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a  b  s  t  r  a  c  t

X-ray  computed  tomography  (XCT)  is a  powerful  3D  imaging  technique  that  has  been  used  to investigate
meteorites,  mission-returned  samples,  and  other  planetary  materials  of  all  scales  from  dust  particles  to
large  rocks.  With  this  technique,  a 3D  volume  representing  the  X-ray  attenuation  (which  is sensitive  to
composition  and  density)  of  the materials  within  an  object  is  produced,  allowing  various  components
and  textures  to be observed  and  quantified.  As  with  any  analytical  technique,  a  thorough  understanding
of  the  underlying  physical  principles,  system  components,  and  data acquisition  parameters  provides  a
strong  foundation  for the  optimal  acquisition  and  interpretation  of  the data.  Here  we present  a  techni-
cal  overview  of  the physics  of  XCT,  describe  the major  components  of  a typical  laboratory-based  XCT
omputed tomography
D imaging
ynchrotron
adiation
amage
lanetary

instrument,  and  provide  a guide  for how  to optimize  data  collection  for planetary  materials  using such
systems.  We  also discuss  data  processing,  visualization  and  analysis,  including  a  discussion  of  common
data artifacts  and  how  to minimize  them.  We  review  a  variety  of  recent  studies  in  which  XCT  has  been
used  to  study  extraterrestrial  materials  and/or  to address  fundamental  problems  in  planetary  science.
We conclude  with  a short  discussion  of anticipated  future  directions  of  XCT  technology  and  application.
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. Introduction

X-ray computed tomography (XCT) has exploded in popularity
ver the last two decades as a powerful, non-destructive method
o characterize objects in three dimensions. Similar to medical CAT
canning in its basic principles and underlying physics, XCT as
pplied in the physical sciences utilizes higher energies, smaller
-ray focal spot sizes, and/or longer acquisition times (up to a

ew hours) to enable higher resolution and superior quality data
ot attainable in medical settings where dose limitation and sub-

ect movement are concerns. In recent years, XCT technology has
volved such that smaller systems are approaching the cost of a
igh-end scanning electron microscope (SEM) and, thus, more aca-
emic and research laboratories are acquiring them to complement
ther analytical techniques.

The application of X-ray CT for non-medical research purposes
egan in earnest in the early 1980s after the initial development
f medical instruments in the 1960s and 1970s (Hounsfield, 1973,
976). In the planetary sciences, XCT was applied fairly early as an

maging and qualitative investigation tool for meteorites (Arnold
t al., 1983; Hirano et al., 1990; Kondo et al., 1997; Masuda et al.,
986). However, limited access to XCT facilities and expertise pre-
ented its wide application, and it was several years before the
rst studies aimed at addressing particular planetary problems via
he 3D quantification capabilities of XCT appeared (e.g., Gnos et al.,
002; Kuebler et al., 1999; Rubin et al., 2001; Tsuchiyama et al.,
000).

As a non-destructive technique, XCT is particularly useful for
ocumenting and analyzing rare and/or irreplaceable specimens
uch as meteorites or returned samples (e.g., Apollo, Stardust,
ayabusa), where sample preservation is of particular concern

Blumenfeld et al., 2015; Flynn et al., 2000; Masuda et al., 1986;
suchiyama et al., 2002; Zeigler et al., 2014). Using XCT, the entirety
f a sample can be imaged prior to slabbing, sectioning, or distri-
ution to museums and researchers. This not only allows digital
uration of the sample but also preserves the 3D context of any
ubsamples to the original sample and to each other. In addition,
he XCT data can be used to characterize macroscale features such
s sample heterogeneity, pore structure, and/or petrofabrics that
ay  not be noticeable or measurable with traditional 2D microan-

lytical techniques (e.g., Benedix et al., 2008; Friedrich and Rivers,
013; Hanna et al., 2015; Zolensky et al., 2014).

There are several review papers that cover different aspects of
CT as it applies to various geoscientific problems (Cnudde and
oone, 2013; Ebel and Rivers, 2007; Fusseis et al., 2014; Ketcham
nd Carlson, 2001; Kyle and Ketcham, 2015; Wildenschild and
heppard, 2013). A recent review by Fusseis et al. (2014) focuses
n the application of synchrotron CT to geology and rock mechan-
cs and compiles information on the major synchrotron beamlines
vailable for research around the world, as well as helpful informa-
ion on how to apply for beam time at these facilities. Wildenschild
nd Sheppard (2013) focus on the application of XCT to poros-
ty measurement and include a discussion of current and future

CT hardware technology. A more generalized review of XCT in
eosciences using both X-ray tubes as well as synchrotron X-ray
ources is given by Cnudde and Boone (2013). Ebel and Rivers
2007) provide an informative review of meteoritical investigations
 .  . .  . . . .  . . .  . . . . .  .  . . . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  .  . . . .  .  .  . . . . .  . . . . . . .  .  .  .  . . .  .  . .  . . . .  .  568

and applications, mainly using synchrotron-based XCT, including
details on an XCT beam line (13-BM-D) at the Advanced Photon
Source (APS) at Argonne National Laboratory. The present con-
tribution provides an updated overview of XCT investigation of
planetary materials with emphasis on more widely used and avail-
able lab-based XCT systems.

Our primary goal is to acquaint the general planetary and
geochemical science communities with XCT as it applies to
extraterrestrial materials, including details on data acquisition and
its optimization for different curatorial and research goals. Because
of the proliferation of laboratory-based polychromatic cone-beam
XCT instruments (in contrast to more specialized systems with syn-
chrotron sources or a helical acquisition geometry), we will focus on
the technology, imaging geometry, and data artifacts that are char-
acteristic of these systems, but provide additional details as well as
case studies that utilize others. We first give an introduction to the
underlying physical principles of XCT, the common components of
a laboratory cone-beam system, and how data acquisition param-
eters are determined and the various trade-offs encountered. We
present the numerous ways XCT data can be processed, corrected,
visualized, and quantified, with particular emphasis on common
data artifacts that are inherent when using polychromatic cone-
beam instruments. We  then present several recent case studies of
how XCT data have been used to address various planetary sci-
ence problems, and conclude with a short discussion of the future
trajectory of XCT. Our intention is that this review serves as a
useful primer for planetary scientists to optimize their own XCT
data acquisition, be better prepared to interpret and analyze XCT
datasets, and be inspired to use this powerful technique to address
problems in their own research.

2. Principles and physics of XCT

2.1. X-ray generation

The easiest way to generate X-rays is to bombard a target
material (usually a high-atomic-number metal such as tungsten)
with high-energy electrons produced by a heated filament, as in
a standard X-ray “tube”. A continuum of X-ray energies is pro-
duced due to various interactions of the incoming free electrons
with bound electrons in the target material. The most dominant
interaction produces so-called bremsstrahlung radiation, in which
incident electrons decelerate due to interactions with target nuclei
(bremsstrahlung arises from the German word bremsen for brake).
The energy of the resulting radiation depends on the amount of
electron kinetic energy transferred by this interaction, and so the
X-ray radiation emitted features a broad spectrum of energies up
to the maximum energy of the incident electrons (i.e., it is poly-
chromatic). The maximum energy is generated when an electron
actually collides with the nucleus and all of its kinetic energy is
converted to X-ray radiation, although the probability of such a
collision is low, which is why  the majority of the radiation is emit-
ted at lower energies (Fig. 1) (Hsieh, 2009). The X-ray tube voltage

setting represents the electric potential applied across the cham-
ber that will accelerate electrons up to this maximum energy. For
example, if the tube voltage is set to 200 kV, the filament electrons
will be accelerated fast enough to generate X-rays up to 200 keV,
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Fig. 1. X-ray energy spectrum generated from a tungsten target at 150 keV. Mean
energy of unfiltered beam is 48.2 keV. Filtered spectrum represents same beam after
R.D. Hanna, R.A. Ketcham / C

lthough the mean X-ray energy is much lower than this (Fig. 1).
ecause the polychromatic nature of this radiation can cause imag-

ng artifacts, a low-attenuation filter can be used to preferentially
emove some of these lower energy X-rays (Ketcham and Carlson,
001). Another source of X-ray radiation is produced when an inci-
ent electron ejects an inner-shell electron of a target atom and
n outer-shell electron moves inward to fill this hole. Because the
uter-shell electron has a higher energy state than the inner-shell
lectron, its change in energy state gives rise to a characteristic
-ray energy (Fig. 1). The bremsstrahlung and characteristic X-
ay radiation actually only represent a small fraction of energy
eposited within the target material; the vast majority (>99%) of
he incident electron energy is released as heat (Hsieh, 2009). The
otal X-ray energy output from the target is characterized as the
ux (photons/second), although the terms intensity and flux are
ften used interchangeably (and will be here).

While an X-ray tube system is a relatively cost-effective way to
enerate X-ray radiation, the limited X-ray flux and polychromatic
pectrum can lead to imaging artifacts (Section 4). Synchrotron
ources provide a way to overcome these limitations, although their
pecialized setup and high operational cost limit their availabil-
ty. A synchrotron uses a large storage ring [typically hundreds of

eters in circumference (see Table 3.1 in Willmott, 2011)] to accel-
rate free electrons generated from an electron gun (i.e., a heated
lament similar to that used in an X-ray tube) to even higher veloc-

ties. This gives electrons up to several GeV of kinetic energy as they
re accelerated to very near the velocity of light. X-ray radiation is
enerated from the electrons as their trajectory is modified, either
y using bending magnets (to maintain a circular arc) or by the use
f an insertion device (undulator or wiggler) along a straight-line
egment in the ring which forces the electrons to slightly oscillate
nd emit X-ray radiation. The large amount of radiation produced
llows the use of beam filtration that can be ‘tuned’ to a particular X-
ay energy while maintaining a high flux to produce a brilliant (i.e.,
igh flux over a small spatial area with minimal beam divergence)
onochromatic beam (Willmott, 2011).

.2. X-ray attenuation

A three-dimensional XCT data set represents the attenuation of
-rays at each point within an object. The general attenuation of
-rays in a material is governed by Lambert-Beer’s Law

 = I0exp (−�x) (1)

here I is the recorded X-ray intensity, I0 is the initial X-ray inten-
ity, � is the linear attenuation coefficient of the material, and x
s the path length of the X-ray through the material. Eq. (1) only
escribes a homogenous material which, however, in natural sam-
les is rarely the case. If the object is composed of several different
aterials, the linear attenuation of each material (ui) as well as

ts linear extent (xi) must be accounted for, resulting in the more
eneral equation

 = I0exp
[∑

(−�ixi)
]

(2)

In the case of a monochromatic beam this equation is sufficient
o describe the attenuation of the X-ray beam through a heteroge-
eous object. However, the more typical laboratory setup employs

 polychromatic X-ray beam. Because the linear attenuation coef-
cient � is a strong function of X-ray energy, to describe X-ray
ttenuation of a polychromatic beam through a heterogeneous

bject requires solving Eq. (2) over the full X-ray spectrum

 =
∫

I0 (E) exp
[∑

(−�i (E) xi)
]

dE (3)
filtering with 10 mm of aluminum. The filtered beam has a higher mean energy
of  69 keV due to filtering of low energy X-rays. Graph produced using SpekCalc
(Poludniowski et al., 2009).

