1982). Nevertheless, despite the uncertainties in paleo-
geothermal gradients, the vitrinite reflectance and LTT data
suggest that a substantial thickness of upper Paleozoic–
Mesozoic sediment extended across much of the craton and

that the Collie and adjacent basins are preserved remnants of
that accumulation.

The trigger for onset of late Paleozoic–Mesozoic cooling
across the southwestern Western Australian shield is not
clear, but could be related to far-field effects linked to
compressional events throughout Gondwana due to colli-
sions on the Panthalassa margin (e.g., Harris 1994). It is also
noted that a continental ice sheet covered much of the
Western Australian shield in Late Carboniferous–Early
Permian time. Glacial traces and deposits are found over a
wide area in all Western Australia Paleozoic basins includ-
ing those peripheral to the shield (Mory et al. 2008), as well
as in the Collie Basin within the Yilgarn itself. The isostatic
response to the waxing and waning of a thick ice sheet over
a large area of the shield and its implications for denudation
has not been fully evaluated.

21.4.3 Kalahari Craton

The Kaapvaal and Zimbabwe Cratons sutured by the Lim-
popo mobile belt underlying southeastern Africa, form part
of the Kalahari Craton and include some of the best
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preserved early Archean crystalline nuclei anywhere
(Fig. 21.6). The cratons, forming part of the southern Afri-
can Plateau, are anomalous in that they are elevated (aver-
aging 1.0–1.15 km, but increasing up to 2.5 km in Lesotho)
by more than 0.5–0.7 km compared to all other cratonic
areas in the world (apart from the Tanzania Craton) (Arte-
mieva and Vinnik 2016). Further, the southeastern Africa
cratons are bordered by the “Great Escarpment” (Fig. 21.6),
located about 50–250 km inland from coast and separating
the elevated interior from the more highly denuded coastal
plain (see Chap. 20, Wildman et al. 2018). The southern
Africa Plateau is located above a significant
low-seismic-velocity mantle anomaly, commonly called the
“African superswell,” which is considered to be a probable
source of dynamic buoyancy (e.g., Lithgow-Bertelloni and
Silver 1998). The timing and cause of the southern African
topographic anomaly have been the subject of considerable
scientific interest and debate (e.g., Burke and Gunnell 2008;
Moore et al. 2009; Zhang et al. 2012; Stanley et al. 2015;
Artemieva and Vinnik 2016).

Archean lithologies of the Kaapvaal and Zimbabwe
Cratons are dominantly granite–gneiss–greenstone. On the
Kaapvaal Craton, most Archean rocks outcrop in the
northeast and east, while there is considerably more expo-
sure across the Zimbabwe Craton. Late Archean to
Proterozoic tectonic activity across the southern African

Plateau is mainly confined to mobile belts and terranes
adjacent to the cratons. Upper Carboniferous to Lower
Jurassic Karoo Supergroup strata, Jurassic volcanic rocks of
the Karoo and Cretaceous Etendeka Large Igneous Pro-
vinces (LIPs) and Upper Cretaceous-Cenozoic sediments of
the Kalahari Supergroup dominate the Phanerozoic record of
southern Africa. Karoo Basin sedimentation, attaining
thicknesses of several kms, records an almost continuous
sequence from marine glacials to terrestrial deposition, over
much of the Kalahari Craton (Catuneanu et al. 2005). Karoo
deposition terminated with the eruption of Lower Jurassic
Karoo LIP lavas, which are coeval with the widespread
emplacement of the Ferrar LIP extending across Antarctica
(see Chap. 13, Baldwin et al. 2018) to Tasmania. To the
west, the Lower Cretaceous off-craton Etendeka LIP vol-
canics were emplaced coevally with eruption of the Paraná
flood basalts in South America. Both these eruptive phases
are linked to incipient Gondwana breakup and are also
associated with kimberlite magmatism on the craton.