In order to solve Eq. (3) the full shape of the incident X-ray spec-
trum is needed, but it is rarely directly measured and depends on
several factors, including the target material and type (transmis-
sion or directional; Section 3.1), accelerating voltage, current, and
any beam filters used (Fig. 1). These nuances make it difficult to
accurately model a polychromatic X-ray beam, and therefore most
reconstruction algorithms solve only Eq. (2), implicitly assuming
a single effective energy. As discussed in more detail below, this
mathematical simplification can lead to beam hardening artifacts
within the reconstructed data.

Within the X-ray energies commonly used for tomography of
planetary materials (<∼450 keV), the attenuation of X-rays through
a material is the result of three processes whose relative influence
varies depending on the incident energy and material properties:
photoelectric absorption, incoherent (Compton) scattering, and
coherent (Rayleigh) scattering. During photoelectric absorption, an
incoming X-ray photon liberates an inner-shell electron (which
becomes a photoelectron) leaving the atom ionized. The original
X-ray photon ceases to exist (i.e., it is absorbed). The probability of
this effect is heavily dependent on the photon energy (Fig. 2) and
the atomic number (Z) of the absorbing material, roughly to the
fourth power ∼Z4 (Als-Nielson and McMorrow, 2011). In Compton
scattering the incident X-ray photon ejects an outer-shell electron
(ionization) while retaining some of its energy and, as a result,
is scattered as a lower energy photon (i.e., inelastic scattering)
(Hsieh, 2009). The probability of this effect is dependent on the
electron density of the material (Hsieh, 2009). This causes Comp-
ton scattering to be less sensitive to the material composition than
the photoelectric effect, especially at lower energies (Fig. 2). The
final process, coherent scattering, is an elastic process where the
incoming X-ray photon causes an electron to vibrate at the same
frequency and emit an X-ray photon of the same energy. The over-
all effect is that the incident X-ray is scattered but no energy loss
occurs and the affected atom is unchanged (not ionized). The inten-
sity of this effect is roughly proportional to Z2 (Willmott, 2011) and
is most pronounced at lower X-ray energies (Fig. 2).

The combination of these effects for different materials can be
examined by plotting their total attenuation as a function of X-
ray energy. The NIST XCOM database (Berger et al., 2010) compiles

the X-ray attenuation coefficients (for scattering and photoelectric
absorption, as well as total attenuation) for elements, compounds,
and mixtures (Z ≤ 100). We  have created a tool in the form of a
Microsoft Excel workbook called MuCalc (http://www.ctlab.geo.

http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
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cattering, and photoelectric absorption) to the total mass attenuation of forsterite
Mg2SiO4) for energies up to 500 keV. Attenuation values from the NIST XCOM
atabase (http://www.nist.gov/pml/data/xcom/index.cfm).

texas.edu/software/) in which the total X-ray attenuations of var-
ous terrestrial and meteoritic minerals have been calculated using
he NIST XCOM database and can be graphed in order to examine
heir relative attenuations at various X-ray energies (Fig. 3). Fur-
her details on this program can be found in Appendix A. The strong
ependence of the photoelectric absorption process on Z, coupled
ith its dominance at lower X-ray energies (Fig. 2), makes lower
-ray energies more ideal for distinguishing certain minerals (for
xample, troilite and fayalite; Fig. 3). As the X-ray spectrum pro-
uced from a laboratory source is a complex continuum of energies
p to the maximum energy (Fig. 1), the “effective” X-ray attenu-
tion of the minerals in Fig. 3 is an integral of their attenuation
oefficients at all energies in this range (Eq. (3)).

For the interested reader there are several books that pro-
ide more detailed treatments of the various aspects of X-ray

omputed tomography. A thorough mathematical foundation and
etailed explanation of X-ray physics and interactions using both
lassical and quantum descriptions can be found in Als-Nielson
nd McMorrow (2011). Hsieh (2009) provides an overview of
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ig. 3. Linear attenuation coefficients as a function of X-ray energy for common me
hite/serpentine and fayalite/troilite at decreased energies, and the change in relative at
han  enstatite, but at lower energies (<55 keV) it is slightly more attenuating. At 55 keV th
he  MuCalc program (Appendix A).
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tube-based laboratory XCT including details on typical XCT sys-
tem components, image reconstruction, and imaging artifacts.
Buzug (2008) provides a similar overview but delves into cone-
beam system components (albeit in a medical setting) and image
reconstruction mathematics in considerably more detail. Those
interested in synchrotron facilities for XCT are encouraged to con-
sult Willmott (2011) for in-depth coverage of the capabilities,
components, and operation of these systems, including information
on additional analytical techniques available using synchrotron
radiation.

2.3. Really non-destructive?

While XCT is described as non-destructive, X-ray energy is inti-
mately interacting with material at an atomic level, notably by
causing ionization and potentially heating. Therefore, some change
is occurring at least on a subatomic level and the question arises of
whether this interaction is causing a permanent change in material
properties that are detectable using other analytical techniques. For
meteorites and mission-returned samples where an irreplaceable
specimen is often analyzed using a variety of techniques, potential
sample modification from any one technique that could compro-
mise the finding of another is a serious concern. In addition, the
interest in using XCT as a general curation tool for planetary sam-
ples makes addressing this issue of critical importance to prevent
large numbers of samples from being contaminated or modified in
any way  that potentially hinders future investigation.

For these reasons a few studies have emerged in recent years
that aim to identify measurable changes in XCT-imaged samples.
Ebel et al. (2009) calculated that the power deposited into 1 cm2

sample cross section during a synchrotron imaging experiment
at 10 keV would be ∼4.2 × 10−4 W,  which is many of orders of
magnitude lower than the absorbed power from an electron micro-
probe and corresponds to heating 1 cm3 of water by 1 × 10−4

degrees/s (∼1◦ in 3 h). The University of Texas High-Resolution
X-ray CT Facility (UTCT) tested for the effects of a routine labora-
tory XCT imaging experiment on the ferromagnetic remanence of
two 25-mm-diameter terrestrial igneous (basalt) cores (R. Hanna
and R. R. Fu, unpublished data). The two cores were first demag-
netized in alternating fields (AF) of 85 mT.  These cores were then
imaged, one on our FeinFocus II system (180 keV, 0.22 mA;  83 mm

source-object distance; 2.21 h acquisition) and the other on our
Zeiss (formerly Xradia) microXCT system (90 keV, 10 W;  47 mm
source-object distance; 0.98 h acquisition). Measurements of the
remanent magnetization of the samples were made before and

160 210

rgy (keV)

fayalite
anorthite
troilite
enstatite
Mg serpentine

teoritic minerals. Note the increased separation of linear attenuation for anor-
tenuation between anorthite and enstatite. Anorthite is generally less attenuating
ey have equal attenuation and would be indistinguishable with XCT. Created with

http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.nist.gov/pml/data/xcom/index.cfm
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
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fter XCT imaging using the 2G Superconducting Rock Magne-
ometer at the MIT  Paleomagnetism Laboratory. No change in the

agnetic moment of the samples was detected after XCT imag-
ng, implying that the change in the magnetization was <1% of the
otal moment. Reapplication of a 1.5 mT  AF revealed no resolvable
hange in the magnetic moment; the maximum field to which the
amples were exposed was therefore «1.5 mT.  We  conclude that
CT imaging using the settings indicated above lead to no signifi-
ant magnetic contamination in our basaltic samples. In regard to
rganics, Ebel et al. (2009) investigated the effect of synchrotron
omographic imaging (beamline 13BM-D at the Advanced Proton
ource; 12 keV for ∼35 min) to polycyclic aromatic hydrocarbon
PAH) residue. No changes were detected in the PAH composi-
ion using laser-desorption laser-ionization mass spectrometry.
riedrich et al. (2016) tested for the modification of amino acids
n two samples of the Murchison CM chondrite during condi-
ions slightly harsher than routine synchrotron XCT imaging. They
maged the samples at 46.6 and 48.6 keV with longer beam expo-
ure times (64 and 43 min, respectively) than typically used for
icrotomography imaging experiments and measured no differ-

nce in either the amino acid abundance nor the enantiomeric
atios (measured with liquid chromatography-fluorescence detec-
ion and time-of-flight mass spectrometry) after X-ray exposure.
hey estimated that the total dose experienced by two  samples was
1.1 kGy (kilograys) and ∼1.2 kGy and also calculated that sample
eating was negligible (<1◦ C).

However, Sears et al. (2015, 2016) did measure a significant
ise in thermoluminescence (TL) in several ordinary chondrites
fter imaging the samples in a laboratory XCT system. They con-
luded that XCT-imaged samples experience a radiation dose of
5 ± 5 krad, which is consistent with the XCT dose calculation of
riedrich et al. (2016) (100 krad = 1.0 kGy). This dose is comparable
o natural TL measured in Antarctic meteorites (<∼100 krad) that
esults from a combination of cosmic ray exposure and internal
adioactivity (Sears et al., 2013, 2016). Because the fall in natural TL
uring a meteorite’s time on Earth is used to calculate its terrestrial
esidence time (e.g., Sears et al., 2013), XCT imaging could sig-
ificantly complicate age determinations. Specifically, XCT-imaged
amples could be mistaken for freshly fallen meteorites (Sears et al.,
015, 2016).