Numerous kimberlites and related alkaline magmas were
emplaced in southern Africa (Fig. 21.6) between the
Proterozoic to Cenozoic (Jelsma et al. 2009). The most
prominent Phanerozoic kimberlites were erupted during two
episodes, each marked by a distinctive composition;
Group II between *200 and *110 Ma (peaking
between *140 and *120 Ma) and Group I erupted
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Raab (2010), E—Flowers and Schoene (2010), F—Gallagher et al.
(2005), Beucher et al. (2013), G—Stanley et al. (2013), H—Stanley
et al. (2015), I—Wildman et al. (2017). Not outlined is a LTT study of
the Zimbabwe Craton by Mackintosh et al. (2017)
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between *100 and *80 Ma (Jelsma et al. 2009). Xeno-
lithic clasts down-rafted at the time of eruption into the
outcropping diatreme facies of many South African kim-
berlites from overlying strata, but since eroded away, pro-
vide valuable insights into the stratigraphy at the time of
kimberlite emplacement (Stanley et al. 2015). Crustal
xenoliths suggest that Karoo sediments and flood basalts
covered much of southern Kaapvaal Craton when the
Group II pipes erupted, but that the basalts had been
removed from the southwestern craton by the time the
Group I pipes were emplaced (Hanson et al. 2009).

LTT studies in southern Africa have largely focused on
sampling across the Great Escarpment and passive conti-
nental margin of South Africa and Namibia, with the mainly
AFT studies focusing on the evolution and retreat of the
passive margin during and following Gondwana breakup
(e.g., Brown et al. 2002; Kounov et al. 2013; Wildman et al.
2016; Green et al. 2017—see also Chap. 20, Wildman et al.
2018). Only a few studies, however, have specifically
investigated the thermotectonic history of the cratonic inte-
rior regions.

The earliest AFT data reported from the Kaapvaal Craton
(northeastern region) are strongly correlated with elevation
(Brown 1992). Ages range from *90 Ma at *500 m
to*450 Ma at elevations of *2000 m (with all ages >300
Ma above elevations of 1200 m). Mean track lengths
decrease from lengths of *14 lm to a minimum
of *11.0 ± 0.5 lm at elevations of 1250 m before
increasing to lengths of 12–13 lm at elevations *2000 m.
This pattern, together with a TFT age from the adjacent
Natal metamorphic Province (Fig. 21.6), suggests that apa-
tites were totally overprinted prior to and/or during the
Pan-African orogeny. Further, younger ages, located toward
the craton margin, cooled from at least *110 ± 10 °C
since the Late Cretaceous, with older ages from the craton
interior preserving an older cooling record from lower
temperatures. The Late Cretaceous cooling episode, similar
in age range to the younger cooling episode above, is
attributed to uplift and km-scale denudation of the overlying
relatively low-conductivity Karoo Basin sediments and
volcanics. Late Cretaceous cooling is also recorded in AFT
data from the Ladybrand (LA/168) borehole, located at the
NW termination of transect “B” in Fig. 21.6, penetrating
Karoo Basin sediments and underlying Silurian quartzites
(Brown et al. 2002, Chap. 20, Wildman et al. 2018). AHe
data from the eastern Kaapvaal Craton and across the eastern
escarpment also record significant Cretaceous cooling,
clustering around *100 Ma with little evidence for sub-
stantial Cenozoic cooling (Flowers and Schoene 2010). AFT
and AHe data from the BK-1 (Bierkraal) drillhole at an
elevation of *1500 m (Fig. 21.6) in the Paleoproterozoic
Bushveld Complex intruding the Kaapvaal Craton indicate
protracted residence within the AFT PAZ between *400

to *100 Ma, followed by relatively rapid Late Cretaceous
cooling (Gallagher et al. 2005; Beucher et al. 2013). AFT
and AHe data from the southwestern Kaapvaal Craton also
suggest that the region resided at near-surface tempera-
tures <60 °C since at least *300 Ma (Wildman et al. 2017).
The study also suggests that the craton margin and sur-
rounding Proterozoic mobile belt record two discrete cooling
episodes during the Early and Late Cretaceous with only
minor (<1 km) denudation during the Cenozoic.

Evidence for discrete Early and Late Cretaceous cooling
phases are also recorded by AFT data from the Limpopo
Belt and southern Zimbabwe Craton periphery (Belton and
Raab 2010) and from two vertical profiles in the Eastern
Highlands of the craton (Belton 2006—see area C in
Fig. 21.6). Samples at elevations >1000 m from one of the
vertical profiles, as well as from a few samples in peripheral
areas of the southern and northern Zimbabwe Craton (area
not shown in Fig. 21.6) also record a protracted cooling
history through the PAZ from Late Carboniferous time and
are considered to have resided near the surface since the Late
Jurassic (Noble 1997; Belton 2006). However, a more
comprehensive LTT study of the Zimbabwe Craton by
Mackintosh et al. (2017) revealed two cooling episodes
inferred to be a denudational response to surface uplift. The
most significant being related to stress transmission related
to Pan-African orogenesis during Gondwana amalgamation.
A second minor episode, commencing in the Paleogene, is
recorded by ZHe data only (which are younger than their
coexisting AFT and AHe ages) and removed km-scale
Karoo sedimentary cover.