The confirmation of a measureable radiation dose for an XCT-
maged sample is unsurprising as X-ray radiation is ionizing in
ature. It is expected that some molecular change is occurring as a
esult of this radiation, especially in the case of organics which have
een shown to be more sensitive to ionizing radiation than non-
rganics, especially at lower X-ray energies (Bertrand et al., 2015).
ndeed, Moini et al. (2014) examined the effects of synchrotron X-
ay radiation on free amino acids [l-cystine, l-asparagine (Asn),
nd l-aspartic acid (Asp)] and confirmed that several molecular
hanges including modification (l-cystine; optically visible struc-
ure and color change), fragmentation (all), and racemization (Asp)
ccurred at low X-ray energies (8 and 22 keV). They found that the
egree of damage increased when using a lower X-ray energy or a
ocused X-ray beam (i.e., beam focused to a smaller cross-sectional
ize with higher intensity) and for longer irradiation times (up to
200 s). Likewise, the Stardust Team has verified that interstellar
andidate grains, particularly organics, show evidence of radiation
amage after exposure to synchrotron X-ray radiation experiments
X-ray fluorescence (XRF) and X-ray diffraction (XRD)] which use
ocused X-ray beams (Bechtel et al., 2014b; Simionovici et al., 2011).
owever, some damage appears to be the result of the particles
eing embedded in an insulating medium (Simionovici et al., 2011),

nd it is also unclear if similar radiation damage would occur when
sing unfocused beams for tomographic imaging. Because the unfo-
used beam widths are relatively large, the X-ray flux and resulting
adiation dose is lower than the nm-scale beams achieved with X-
der Erde 77 (2017) 547–572 551

ray focusing lenses (Bechtel et al., 2014a; Friedrich et al., 2016).
Qualitatively, the authors and others in our laboratory (UTCT) have
personally witnessed visible ‘yellowing’ of epoxy (for embedded
specimens) that has been exposed to (unfocused) polychromatic
X-rays (40–420 kV). The color change increases in intensity with
repeated XCT imaging.

As a final note, we caution again that X-rays are physically
interacting with matter to cause (permanent?) modifications at a
subatomic level as a result of ionization and that further inves-
tigation, especially in regard to organics modification, is needed.
While any changes may  not be measureable with most analytical
techniques commonly employed today, it is possible, even likely,
that as technological advances to characterize material at increas-
ingly smaller scales are developed, changes within matter exposed
to routine XCT may  become detectable. The potential impact of
this scenario is impossible to know, but caution may  be warranted
when imaging samples at lower X-ray energies or with focused
beams (e.g., Tsuchiyama et al., 2013), especially when preservation
of organics is of particular concern.

3. Acquisition of XCT data

3.1. XCT system components

There are four primary components common among most non-
medical XCT cone-beam systems: 1) an X-ray source that generates
X-rays; 2) a rotating stage upon which the sample is mounted; 3)
a detector that records the X-ray signal after passing through the
sample; and 4) a computer that drives the system and records the
collected data. The most critical components of a system are the
X-ray source and the detector technology. In traditional turnkey
laboratory-based tube XCT systems found today, polychromatic
X-rays are generated from a finite point source and diverge to illu-
minate a sample volume. A cone of the X-ray energy is detected
by a 2D planar detector composed of discrete elements, the num-
ber of which determines the maximum size of the final image
(2048 × 2048 or 4096 × 4096 are common sizes today), although
the data can be binned (multiple pixels averaged into a single pixel
– see Section 3.3 for a more detailed explanation) to increase the
signal-to-noise ratio (SNR), shorten acquisition time, and/or reduce
data volume size. The sample is rotated through 180◦(+fan angle) or
360◦ on the stage as a sequence of 2D X-ray projections (views) are
recorded by the detector. These digital radiographs are recorded,
stored, and ultimately reconstructed (Section 3.4) to produce a 3D
volume of the sample’s X-ray attenuation.

In addition to the energy spectrum generated (Fig. 1), other
important parameters of an X-ray source are the intensity and the
focal spot size. The intensity is controlled by the power input of the
system and is often quoted as a maximum wattage. The greater the
intensity, the better the SNR in the acquired data. The focal spot
size is a major factor in determining the maximum spatial resolu-
tion that is achievable with a system and the amount of blur that
will occur (see Section 3.2). In addition, the type of target (direc-
tional or transmission) determines the possible spot sizes and flux
available. In directional targets the filament electrons hit a thick tar-
get material and X-rays are emitted from the target surface at an
angle. In transmission targets the filament electrons pass through
a thin film of target material and X-rays are emitted on the other
side. Directional targets are capable of a higher flux but also have
a larger spot size than transmission targets. Because of their lower
flux and smaller focal spot size, transmission targets usually are

only used for higher resolution (i.e., smaller object) XCT imaging.

The X-ray source energy, wattage, and focal spot size covary. The
total power (wattage) of an X-ray tube is what ultimately governs
the volume and type of materials that it can adequately pene-
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rate. Power (P) is related to the energy (voltage V) and current
I) through:

 = VI (4)

The operator can set the voltage (in kV) and current (in mA  or
A) to produce the desired power (wattage), up to the maximum
llowed on the system.1 The spot size is inversely proportional to
he power to prevent damage to the target. For example, if the
ystem is run at a higher total power, the spot size is enlarged (defo-
used) to keep the total flux of electrons below a certain threshold,
therwise the target would overheat or crack (although a rotat-
ng anode can help limit overheating). Operation at a lower power
reduced voltage and/or amperage) allows for a more focused beam,
roducing a sharper but noisier image due to the lower intensity.

n the end the particular settings used are primarily governed by
he size and composition of the sample as well as the imaging
bjectives.

While a cone-beam source geometry is the most com-
only employed today because of its relative efficiency and

ost-effectiveness in X-ray generation and collection, its major
rawbacks are a parallax effect around the upper and lower edges
f the cone that leads to distortion at the edges of the field of view
FOV). This distortion can be minimized by ensuring that the system
s geometrically well aligned or through the use of helical scanning,
uring which the cone beam is vertically translated through the
ample during acquisition. This has the advantage that all portions
f the sample are ‘seen’ by the nearly perpendicular central rays of
he beam and the reconstruction algorithm can utilize this infor-

ation to provide a more faithful geometric reconstruction of the
bject (e.g., Varslot et al., 2011; Yu and Xiaochuan, 2004). Systems
apable of helical scanning are primarily limited to non-desktop
CT systems that can house the required gantry system, such as

hat at UTCT (http://www.ctlab.geo.utexas.edu/the-lab/).
Another way to avoid the common issues associated with a

one-beam geometry is to use a near-parallel beam that can be
chieved using a synchrotron source (Ebel and Rivers, 2007; Fusseis
t al., 2014; Kyle and Ketcham, 2015). This provides the mini-
al  amount of geometrical distortion, but there may  be limits to

he FOV available and thus the maximum sample size (Ebel and
ivers, 2007). Yet another beam geometry is a fan beam configura-
ion where the X-rays are collimated to a narrow horizontal beam
hat is recorded by a linear detector array. Although this requires
ertical rastering through the sample (and therefore longer acqui-
ition times), this is an ideal geometry for larger (dm-scale) objects
hat require higher X-ray energies to penetrate. Because attenu-
tion of higher energy X-rays is dominated by scattering (Fig. 2),
ollimation to a fan beam and the use of a single row of detector
lements minimizes associated artifacts (Kyle and Ketcham, 2015).

 compromise that can be effective with a flat-panel detector is
o collimate the beam and detector so that only a limited number
f rows are illuminated, essentially gathering a “flattened cone” of
ata and eliminating the worst of the scattering.

The other important component of an XCT system that deter-
ines its performance is the detector. An X-ray detector is typically
ade of a scintillating material that produces photons of visible

ight in response to the absorption of X-ray photons. These flashes of
ight are counted and recorded by a device that digitizes the signal.
raditionally, charge-coupled devices (CCDs) are used, but these are
radually being replaced by thin film transistor (TFT) arrays (also

eferred to as flat panel detectors) which are generally regarded as
uperior technology (e.g., Jaffray et al., 1999; Seibert, 2006). Com-
lementary metal-oxide-semiconductor (CMOS) chips can also be

1 On some systems the two adjustable parameters are voltage and wattage. In this
ase the system auto-adjusts the current to supply the intended power.
der Erde 77 (2017) 547–572

used and are generally lower in cost with faster frame rates but at
the expense of image quality (noise). The quality of a detector for X-
ray imaging depends on its size (both individual detector element
size and the total number of elements), its efficiency in detecting
X-rays (the ideal is 100% sensitivity to all X-ray energies), its abil-
ity to minimize cross-talk between detector elements, shadowing
(i.e., image persistence or burn-in), and the speed with which it can
record signals (i.e., latency). The last is the most limiting factor in
how fast an X-ray projection can be acquired and therefore greatly
influences the speed of the system. The physical size of the detector
element determines how much of the object is subtended by it (i.e.,
the spatial resolution; Section 3.2) and the bit depth of a detector
determines the number of different grayscale values it can record
(i.e., the contrast in X-ray attenuation; high quality detectors today
feature 16- to 32- bit depth).

3.2. Spatial resolution

The spatial resolution of a cone-beam XCT image is a function of
several factors, including the imaging geometry, source, detector,
and magnification optics if applicable. In the most general sense,
the spatial resolution is a function of the width of the beam as it
passes from the focal spot through the object to a detector element
(Fig. 4a). The beam width is a function of the spot size (s), detector
element size (d), the distance between the source and object (SOD),
and the distance between the source and the detector (SDD) (ASTM
E1441-11, 2011) (Fig. 4a):

BW =
√

d2 + [s (M − 1)]2

M
(5)

where:

M = SDD

SOD
(6)

Because the X-ray spot has a finite minimum size, each detector
element will collect X-rays that have gone through more than one
path in the sample (Fig. 4a). It is easy to see from Eq. (5) and Fig. 4a
that as the s increases, the width of the beam (BW) increases and
thus spatial resolution decreases. The physical size of the detector
elements also influences spatial resolution, as larger d will record
more possible paths (larger BW). In the majority of systems d is large
relative to the s and geometric magnification is used to vary spatial
resolution by moving the object relative to the source (Fig. 4b). The
highest resolution is achieved when objects are placed closest to the
source and SOD (and therefore BW) is minimized. However, such
an arrangement places the sample into a smaller region of the cone
that illuminates the entire detector array, in turn limiting the field
of view. Imaging small regions within larger objects is generally
limited by the requirement to not place the sample so close to the
sources that it hits it.

Conversely, some systems use optical magnification in addition
to geometrical magnification (Fig. 4c). This reduces the dependence
of the spatial resolution on the SOD and allows for high resolution
and also higher magnification of subvolumes within large objects.
In these systems the effective detector elements are smaller than
the source and therefore objects are placed close to the detector
(actually the scintillator; Fig. 4c) to maximize geometric magnifi-
cation. The light from the scintillator is then optically magnified
onto the detector to provide further magnification. XCT systems on
synchrotron beamlines use optical magnification as well; the beam
is nearly parallel, thus geometric magnification is not possible.

In both cases, a reasonable first-order simplification is that reso-

lution in terms of voxel (volume element, or 3D pixel) size is simply
the object width, or field of view (FOV) if a sub-region is imaged,
divided by the number of elements across the detector array. For
example, imaging an object 5 cm in size on a 2048 × 2048 pixel

http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
http://www.ctlab.geo.utexas.edu/the-lab/
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However, higher numbers of views will increase the acquisition
time, especially on systems with detectors with a significant latency
one plates are used.

etector results in a resolution of about 24.4 microns on a voxel
dge, assuming the sample fills the entire FOV. However, resolu-
ion in terms of feature detection is also a function of the point
pread function (PSF) of system (responsible for blur in XCT data
ASTM E1441-11, 2011)) which is a function of a number of factors

ncluding beam width, detector crosstalk, and precision of gantry

otions. The PSF is discussed in more detail in Section 4.2.
der Erde 77 (2017) 547–572 553

3.3. XCT acquisition parameters

The optimal parameters for XCT acquisition are determined
primarily by the sample composition and size and the research
objectives. The spatial resolution of the data is often the primary
concern, as it determines the ability to detect features of interest. In
most cases spatial resolution does not directly correspond to fea-
ture detection, as it takes a few voxels to discern and measure a
feature within an XCT dataset. Exceptions to this include when the
material of interest has a markedly higher (e.g., metal) or lower (e.g.,
pore space) attenuation compared to the surrounding material, or
a high aspect ratio (e.g., fractures). In such cases it may  be possible
to measure features, even on a sub-voxel level, by exploiting the
partial volume effect (Kyle and Ketcham, 2015) (Section 4.2).

The other important variable in the design of an XCT experiment
is the X-ray energy to be used. This also depends on the research
objectives, specifically the materials that are present (e.g., minerals,
voids) and which of these are important to distinguish in the data.
A linear attenuation comparison tool such as MuCalc (Appendix A)
can be valuable in determining the optimal energy to maximize
the attenuation contrast between phases of interest (Fig. 3). While
lower-energy X-rays are better able to maximize contrast between
most minerals, they are also less penetrating, resulting in poten-
tial data contamination by noise or artifacts. The best compromise
is to image at the highest energy that will still allow sufficient
attenuation contrast between the phases of interest. If an energy
below ∼40 keV is required, a lower-atomic-number metal target
(such as molybdenum) can produce better results, or a synchrotron
source can provide the higher flux needed to avoid excessively
noisy data. However, the penetration limitations of these lower
energy X-rays will still require a relatively smaller sample and
proper sample preparation. The ideal sample geometry is a cylin-
der, where the X-rays are passing through a consistent amount of
material throughout the rotation.

In some cases, imaging the sample at two different energies
(dual energy or absorption edge imaging) may be useful. Because
the X-ray attenuation of a material is a well-defined function of
its density, atomic number Z, and the X-ray energy (Fig. 3), imag-
ing the same material at dual energies allows an estimation of
its density and effective (average) Z (Van Geet et al., 2000). This
approach requires careful calibration using materials of known
composition and density (e.g., Alves et al., 2014) and complica-
tions from a polychromatic beam and beam hardening can limit
success (Alves et al., 2014; Remeysen and Swennen, 2008; Van Geet
et al., 2000). Another form of dual energy imaging (also referred to
as absorption edge imaging) involves imaging a material at ener-
gies above and below its X-ray K-absorption edge (e.g., Ikeda et al.,
2004; Ketcham and Koeberl, 2013; Mayo et al., 2015; Tsuchiyama
et al., 2013). Because X-ray attenuation changes markedly on either
side of the K edge for certain elements, the large attenuation dif-
ference can be used to identify and highlight materials composed
of these elements (Ikeda et al., 2004; Mayo et al., 2015), even when
using polychromatic sources (Ketcham and Koeberl, 2013). Careful
selection of the X-ray energies and proper calibration of the system
can also allow calculation of elemental concentrations (Ikeda et al.,
2004) and mineralogical compositions (Tsuchiyama et al., 2013),
although this requires a monochromatic beam (Section 5.4).

After the energy and spatial resolution requirements are deter-
mined, the rest of the imaging parameters are selected with the goal
of providing sufficient quality data within a reasonable time. The
more views (projections) that are collected during acquisition the
higher the data quality, especially toward the periphery of the FOV.
time, as well as increase reconstruction time (Section 3.4). Also,
there are theoretical limits on the number of views which should
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e used (i.e., the Nyquist frequency; (Hsieh, 2009)) as well as practi-
al limits to the increase in SNR (Uesugi et al., 2010). Improvement
n SNR can also be achieved without incurring computational over-
ead by acquiring and averaging multiple frames per view. Another
eans of accomplishing the same effect is to increase the acquisi-

ion time per view, usually expressed in milliseconds. Again, the
onger the acquisition time per view the higher the SNR, but at the
ost of an increase in total imaging time.

Another way to increase SNR while decreasing computational
verhead, but at a cost in resolution, is to bin the detector readings
sum signal from adjacent detector elements). For example, bin-
ing by two on an area detector will combine four pixels into one;
ssuming that the reconstruction size is also reduced accordingly,
his will reduce the final voxel edge length by a factor of two and
ata size by a factor of eight. Although this decreases data resolu-
ion in terms of voxel size, to the extent that the true resolution
eflects the beam width (Eqs. (5) and (6)) the actual information
oss is often less, especially when using a defocused X-ray beam.

Another imaging option is to pre-filter the beam which will pref-
rentially remove lower energy X-rays to decrease the effects of
eam hardening and ring artifacts (Section 4.1), but this will also
ecrease the SNR and possibly degrade material discrimination, so
are must be taken to not over-filter. The best choice for all of these
arameters will vary depending not only on the composition and
ize of the sample but also on the particular XCT system and, in
any cases, the budget (time and/or money). Hands-on XCT imag-

ng experience is the best way to learn the most appropriate settings
or various samples and instruments.

Finally, a series of careful calibrations must be performed prior
o, during, and/or after XCT imaging to ensure data quality. The
wo most common are the dark field and bright field calibrations.

 dark field calibration (also referred to as an offset) is a projec-
ion image taken while the X-ray beam is off. This is usually done
nly once, either prior to or after imaging, and helps to correct for
etector bias present while the X-rays are off. The bright field cal-

bration (also referred to as a gain) is taken with the X-rays on
nd the sample outside of the FOV; it is essential to correct for
he differential response between detector elements, falloff (due
o spherical beam), as well as to account for source drift (change
n X-ray intensity over time). The timing of the bright field cal-
bration(s) is generally machine-specific but will also depend on
he imaging time (i.e. longer acquisitions can benefit from several
right field calibrations). Another calibration, which varies widely

n its implementation among systems, is the geometrical calibra-
ion. This ensures that gantry motions are operating as expected,
hat the central rotation axis of the sample mount is at a known
ocation with respect to the detector array, that the X-ray source
nd detector are properly aligned, and that the spatial magnifica-
ion of the system is properly calibrated. For most turnkey systems

 full geometrical calibration is performed during regular preven-
ative maintenance visits and only a simple central rotation axis
hift correction is applied during data processing for a an XCT
ataset. However, for flexible-geometry systems (which can switch
etween linear, cone-beam, and helical scanning configurations or
se multiple X-ray sources and/or detectors), a geometrical calibra-
ion is performed prior to each scan using a phantom (a machined
art of known size and geometry).

.4. Reconstruction

During reconstruction the XCT projections are processed and
econstructed into a 3D volume representing X-ray attenuation.

he mathematical details of the reconstruction process are beyond
he scope of this review, but the most common reconstruction
lgorithm is filtered back-projection (FBP) in which the data are
rst convolved with a filter and then the projections are ‘stacked’
der Erde 77 (2017) 547–572

onto a grid through their respective angular positions to grad-
ually build an image of X-ray attenuation (Buzug, 2008; Hsieh,
2009). In its simplest form, FBP is used by systems with a parallel-
beam geometry (i.e., synchtrotron source) (Fusseis et al., 2014).
Cone beam XCT systems commonly employ the Feldkamp-Davis-
Kress (FDK) algorithm, an extension of FBP that accounts for the
3D dispersion of the X-rays from a point source to a 2D detec-
tor (Hsieh, 2009). Reconstruction is a computationally intensive
process. Unfortunately, most modern XCT systems come with
their own  proprietary reconstruction software that allows lit-
tle flexibility in data processing/reconstruction and may  employ
behind-the-scenes algorithms that are not documented, such as
noise suppression. Different convolution filters can be used to
emphasize particular attenuation contrasts, resulting in improve-
ments in spatial resolution or SNR, but usually as a tradeoff between
one and the other (Hsieh, 2009; Ketcham and Carlson, 2001).
Because pre-reconstruction data processing can greatly improve
data quality (Section 4.1) and the computational demands of data
reconstruction can create a bottleneck when imaging multiple
samples, it is advantageous to use stand-alone reconstruction
software that allows greater flexibility in the reconstruction pro-
cess. Two options currently available are Octopus Reconstruction
from Inside Matters (https://insidematters.eu/octopus) and the
open source Astra Tomography Toolbox (http://sourceforge.net/p/
astra-toolbox/wiki/Home/). A significant hurdle to this approach
is translating the data from the instrument-produced format into
something the reconstructor can understand.

The result of XCT reconstruction is a 3D image volume, which is
typically exported as a series (stack) of 2D TIFF files, although other
uncompressed image formats (e.g., BMP, DCM) or a 3D-format TIFF
file may  be used as well. The actual data values within the images
are referred to interchangeably as CT values, CT numbers, gray lev-
els, or gray scales, and represent the relative X-ray attenuation of
materials within the object (see next section for complicating fac-
tors in this assumption). Because there is no standard byte scaling
for non-medical XCT data, most reconstruction software allows the
user to define minimum and maximum values between which the
data are scaled (i.e., the histogram is spread between 0, or black, and
65535, or white, in the case of 16bit data). These can be selected
to either encompass all data values (i.e., not saturate or truncate at
either the low or high end, which is always the preference for quan-
titative work), or chosen to emphasize certain attenuation ranges
within the dataset. It is not good practice to use byte scaling to elim-
inate the appearance of imaging artifacts. For example, scaling the
data so that air in the FOV is a uniform black not only removes CT
number variation that may  alert users to the presence of imaging
artifacts, but also shifts the apparent boundary of an object inward,
compromising any measurements on the object.

4. XCT data

4.1. Artifacts

XCT data artifacts are variances in CT number that do reflect
a material’s actual X-ray attenuation and can significantly hin-
der data visualization and quantification if not properly accounted
for. Some artifacts can be quite subtle and in some cases can sig-
nificantly influence quantitative measurements, especially when
dealing with objects that are small relative to the data resolution.