Stanley et al. (2013, 2015) and Wildman et al. (2017)
proposed that the spatially variable denudation pattern of
southern Africa based on LTT data may be a response to
both horizontal plate tectonic stresses at the craton margin,
amplified by changes in plate motions in the mid-late Cre-
taceous, and a lithospheric thermal anomaly at that time.
Vertical mantle stresses created by a buoyant mantle
upwelling may have driven long-wavelength uplift of the
strong cratonic interiors, while weakened lithosphere around
the cratonic margins possibly experienced short wavelength
deformation. Thus, the evolution of the southern African
landscape may have resulted from the complex interplay
between these horizontal and vertical forces.

21.4.4 Western Canadian Shield

The Canadian shield was formed by a collage of Archean
plates and accreted juvenile arc terranes and sedimentary
basins that were progressively amalgamated during the
Proterozoic (Fig. 21.7). Most accretion and growth occurred
during the Paleoproterozoic Trans-Hudson orogeny (e.g.,
Schneider et al. 2007). The shield constitutes most of the
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ancient geological core of North America (also known as
Laurentia) and forms the greatest area of exposed Archean
rocks anywhere (Fig. 21.1) and the Slave Craton hosts the
oldest dated rocks (Acasta Gneiss) on Earth. LTT studies of
the shield have mainly focused on the southern Superior
Craton (e.g., Kohn et al. 2005), and the western shield,
particularly on the Slave Craton, as well as on crystalline
basement rocks in the intracratonic Michigan and Hudson
Bay basins and the epicratonic Williston Basin (see refer-
ences cited in Fig. 21.7). The discussion here will focus on
the western Canadian shield.

The most intensively studied area in the western Cana-
dian shield for LTT is the Slave Craton (area E, Fig. 21.7).
AFT data from Paleozoic sediments and crystalline base-
ment outcrops in the SW Slave Craton area suggest heating
following deposition of Devonian carbonates (Arne 1991).
Heating was attributed to burial, with samples attaining
maximum paleotemperatures of *85–100 °C during the
Late Cretaceous (note this approximation was based on
direct interpretation of the data) followed by an

estimated *2.0–2.5 km of uplift and denudation. These
paleotemperatures are consistent with previous studies on
organic maturity and conodont alteration indices in the
Devonian carbonate, as well as fluid inclusion data in Pb–Zn
orebodies hosted by the carbonates adjacent to the craton
margin (Arne 1991).

Kohlmann et al. (2007), Kohlmann (2010) reported AFT
data from a broad coverage of basement and kimberlites across
the Slave Craton. Basement ages range from *130 to 855 Ma,
with older ages located in the north and interior of the craton,
with younger ages being more prevalent toward the western
margin. However, there is some age scatter, even between
samples in close proximity and in those cases the older age
apatites almost invariably show significantly higher Cl content.
Thermal history models across the craton show a distinct
Devonian to Pennsylvanian heating episode, with maximum
paleotemperatures sufficient to have partially or totally annealed
fission tracks in all samples. Cooling is recorded from the latest
Paleozoic with samples reaching near-surface temperatures in
Triassic to Jurassic time. In some samples, models suggest a
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Fig. 21.7 Simplified geological map of the Canadian shield showing
Archean cratons and some intracratonic basins. Regions outlined refer
to areas covered by previous LTT studies, which have also included
samples from Archean cratons. These are: A—Crowley (1991) [mainly
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Moose River Basin and northeast into the Grenville Province],
Lorencak (2003), Kohn et al. (2005), B—Sudbury deep drillhole,
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adjacent crystalline rocks—Crowley et al. (1985), Crowley and

Kuhlman (1988), Kohn et al. (1995), Osadetz et al. (2002), D—URL
Pinawa deep drillhole, Feinstein et al. (2009), E—Arne (1991),
Kohlmann et al. (2007), Kohlmann (2010), Ault et al. (2009, 2013),
F—Flowers et al. (2006), Flowers (2009), G—Flowers et al. (2012).
Not outlined is the area covered by Pinet et al. (2016), which includes
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phase of slight reheating in Cretaceous time, but as samples
barely attained temperatures of 60 °C, this was considered to
be difficult to confirm unequivocally.