The most common (and frequently pernicious) artifact in tube-
based polychromatic X-ray systems is beam hardening, which

causes the CT number of a material to vary depending on its loca-
tion within the data volume. This occurs because the lower-energy
(“soft”) X-rays are preferentially filtered out as they pass through
an object, thereby “hardening” the beam and increasing its average

http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/
http://sourceforge.net/p/astra-toolbox/wiki/Home/


R.D. Hanna, R.A. Ketcham / Chemie 

Fig. 5. Example of beam hardening correction using Ketcham and Hanna (2014).
(a)  CM Murchison XCT slice with beam hardening artifact. Note darker center and
brighter edge, especially along top and bottom of sample. (b) Same XCT slice after
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eam hardening correction. The grey scales of the matrix are more consistent across
ample and no central darkening is apparent. XCT data in both (a) and (b) has been
orrected for rings (see Fig. 6a).

nergy (Fig. 1). Because most reconstruction algorithms assume a
onstant energy (Eq. (2) in Section 2.2), this manifests as a gradual
arkening toward the interior of the object (Fig. 5a) and is especially
ronounced along the longest X-ray paths (Ketcham and Hanna,
014).

Beam hardening can be prevented (best option) or corrected in
 variety of ways, from the use of imaging calibrations and filters to
ost-acquisition data processing. XCT systems commonly employ
eam filters of various materials to filter out lower-energy X-rays
uring acquisition of data and calibrations. However, this may

essen the effect without entirely preventing it. In addition, filtering
he beam lowers its overall intensity, thus requiring longer acqui-
ition times to achieve a given SNR. Using a phantom (a machined
art of known size and geometry) of material with similar attenu-
tion properties as the sample material can also help to minimize
he effects of beam hardening, but requires unique phantoms for
ach type and geometry of sample imaged (Edey et al., 2013).

Due to the limitations of these preventative measures, a great
eal of research has gone into post-acquisition data processing
lgorithms to eliminate beam-hardening artifacts. The first and
till most commonly employed correction is a simple polynomial
ransform (usually 2nd to 4th degree) that attempts to convert the
ata from that of a polychromatic to a monochromatic attenuation
esponse, a process referred to as linearization (Herman, 1979). This
s the method used by most XCT instrument manufacturers today,
s a single or multi-term input in the reconstruction software that
s not always straightforward in its implementation and requires
rial and error to find the best correction. Some of these shortcom-
ngs can be addressed using an iterative optimization process to
nd an optimal linearization function (Ketcham and Hanna, 2014);

 correction using this approach is shown in Fig. 5. Another issue
ith linearization is that, while it might work well for homoge-
ous materials or less attenuating biological samples, it is often

nsufficient for denser, heterogeneous objects such as geological
pecimens. More recent work has attempted to construct a cor-
ection that better approximates the X-ray attenuation of multiple
aterials imaged with a polychromatic beam (see Section 2.2 Eq.
3)), sometimes using an iterative approach to converge on a solu-
ion (e.g., Krumm et al., 2008; Kyriakou et al., 2010; Van Gompel
t al., 2011). While promising, these algorithms are computation-
lly expensive and remain somewhat limited in their applicability,
der Erde 77 (2017) 547–572 555

though they are likely to be more widely available in the future as
computational speeds increase (Section 6).

Other common XCT artifacts include rings, starbursts, shadows,
and streaking, which unlike beam hardening are not limited to
polychromatic X-ray sources. Ring artifacts are a result of the dif-
ferential X-ray response of the discrete detector elements which,
when combined with rotational data acquisition, manifest as rings
(or partial rings) in 2D slice images (Fig. 6a). These can be prevented
at acquisition by dithering the stage or the detector – shifting either
by a few microns on X, Y and/or Z from one projection to the next
– to average any variation in individual detector elements over
adjacent channels. Post-acquisition, rings can be relatively straight-
forward to correct during data processing using the signals of
surrounding detectors to average them out, even in reconstructed
images (Ketcham, 2006b), but this processing can also introduce
artifacts by modifying linear features that are tangential to the cen-
ter of rotation (Kyle and Ketcham, 2015). Another common artifact,
starbursts, are caused by highly-attenuating inclusions which leads
to bright and dark streaks emanating from the inclusion into the
surrounding area (e.g., De Man  et al., 1999) (Fig. 6b). Shadowing
(also referred to as photon starvation) is a similar phenomenon but
can be more subtle, where darker areas form in the “shadow” of
a highly attenuating material due to the extreme filtering of the
beam in these ray paths (Fig. 6c). Shadowing can be quite difficult
to avoid, even when using relatively high flux synchrotron sources
(Ebel and Rivers, 2007). Finally, streaking is caused by very low SNR
along long beam paths or the presence of highly attenuating mate-
rial (Hsieh, 2009). This manifests as pervasive streaks across the
reconstructed image [see Fig. 7.31 in Hsieh (2009) for an example].

4.2. Partial volume effect and blurring

There are two  other artifacts inherent in all XCT data that cannot
be corrected and must be considered in cases of segmentation or
measurement of small features. The first is the partial volume effect
(PVE), in which a single voxel contains more than one material and
therefore its CT number is an average of the X-ray attenuation of
all materials present. Intimately linked with the PVE is the general
blur of XCT data, which can be quantified as a point spread function
(PSF). The PSF describes the response of the system to an ideal point
object and is a complex function of the beam width (BW; Section
3.2), detector response, system settings, and reconstruction algo-
rithm (ASTM E1441-11, 2011; Ketcham, 2006a). This blur further
complicates quantitative interpretation of CT numbers as it causes
each voxel to contain contributions from the surrounding voxels.
All material boundaries within a heterogeneous specimen will be
subject to PVE and blur at some level due to the finite spatial res-
olution of an XCT image, but the issue will be most pronounced
when the spatial resolution of the dataset approaches the spatial
scale of the feature(s) of interest. For example, for a 15-�m thick
vein imaged at 5-�m resolution the majority of voxels intersecting
the vein will not reflect pure vein material, but some average of it
and the surrounding material. Attempts to measure such features
can be subjective and prone to both over- and under-estimation
(Ketcham, 2006a). A reasonable solution is to image at higher reso-
lution (see discussion of spatial versus feature resolution in Section
3.3) but this decreases the acquired volume, reducing the extent to
which it is representative. Another solution is to account for this
effect when measuring objects near the limit of the spatial reso-
lution of the dataset, as implemented in some software such as
Blob3D (Ketcham, 2005a) (Section 4.4).

Because the PSF is machine- and acquisition-dependent, it pro-

vides a way to measure and compare tomographic datasets among
different machines/labs (ASTM E1441-11, 2011). This is useful
because, while it has become standard practice to state the voxel
size as a measure of precision, for features near the spatial reso-
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ig. 6. Common XCT data artifacts. (a) Rings in CM Murchison XCT data. Beam hard
nclusions in Almahata Sitta S138. (c) Shadowing from metal in lodranite NWA  299

ution the image’s PSF may  significantly affect the accuracy of this
easurement (Ketcham and Hildebrandt, 2014). The PSF can be

ccurately measured using a software tool developed by Ketcham
nd Hildebrandt (2014) to provide greater confidence in the mea-
urement of features (fractures, inclusions, pores) near the spatial
esolution of an XCT dataset.

.3. Visualization

The visual nature of XCT data allows even a novice user to inter-
ret textural information within an imaged sample. The standard
ormat that is most amenable to viewing with a variety of visual-
zation software is a series of 2D images (slices) that can be loaded
nd ‘stacked’ into a 3D volume. Table 1 lists the most common com-
ercial and freeware used for general visualization of XCT data. The

ist is by no means exhaustive. Because the determination of par-
icular strengths and weaknesses of a program can be somewhat
ubjective, we include a few highlights of what we  have found or
ave heard from colleagues to be unique about each program as it
pplies to XCT data.

The technological advances in XCT systems produce ever-larger
atasets and a standard imaging experiment can produce a multi-
igabyte (GB) data volume. For this reason it is important to
onsider the computational requirements for XCT data visual-
zation and measurement. Although some quantitative analyses
equire the native 16bit (216, or 65536 possible grayscale values)
ata depth that is typically output from the system, in most cases
he data can be safely downsampled to 8bit (28, or 256 possi-
le grayscale values) with a program such as ImageJ (Rasband,
997–2015) to allow for faster manipulation and processing. It is
lso important to keep the data in an uncompressed (lossless) for-
at  such as TIFF or BMP  rather than a compressed (lossy) format

uch as JPEG, which can significantly degrade data quality if used
ncautiously.

The basic visualization techniques easily done with a 3D XCT
ataset are orthoslicing, isosurfacing, and volume rendering. An
rthoslice is a 2D image that is orthogonal to the imaging geome-
ry (the vertical axis of the sample on the rotation stage is Z). The
riginal 2D images output by the instrument are the XY orthoslices
erpendicular to the vertical rotation (Z) axis and standard 3D visu-

lization software (Table 1) can be used to view orthoslices in the
ther two orthogonal planes (XZ or YZ). Most visualization pack-
ges can also reslice the data in any arbitrary orientation within the
CT volume, the output of which is usually referred to as an ‘oblique
 correction has been applied (see Fig. 5). (b) Starburst artifact (streaks) from metal

slice’ or ‘nonorthogonal slice’ in contrast to ‘orthoslice’ (Fig. 7b). An
isosurface is a 3D contour within the data volume. Similar to a 2D
topographic map  line, an isosurface follows a particular CT num-
ber (grayscale) value within the dataset and can quickly highlight
the exterior of a sample or a specific material or feature within it
(Fig. 7b). Segmented phases (Section 4.4) can also be visualized as
isosurfaces. Volume rendering is true 3D visualization, in which
every voxel is assigned both a color and an opacity (Fig. 7a). Com-
plex and stunning visualizations with false coloring and lighting can
be produced using volume rendering, but creating a visualization
that is both appealing and informative is an art. Fusseis et al. (2014)
provides useful tips for creating visualizations from XCT data (see
Section 3.4 and Appendix 4 in that work) and visualization text-
books such as Hansen and Johnson (2005) can be consulted for a
more in-depth understanding on the various techniques.

4.4. Quantification

All of the visualization elements described above can be used
to investigate and display the data in illuminating figures and ani-
mations, but the real power of XCT data lies in its potential for
3D quantitative analysis. An excellent, short overview of the pro-
cess of quantification from XCT data is given by Jerram and Higgins
(2007). The usual first step in any quantitative analysis is segmen-
tation, in which sets of voxels are classified as particular phases of
interest (e.g., minerals, porosity). There are many ways to segment
data, and one major difference among different 3D analysis soft-
ware programs is their segmentation capabilities (Table 1). In the
simplest cases a global threshold (e.g., all voxels above a given CT
number, or between two CT numbers) is used to isolate phases.
However, more sophisticated segmentation algorithms are usu-
ally needed as the CT number of phases can be heterogeneous,
overlap with other phases, or be subject to blur, partial volume
effects, or other artifacts. There is a wide array of standard segmen-
tation tools available today that include threshold-based (e.g., local
thresholding, automatic threshold detection), region-based (e.g.,
watershed), or edge-based (e.g., graph-searching, Hough trans-
form) algorithms (Sonka et al., 2014). More advanced segmentation
methods that utilize machine-learning techniques include random
walk and random forest (Breiman, 2001; Grady, 2006). The former

is implemented in the SciKit Image toolkit (Table 1) and the latter is
included in the Fiji plugin Trainable Weka Segmentation (Arganda-
Carreras et al., 2016). Additional steps that may  be required to
facilitate segmentation of phases include pre-segmentation image
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Table  1
Image processing and visualization software for XCT data.