AHe data from the Slave Craton yield mean ages ranging
between 382 and 210 Ma, with ages younging across the
craton from east to west (Ault et al. 2009, 2013). When
combined with geologic and stratigraphic constraints, par-
ticularly from kimberlites of varying age, thermal history
simulations are broadly similar to those derived from AFT
data, indicating that apatites experienced complete He loss in
middle to late Paleozoic time. This was followed by removal
of most Paleozoic strata by the Late Jurassic and then a
lesser phase of reheating during which maximum pale-
otemperatures ranged between *50 and *70 °C. Younger
ages from the Wopmay Orogen ranged between 212 and
231 Ma (Ault et al. 2009), although statistically indistin-
guishable from the westernmost Slave Craton results, these
may be due to higher heat flow or a slightly younger timing
for cooling in the western portion of the terranes studied.

ZHe and AHe data from basement adjacent to the NE
Athabasca Basin to the south of the Slave Craton (area F in
Fig. 21.7) yield relatively old ages *1.73–1.58 Ga
and *0.95–0.12 Ga, respectively (Flowers et al. 2006,
Flowers 2009). AFT ages range from *1.02 to *0.63 Ga
(all with Dpar values >1.87, suggesting relatively high Cl
content). Time–temperature LTT models are consistent with
Phanerozoic reheating, indicating partial to total He loss at
peak temperatures between *62 and *95 °C. A similar
thermal history pattern is evident from AFT and AHe data
from basement lithologies to the southwest in area G
(Fig. 21.7), but with slightly lower peak temperatures
(Flowers et al. 2012).

A broadly consistent Phanerozoic thermal history pattern
has emerged from LTT studies on the western Canadian
shield. Peak temperatures were achieved at the time of a
major phase of mid-Paleozoic–early Mesozoic heating,
during which the AHe system was totally reset, with the
AFT system partially to totally reset to varying degrees.
Regionally, heating was highest in the Slave Craton–Wop-
may Orogen and decreased southwards. These data are
interpreted as indicating that beginning at *450 Ma most of
the shield was flooded and blanketed by a Paleozoic marine
sedimentary cover. The Silurian to Devonian Caledonian–
Franklynian orogeny (Andresen et al. 2007) to the north of
the Slave Craton in Greenland and the Canadian Arctic
islands has been linked to the formation of these blanketing
strata. Based on a Sm–Nd isotopic study of Canadian clastic
lithologies, Patchett et al. (2004) suggested that this orogen
provided the source of the dominant Devonian marine shales
deposited on the Canadian shield. Flowers et al. (2012),
however, noted that the burial and unroofing history
observed over an extensive area of the western Canadian
shield was out-of-phase with that expected from eustatic

sea-level chronologies and noted that vertical continental
displacements may have been an important control on the
inferred depositional and erosional history. They proposed
that a process that can induce long-wavelength
(over >1000 km) elevation change in a continental interior
region without significant crustal deformation, such as
dynamic topography, could have been a feasible mechanism
to explain the vertical motions. Hence, significant Paleozoic
burial may have been due to subsidence during cold mantle
downwelling at the time of Pangea assembly, followed by
unroofing due to low amplitude vertical motion induced by
warm mantle upwelling during Pangea breakup (see also
Zhang et al. 2012). As such it was suggested that such
characteristics might largely eliminate the need for plate
margin tectonism as an underlying mechanism for the
heating–cooling history observed.

Although the western Canadian shield is currently largely
devoid of Phanerozoic strata, reconstructions indicate that
the thickness of Ordovician and Devonian strata varied
between 1 and >4 km (Ault et al. 2009; Kohlmann 2010).
Further evidence for wide Paleozoic sedimentary cover over
the shield includes: early Paleozoic limestone xenoliths
entrained in the Late Ordovician Cross diatreme, as well as
in four other kimberlites in the southwestern Slave (Pell
1997; Heaman et al. 2004), Middle Devonian fossiliferous
limestone clasts in the Middle Jurassic Jericho kimberlite
pipe in the north-central Slave (Cookenboo et al. 1998),
outliers of deformed Ordovician dolomite in the
Trans-Hudson Orogen (Elliott 1996), the presence of a thick
section of lower Paleozoic strata preserved in the northern
Western Canada Sedimentary Basin to the west of the
Wopmay Orogen (e.g. Hamblin 1990) and a *2.5 km thick
Upper Ordovician–Upper Devonian section in the intracra-
tonic Hudson Bay Basin (Pinet et al. 2013).