Name Commercial/Free Highlighted Features and Comments

VGStudio Commercial
(Volume Graphics
GmbH)

Intuitive graphical user interface and relatively easy to use after a gentle learning curve. One of the
more  expensive commercial visualization packages available, featuring superior volume
rendering, lighting control and animation. Some image processing and segmentation tools but
limited quantification capabilities.

Avizo Commercial
(FEI Company)

Shorter learning curve for creating simple but impressive visualizations. Superior image processing
and  segmentation tools compared to other commercial visualization packages, including 3D
segmentation, separation, and measurement. Extensive user guide and documentation.

PerGeos Commercial
(FEI Company)

Based on Avizo and marketed toward the oil and gas industry. Includes all Avizo capabilities plus a
variety of tools specific to rock core analysis including integration with core log data and a pore
statistics and modelling module.

Imaris Commercial
(Bitplane)

Visualization and analysis package primarily geared toward the life sciences, but handles all
volume datasets including microscopy data formats and 4D data.

Mimics Commercial
(Materialise)

Visualization and basic analysis software for medical data, including XCT. Widely used in the
biology and palaeontology communities.

Dragonfly Commercial
(Object Research
Systems
Incorporated)

Newly developed XCT visualization software with excellent 3D rendering and extendable through
user-developed python plugins and scripts. Software with full functionality available free of
charge for non-commercial use.

Octopus Commercial
(Inside Matters
BVBA)

Originally developed by Ghent University Centre for X-ray Tomography (UGCT) group. Standard
3D  visualization capabilities but notably integrates with additional XCT reconstruction and data
analysis modules. Data analysis module has filtering, segmentation, separation, and measurement
(including discrete object orientation) capabilities. Standalone visualization module available as
freeware.

ImageJ Free
(National Institutes
of Health)

Excellent, stable analysis and visualization (although primarily 2D) open-source freeware with
extensive documentation and very large user base. A must-have program for working with XCT
data. A wide variety of specialized plug-ins are available. Volume rendering is weakly developed.
Segmentation and measurement tools (mostly available as plug-ins) are somewhat limited and
rarely operate in 3D.

Fiji  Free
(National Institutes
of Health)

An ImageJ bundle that includes many of the ImageJ plugins. Targeted at the life sciences.

Drishti Free
(Australian
National
University)

A more powerful freeware visualization package that includes flexible volume rendering and
several other features for making impressive images. No user guide and little documentation
make for a steep learning curve and somewhat hidden features.

Slice Free
(SPring-8)

Open-source freeware custom-built for XCT data visualization and analysis. A Unix environment
and command line interface allow for building scripts.

Scikit Image Free
(scikit-image.org)

Open-source image manipulation library for the Python programming language. Contains many
useful image processing tools, including advanced segmentation algorithms, that can be applied to
XCT  data. A tutorial for processing XCT data with scikit-image can be found at http://42eli.github.io

OpenCV Free A powerful and heavily used image and video manipulation library for C++, C, Python and Java.
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rocessing (e.g., filtering to reduce noise or minimize artifacts),
ost-segmentation image processing (e.g., to fill holes or remove
alse detections or ‘islands’), and separation to make distinct objects
f the same phase that are touching, if individual objects are to be
easured. The software listed in Table 1 also vary in their image

rocessing capabilities, from somewhat simplified (Avizo, ImageJ)
o more sophisticated (SciKit Image, OpenCV).

Chondrules within XCT data of meteorites have proven to be
articularly difficult to segment (Ebel and Rivers, 2007; Friedrich,
014). Chondrules are usually polymineralic, with the same phases
s the surrounding matrix material, and therefore are typically
nly distinguished by textural clues such as their large size, spher-
cal shape, and/or differing grain size compared to the matrix
e.g., Griffin et al., 2012; Hanna et al., 2015; Lindgren et al.,
015). One promising technique uses local histograms of inten-

ity to semi-automatically segment large components [including
hondrules, Ca,Al-rich inclusions (CAIs), and dark inclusions] from
he surrounding matrix (Griffin et al., 2012). This algorithm has
een implemented into an open-source ImageJ plugin, PhaseQuant
lities are beyond that needed for XCT data but it contains advanced image
hat might prove useful for particularly tricky data. Its video processing library
be useful for dynamic (4D) XCT (Section 6).

(Elangovan et al., 2012). Another recent technique allows for the
segmentation of chondrules using sparse manual 2D segmentations
of a chondrule in a minimum of three orthogonal planes (Hanna
et al., 2015). The outer extent of all segmented orthogonal planes
are then fit with an ellipsoid to derive size, shape, and orientation
information for each chondrule. This enables rapid segmentation
of chondrules while preserving the accuracy of segmentation and
measurement (Hanna et al., 2015).

After segmentation and any additional processing are complete,
various measurements can be made on the segmented entities
using commercial visualization software (Table 1) or academically
produced quantification freeware (Table 2). Among the latter is
Blob3D which provides a rich set of object-based measurements
including size, shape, surface area, projected area, CT number statis-
tics, contact relationships, and orientation data (Ketcham, 2005a;

Ketcham, 2005b). In addition it provides a mechanism for account-
ing for the PVE (Ketcham, 2006a) and characterization of the PSF
(Ketcham and Hildebrandt, 2014). Quant3D characterizes pervasive
3D textural fabrics that are defined by distinguishable phases (e.g.,

http://42eli.github.io
http://42eli.github.io
http://42eli.github.io
http://42eli.github.io


558 R.D. Hanna, R.A. Ketcham / Chemie der Erde 77 (2017) 547–572

Fig. 7. 3D visualization of XCT data of CM Murchison. (a) Grayscale volume rendering of full dataset. (b) Isosurface of sample exterior is rendered as transparent dark blue.
Fe  sulfides and rare metal grains are rendered as yellow isosurfaces. A set of segmented chondrules (Hanna and Ketcham, 2015) is rendered as semitransparent isosurfaces.
Light  blue is chondrule interior and purple is surrounding fine-grained rim (FGR). Grayscale nonorthogonal slice is also shown near the center and intersects two segmented
chondrules. Renderings were done in AvizoTM (FEI Company). (For interpretation of the references to colour in this figure legend, the reader is referred to the web  version of
this  article.)

Table 2
Quantitative measurement freeware for XCT data.a

Name Measurement Capabilities Other Features Download

Blob3D Discrete object measurements: size,
shape, projected area, surface area,
primitive shape (ellipsoid)
approximation, orientation
information, CT number statistics,
contact relationships

PVE correction, PSF measurement,
image processing tools, segmentation
and separation utilities

www.ctlab.geo.utexas.edu/software/

Quant3D 3D fabric orientation measurements
using fabric tensors

Interactive 3D rose diagrams www.ctlab.geo.utexas.edu/software/

PhaseQuant Modal phase abundances and object
size distributions

Access to other ImageJ utilities,
segmentation module, ground truth
tool, and density calibration module

http://geomodeling.uni-koeln.de/Geo-
Cosmochemical Modeling/PhaseQuant.
html

Ctsta Multiscale porosity, percolation and
anisotropic permeability, including
cluster analysis

Parallelized code can handle very large
datasets

Contact developer at
liujie86@mail.sysu.edu.cn

Slice  Discrete 3D object measurements: size,
primitive shape (ellipsoid)
approximation. Also modal analysis of
binary data.

Image processing tools, command line
interface and scripting

http://www-bl20.spring8.or.jp/slice/

a See Table 1 for commercial visualization software with more limited quantitative measurement capabilities.

http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://www.ctlab.geo.utexas.edu/software/
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://geomodeling.uni-koeln.de/Geo-Cosmochemical_Modeling/PhaseQuant.html
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
http://www-bl20.spring8.or.jp/slice/
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Fig. 8. Fine-grained rims (FGRs) in CM Murchison. (a) Example of a segmented chon-
drule and FGR. Image on left shows whole segmented chondrule with rim in purple
and  chondrule interior in blue bisected by XCT slice and the image on the right shows
the  XCT slice only. Scale bar the same for all images. The chondrule interior has a
highly irregular shape but the exterior surface of the rim does not and is smoother.
(b) Rim volume versus chondrule interior equivalent spherical radius. The data are
well fit by a power law relationship, as proposed by Cuzzi (2004) for chondrules
accreting dust rims in the protoplanetary nebula. (For interpretation of the refer-
R.D. Hanna, R.A. Ketcham / C

inerals, porosity) within the sample (Ketcham, 2005b). Phase-
uant can calculate phase modal abundances (including porosity),
bject sizes, and provide an interphase distribution measurement,
lthough it is currently optimized only for oxidized CV chondrites
Elangovan et al., 2012; Hezel et al., 2013a). However, PhaseQuant
oes provide a unique ground truth optimization feature that can
stimate the measurement error on the modal phase abundances
Elangovan et al., 2012). Ctsta is a parallelized program that can
nalyze large segmented volumes to calculate multiscale porosity,
ercolation, and anisotropic permeability (Liu et al., 2009). Slice

s a command-line UNIX-based program that can make discrete
bject measurements and calculate modal abundances (Nakano
t al., 2006). Planetary studies utilizing the capabilities of some of
hese tools are discussed in the following section.

. Applications in planetary science

We  next highlight several recent applications of XCT to the study
f planetary materials and analogs. Preceding reviews, including
bel and Rivers (2007), reported on the earliest XCT investigations
f planetary materials, so we will focus on studies published in
he last decade or so. This includes an excellent special issue of
eochimica et Cosmochimica Acta in 2013 on the 3D imaging of plan-
tary samples (Hezel et al., 2013b) from which several studies are
ighlighted.

.1. Three-dimensional petrography

As a 3D investigation tool, XCT has enabled a new and power-
ul type of geological research − 3D petrography. Volumetric data
ncompass the complete specimen, unlike the limited characteri-
ation provided by thin sections, providing more opportunities for
ey observations. While mineral composition cannot be directly
etermined via XCT (except in special cases; Section 5.4), the com-
ination of XCT data with traditional 2D microanalytical techniques
e.g., optical petrography, electron microbeam analysis) allows
xtrapolation to a 3D context. In addition, the unique 3D space
f XCT permits the observation and quantification of petrographic
extures and relationships only discernible in a 3D context.

One example of the 3D petrographic analysis possible with XCT
s the study of two CV Allende and Mokoia chondrites by Hezel
t al. (2013a), in which 3D modal abundances of chondrules and
AIs, compound chondrules, matrix, sulfide, metal, and porosity
ere derived using PhaseQuant with backscattered electron (BSE)

mages as ground truth data. The authors achieved a relative error
f about 10% and, significantly, were able to separate the 3D modal
bundances of metal and sulfide between chondrules and matrix.
hey interpreted the chondrule/matrix modal abundances with
reviously acquired Mg/Si ratio data to support chondrule-matrix
omplementarity and their formation from the same nebular reser-
oir. They were also able to view intrachondrule porosity and
paque-layered chondrules in both chondrites, and in observing

 size dichotomy of opaques within chondrules versus the matrix,
uggested that the latter were most likely not derived from the for-
er  as has been suggested for the CR chondrites (Connolly et al.,

001).
Needham et al. (2013) utilized XCT data to make several key

bservations of primary and secondary mineralogy as well as frac-
ure networks within the Nakhla Martian meteorite. Unpolished
ections from the XCT-imaged sample were used to examine frag-
le secondary phases (halite, sulfate, iddingsite) with an SEM. Then,

fter isolating the igneous host minerals of these phases within
he XCT data, they were able to examine the 3D fracture net-
ork around them that enabled fluid flow for precipitation of

he secondary minerals, including a gravitationally enclosed basin
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

which provided a “way up” indicator for the meteorite’s original
orientation on Mars. They also calculated modal abundances of
pyroxene, olivine, feldspar, and opaques on both a 2D slice and 3D
volume basis, revealing that mm-scale heterogeneity could signifi-
cantly influence “whole rock” geochemical analyses if not properly
accounted for. Tomkinson et al. (2015) found similar modal abun-
dance heterogeneity within another nakhlite, NWA  5790, by using
XCT data. In this case the heterogeneity could be partially explained
by the inhomogeneous distribution of olivine within the sample,
easily visible as clusters in the 3D XCT data.

A recent application of XCT to 3D petrographic analysis is the
measurement of fine-grained rims (FGRs) in the Murchison CM
chondrite (Hanna and Ketcham, 2015). By imaging a small chip
(143 mg)  at relatively low energy (70 keV) and high spatial res-
olution (5.5 �m)  they were able to discriminate the FGRs around
chondrules due to their lower iron content relative to the surround-
ing matrix (Fig. 8a). Each chondrule was  segmented twice (with
and without the FGR), and their analysis showed that FGR volume
is related to the interior chondrule equivalent spherical radius by a
power law as proposed by Cuzzi (2004), strongly supporting a neb-
ular formation model of FGRs (Fig. 8b). Work is ongoing to measure
more chondrules to refine the power law fit and to examine the rim
thickness in 3D to determine how the FGR may  have been affected
by deformation (e.g., Lindgren et al., 2015; Hanna et al., 2015).

Two  other unique applications of XCT 3D petrography are an
investigation of an interconnected plagioclase network in an H7
chondrite (Tait et al., 2014) and a survey of chromite inclusions
among a suite of ordinary chondrites (Alwmark et al., 2011). Tait

et al. (2014) demonstrated that large plagioclase crystals that
appear isolated within 2D section are actually largely intercon-
nected in 3D (Fig. 9). By quantifying the node coordination of the
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Fig. 9. Plagioclase network from XCT data of H7 ordinary chondrite Watson 012
from Tait et al. (2014). (a) Plagioclase rendered in grey over colorized skeleton
network. (b) Colorized skeleton network where warmer colors emphasize thicker
segments (wider plagioclase crystals). (c) Frequency distribution histogram of skele-
ton network in (b) showing that over 60% of nodes display coordination numbers of
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 or 4, consistent with a melt network in a grain-supported matrix. Figure reprinted
ith permission. (For interpretation of the references to colour in this figure legend,

he  reader is referred to the web  version of this article.).

lagioclase using a skeleton diagram they found that over 60% of the
odes have a coordination of 3 or 4 (Fig. 9c), strongly suggesting that
he plagioclase has pseudomorphed a grain-supported melt net-
ork. Alwmark et al. (2011) imaged the interiors of 385 chromite

rains from 8 ordinary chondrites with synchrotron XCT to demon-
trate that almost two-thirds of chromite grains contain inclusions
nd that the size and number of the inclusions as well as the size
f the host chromite grains vary systematically with petrographic
ype. Further, the degree of fracturing of the host chromite is cor-
elated with the assigned shock stage of the chondrite. Therefore,
tudy of fossil extraterrestrial chromite grains (the most common
ineral to survive long-term weathering on Earth) can provide
nformation on the ancient meteorite flux to Earth.
Friedrich (2008) explored the quantitative possibilities of 3D

etrographic observations of XCT data. He tested the use of the
ray level co-occurrence matrix (GLCM) (Petrou and Garcia Sevilla,
der Erde 77 (2017) 547–572

2006) for the description and classification of chondrites and
demonstrated that GLCM descriptors could statistically distinguish
between equilibrated L chondrites (Akaba and Castine), an unequi-
librated L chondrite (Gunlock), and an oxidized CV (Allende). He
also investigated the use of Betti numbers to describe metal mor-
phology in the L chondrites and proposed that they may be a useful
metric to characterize metal morphological changes that occur with
increasing degrees of metamorphism.

Another quantification metric that has been used for pet-
rographic observations of chondrite XCT data is the chondrule
convolution index (CVI). Originally proposed as a 2D thin section
measurement (ratio of chondrule perimeter to the perimeter of
a circle with the same area) by Zanda et al. (2002), later studies
expanded the CVI to a 3D measurement using XCT (Ebel et al.,
2008; Hertz et al., 2003; Nettles et al., 2006). Hertz et al. (2003)
calculated both the 3D CVI and 2D CVI (using orthogonal slices
in XCT data) for three Renazzo chondrules and found that neither
measurement appeared to be a reliable indicator of the degree of
melting or “chemical maturation” of a chondrule, as suggested by
Zanda et al. (2002). Nettles et al. (2006) expanded this compari-
son of 2D to 3D CVI by randomly slicing an XCT-imaged Semarkona
chondrule hundreds of times (including non-orthogonal directions)
and confirmed that the range in 2D CVI (0.70) for a single chon-
drule was  wider than the range proposed by Zanda et al. (2002) to
represent different degrees of chondrule melting (0.69). Ebel et al.
(2008) examined eight Renazzo chondrules in detail with XCT and
2D petrographic section. They also found that the 2D CVI measure-
ment was  an unreliable indicator but did find that the 3D CVI agrees
with the “eye’s intuition” of the extent of chondrule melting. They
cautioned, however, that the measurement itself is somewhat sub-
jective and could be more informative if combined with 3D metal
grain texture and abundance. They illustrated the huge variation in
2D chondrule metal abundance and distribution compared to the
true 3D values that are measureable using XCT data, strongly advo-
cating for the use of 3D petrographic observations of chondrules
when feasible.

5.2. Petrofabrics

Petrofabrics within geological materials provide textural infor-
mation that can be used to infer deformational history and geologic
setting. Terrestrial studies have the advantage of field observations
and orientated samples so the structural geology of a large area can
be investigated from field to microscopic scales. For extraterres-
trial samples, similar structural studies are limited due to the lack
of a larger spatial context and the relative rarity of material which
restricts creation of the multiple orientated 2D sections required to
measure a 3D fabric. As a 3D imaging technique, XCT overcomes the
latter limitation and allows for investigation of structural fabrics on
at least the hand-sample scale.

Due to their relatively high X-ray attenuation compared to less
attenuating silicate minerals, metals can be easily segmented and
measured in XCT data. An extensive study by Friedrich et al. (2008b)
exploited this characteristic to measure several thousands of metal
grains among a large suite of 25 ordinary chondrites using syn-
chrotron XCT. Using Blob3D (Ketcham, 2005a; Ketcham, 2005b)
they measured the size and orientation of the grains and found
a strong increase in metal grain alignment with increasing shock
stage (Fig. 10). This direct observation of metal grain alignment
complements earlier work that used anisotropy of magnetic sus-
ceptibility (AMS) of metal to infer petrofabric development in
increasingly impacted ordinary chondrites (Gattacceca et al., 2005).
Since their 2008 study, Friedrich and coworkers have used
similar XCT methods to quantify metal grain shape and align-
ment in many other chondrites to infer their impact histories
(Friedrich et al., 2013; Friedrich et al., 2014b; Gattacceca et al., 2014;
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ig. 10. Stereoplots of metal grain orientation in ordinary chondrites from Friedrich
ent;  higher numbers indicate stronger fabric) and generally increases with increa
ig. 4 of Friedrich et al. (2008b).

enniskens et al., 2014; Krzesińska et al., 2015; Popova et al., 2013;
olensky et al., 2010). Friedrich et al. (2014b) demonstrated that
n H chondrite breccia experienced multiple impacts of varying
ntensities. Through XCT and petrographic analysis they identified
hree separate lithologies within the sample with varying metal
etrofabric strengths and orientations. They inferred that at least
wo impacts occurred on the parent body and that the variably
mpacted material was mixed together prior to the final impact. In
nother H chondrite, Kernouvé (H6), Friedrich et al. (2013) estab-
ished that an early shock event occurred while the host rock was
ot (pre- or syn-thermal metamorphism) and resulted in metal
ein formation caused by shear stress which accumulated duc-
ile metal grains along shear zones. The absence of a metal grain
etrofabric in the chondrite further supported this interpretation,
s thermal annealing likely erased any small metal grain align-
ent that occurred during impact and also reset the shock stage
f the sample to S1. Ruzicka et al. (2015) found similar evidence
or impact-shear-induced metal vein formation in the L6 chondrite
uck Mountains 005 using XCT. In addition, within the XCT data
hey found dextral shear sense indicators in the form of asymmet-
 (2008b). Metal grain alignment strength is quantified by C (grain number indepen-
ock stage for both L5 and L6 chondrites. Modified (courtesy of Jon Friedrich) from

rical lenses within a metal-poor dike. The probability that these
structures would have been found in 2D thin section is low, as it
would have required fortuitously oriented sectioning.