A second phase of milder reheating in Cretaceous time,
barely discernable in the AFT data, is best established by
AHe data in the Slave Craton. It is possibly related to
1.6 km of sedimentary burial during the development of a
foreland basin (still partially preserved in the West Canada
Sedimentary Basin) related to evolution of the Canadian
Cordillera to the west. Erosion of these strata was followed
by terrestrial deposition in the Eocene, which was later
removed (Ault et al. 2013). Cretaceous–early Tertiary mar-
ine mudstone and shale clasts on which organic maturity
measurements have been made in the Cretaceous to Eocene
Lac de Gras kimberlites in the central Slave (e.g., Stasiuk
et al. 2006) provide evidence that sedimentary cover at this
time extended at least 300 km further east than the preserved
limit of the foreland basin (Ault et al. 2009). Further south,
evidence for a Laramide (Cordilleran) foreland basin is
represented by the upper Zuni sequence (Upper Cretaceous–
Paleogene) in the Williston Basin (e.g. Osadetz et al. 2002—
area C in Fig. 21.7).
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21.5 Conclusions

Despite their longevity, most cratons yield AFT and AHe
ages <500 Ma, but some may be as old as *1 Ga, with
occasional older zircon and titanite LTT ages. Older age
apatites often display higher Cl content or Dpar values
(AFT) or high eU (AHe). Thermal histories reconstructed
from craton apatite LTT data often show Neoproterozoic
and/or Phanerozoic episodes of heating and cooling. These
have mostly been related to widespread km-scale sedimen-
tary burial followed by unroofing, which has largely erased
this sedimentary record. Evidence for burial includes:
preservation of sedimentary outliers on cratons or correla-
tives in adjacent basins, studies on sediments and basement
rocks (in drillholes) in epicratonic or intracratonic basins,
and sedimentary xenoliths entrained within kimberlites.
Further, stratigraphic and isotopic provenance data, (e.g., U–
Pb zircon detrital grain ages) from onshore or offshore
basinal sediments proximal to some cratons may carry a
record of the detritus removed, whose accumulation can be
linked temporally to cooling episodes in their cratonic source
areas.

Cratonic environments are characterized by low heat flow
and this has led to seemingly high estimates for the thickness
of overburden required to totally reset or even partially reset
the AFT and AHe systems. Evaluation of the thickness of
cover removed, however, depends on the robustness of the
techniques used, the paleogeothermal gradient that prevailed
at the time of cooling and the thermal conductivity of any
earlier cover removed.

Long-term average denudation rates from cratons based
on LTT data appear to be at odds with geomorphic argu-
ments and rates derived from cosmogenic isotope dating and
chemical weathering studies. However, there is an inherent
bias in extrapolating such short-term rates into deep geo-
logical time, because they are measured on currently
exposed basement, whereas histories simulated from models
are often relevant to rates determined during the removal of
sedimentary overburden in much earlier periods. Thus, the
strong contrast in erosion potential between basement and
sediment needs to be taken into account, as well as the
difference in timing of the denudation being measured.

Fundamental mechanisms related to cratonic heating and
cooling episodes reconstructed from LTT data are complex
and in any region more than one factor may be at play. These
include: adjacent orogens supplying vast volumes of sedi-
ment into widespread foreland basins; horizontal far-field
transmission of stresses from active plate boundaries
resulting in brittle deformation, often along inherited struc-
tures; and the effects of dynamic topography produced by
vertical mantle stresses over long wavelengths. Dynamic
topography also provides an explanation for differences in

degrees of elevation changes observed in some cratons,
particularly where no clear surface deformation is apparent.

Recent developments in understanding the relationship
between radiation damage and He diffusion in the zircon and
titanite (U–Th)/He systems, add considerable value to FT data
for unraveling thermal history paths in cratonic environments
over a wider temperature range than previously possible. Future
studies could also be undertaken in conjunction with 40Ar/39Ar
K-feldspar and U–Pb apatite data to provide greater intersystem
calibration, together with further exploration of the interpreta-
tion of lower-intercept ages on U–Pb zircon concordia.
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