Krzesińska et al. (2015) also found evidence for noncoaxial shear
from impact using XCT. They surveyed 38 samples of the Pultusk
H chondrite and selected three for higher resolution XCT imaging
(∼4.5–5.2 �m/voxel). The data revealed dark zones of cataclastic
matrix with elongated metal nodules and bands that are aligned
with shear indicators in the matrix. By comparing the XCT-derived
metal modal abundances of the dark (low attenuation) matrix to the
surrounding lighter (higher attenuation) clasts (Krzesińska, 2011),
they determined that the metal concentrations in the matrix could
be attributed to metal migration at the expense of smaller sur-
rounding grains. They found a pervasive metal grain foliation and
lineation within the meteorite, and showed that the clastic matrix
had a significantly stronger fabric, consistent with the localization

of noncoaxial shear strain within these zones.

Benedix et al. (2008) also examined a metal grain fabric, but
one that was only indirectly caused by impact. The L chondrite PAT
910501 is an unshocked impact melt with vesicles, metal, and sul-
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Fig. 11. (a) 3D visualization of XCT data of PAT 91501 from Benedix et al. (2008).
Sample exterior and vesicles are rendered transparent blue, metal is yellow and sul-
fide is magenta. Specimen is orientated in implied crystallization orientation, with
sulfide above metal, indicating gravitational orientation on parent body. Note that
vesicles are elongated in a direction offset to the metal-sulfide contact (to the left in
the image) (b) Stereoplot orientations in PAT 91501 from Benedix et al. (2008). Nor-
mals  to planes of metal-sulfide contacts (left) and long axes of vesicles (right). Both
are  clustered indicating a preferred orientation. Orientation of metal-sulfide contact
indicates gravitational direction in parent body during solidification of impact metal
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ut the vesicle long axes are offset to this orientation. (For interpretation of the ref-
rences to colour in this figure legend, the reader is referred to the web version of
his article.)

de grains, with the latter frequently in direct contact (Fig. 11a).
CT revealed a preferred orientation to both the metal-sulfide con-

acts and the vesicles, which were both clustered but offset relative
o each other (Fig. 11b). Because the sample represents a relatively
lowly cooled impact melt (Mittlefehldt and Lindstrom, 2001), they
nterpreted the orientation of the metal-sulfide contacts as an align-

ent to the local gravitational field as the sheet cooled. Further, the
ssociation of the larger vesicles with metal-sulfide intergrowths
uggested that the vesicles formed via sulfur vaporization. The
ffset of the vesicles’ long axes orientations to the metal-sulfide
ontacts was interpreted to result from minor melt turbulence, lat-
ral melt movement that affected the vesicle orientations but not
he metal-sulfide contacts, or the differing solidus temperatures of
he metal and sulfide compared to the silicate melt which allowed
or a gravitational vector change between their respective solidifi-
ations. Regardless, the XCT data provided a rare indication of the
ravitational field orientation on the parent asteroid.

In addition to metal grains, chondrules frequently define petro-

abrics in chondrites (e.g., Dodd, 1965; Martin and Mills, 1980;
ubin and Swindle, 2011). Because chondrules are typically com-
osed of the same minerals (dominantly ferromagnesian silicates
nd phyllosilicates) as the matrix, they have similar X-ray atten-
der Erde 77 (2017) 547–572

uation and therefore cannot be as easily segmented as metal
grains (Ebel and Rivers, 2007; Friedrich, 2014; Hanna et al., 2015).
Friedrich (2014) suggests a novel, crowd sourced approach that
proposes chondrule segmentation by a collective group of students
who each process only a portion of the XCT data set. This allows
for efficient, accurate segmentation of a few hundred chondrules
in a single dataset while minimizing the time commitment of any
individual researcher.

Despite the difficulty of chondrule segmentation, a few recent
studies have examined chondrule petrofabrics in chondrites using
XCT (Almeida et al., 2015; Hanna et al., 2012; Hanna et al., 2015;
Lindgren et al., 2015). Almeida et al. (2015) manually segmented
chondrules in XCT data of the Leoville CV chondrite and demon-
strated that the 2D aspect ratio (measured from random 2D
sections) consistently underestimates the 3D strain. The other stud-
ies (Hanna et al., 2012; Hanna et al., 2015; Lindgren et al., 2015) used
orthogonal segmented sections (Section 4.4) to derive the shape
and orientation of chondrules in the Murchison CM chondrite, with
Lindgren et al. (2015) demonstrating again that the 2D aspect ratio
underestimates the 3D strain. Lindgren et al. (2015) also found
that the strain orientation indicated by the chondrule foliation
differed from that derived by calcite e-twin analysis, which they
attributed to multiple impacts. Hanna et al. (2015) found evidence
for a weak lineation in addition to the foliation defined by deformed
chondrules in Murchison. They used the petrofabric orientation
measured in the XCT data to cut an oriented thin section from the
Murchison sample and found evidence for multiple generations of
brittle fracturing and other microtextures aligned with the folia-
tion plane and lineation direction (Fig. 12a). They also found that
some of the aligned fractures were filled with alteration minerals
(serpentine and hydrated sulfide), strongly suggesting that aqueous
alteration was  contemporaneous with or post-dated the deforma-
tion events (Fig. 12b). Finally, they used the 3D aspect ratio of the
deformed chondrules to estimate the finite strain experienced by
Murchison and from this derived an estimate of pre-deformation
bulk porosity of 32.2-53.4% [compared to the current Murchison
porosity of 22.1% measured by He pycnometry (Macke et al., 2011)].

5.3. Porosity

Chondrite porosity is most commonly measured using ideal gas
pycnometry (e.g., Consolmagno et al., 2008; Macke et al., 2011).
However, this measures only bulk porosity and does not pro-
vide information on its location or morphology. And while 2D
thin sections can be examined to obtain such information, sam-
ple preparation can also introduce secondary porosity that can be
difficult to discriminate from primary porosity. These issues can be
overcome by imaging porosity in-situ and non-destructively with
XCT, although there will be a resolution limit below which porosity
will not be discernible. Friedrich et al. (2008a) examined a porous
(19%) L chondrite (Bsazkówka) using both He pycnometry and XCT
and found that on average 64% of the pore space could be imaged
and quantified with XCT at an image resolution of 16.8 �m.  They
estimated that only individual pores larger than ∼3 × 10−5 mm3

could be resolved, indicating that nearly two-thirds of the poros-
ity is in the form of large inter- and intra-granular voids, which
they interpreted as likely uncompacted, primitive porosity. Sasso
et al. (2009) expanded the study to 5 more ordinary chondrites
(LL, L, H) but imaged each chondrite twice: one sample at 16.6 �m
resolution and a second sample of the same meteorite at 8.3 �m res-
olution. Unsurprisingly, they found that the higher resolution data
was able to image more of the total porosity (up to 72%) compared

to the lower resolution data (up to 51%) and, similar to Friedrich
et al. (2008a), inferred that the majority of XCT-resolvable porosity
in these relatively unshocked (S1–S2) chondrites is in the form of
original uncompacted porosity, rather than impact-induced poros-
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Fig. 12. BSE images of CM Murchison. Large black and white 2-way arrows designate orientation of foliation plane and lineation direction derived from 3D measurement of
deformed chondrules in XCT data. Thin section was  cut perpendicular to the foliation plane and parallel to the lineation direction. (a) Smaller chondrule is impinging upon
the  larger chondrule ‘above’ it and the implied compression direction is approximately perpendicular to the foliation plane. White arrows indicate fractures approximately
(sub-)  parallel to the petrofabric. (b) Chondrule is flattened in plane of foliation. White arrows indicate large Fe-Mg serpentine vein approximately parallel to the petrofabric.
Modified from Fig. 10 of Hanna et al. (2015). Fo = Forsterite, Pyx = Mg  pyroxene.

Fig. 13. Porosity of H5 Miller from Sasso et al. (2009). (a) XCT slice of uncompacted ordinary chondrite H5 Miller showing metal (nearly white), FeS (light grey), silicates
( rosity
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dark  grey) and pore space (nearly black). Note the abundant large intergranular po
ndividual pores were measured in the low-resolution XCT (16.6 �m) data but not th
CT  is able to resolve ∼51% and ∼72% (low- and high-resolution XCT data, respectiv

ty (Fig. 13). Friedrich et al. (2014a) continued the study still further
nd found that while all 6 of these ordinary chondrites (OC), plus
n additional LL chondrite (MIL 99301), were shock stage S1, they

ontained relict shock indicators. Based on 40Ar-39Ar dating and
dditional petrographic evidence of thermal annealing, they con-
luded that these chondrites experienced mild impacts into already
ot material very early in OC parent body history, which produced
. (b) Cumulative distribution of porosity in H5 Miller from He pycnometry and XCT.
-resolution (8.3 �m) data. Top limit of 20.0% porosity measured by He  pycnometry.
f the total porosity. Modified from Figs. 1 and 2 of Sasso et al. (2009).

relatively high shock features in silicates (subsequently annealed)
while preserving a significant and rare amount of original, primitive
porosity.
Friedrich and Rivers (2013) examined a suite of variously com-
pacted/shocked ordinary chondrites at a resolution of 2.6 �m to
determine the structural differences of microporosity among these
chondrites. They demonstrated that XCT was able to resolve the
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Fig. 14. Zoning in olivine phenocryst using LAC from Uesugi et al. (2010). (top)
XCT slice of shergottite DaG 476 with olivine phenocryst. White dotted box shows
location of LAC line profile (bottom). Plotted values are averaged perpendicular to
64 R.D. Hanna, R.A. Ketcham / C

ast majority of the microporosity in them (72–100%) at this scale.
hey also determined that the structure and location of micro-
orosity has a regular relationship to the degree of compaction.
elatively compacted and shocked samples (Kyushu and Moorleah)
etained the majority of their microporosity in the form of frac-
ures and microcracks that are visible as sheet-like structures in
he 3D data. In contrast, the microporosity of uncompacted samples
Bsazkówka and ALH A7725) is present as discontinuous intragran-
lar and intergranular voids with little evidence of microcracks or
ractures among the grains. This study demonstrated an important
ifference in the 3D structure of porosity among variably com-
acted chondrites that would have been impossible to characterize
ith bulk porosity measurements or more destructive 2D section-

ng techniques.
Another unique approach to measuring porosity using XCT was

one by Beitz et al. (2013a; 2013b). Rather than directly imag-
ng porosity, these authors inferred its presence (at scales below
he XCT data resolution) in planetary analog materials by cali-
rating the XCT grayscale values using nonporous material within
he data. The first study (Beitz et al., 2013a) observed experimen-
ally produced dust rims around chondrule analogs and derived
orosity by examining the grayscale value between that of the
ure analog material (zero porosity) and air (100% porosity). They
hen compared their results to porosity measured using backscat-
ered electron (BSE) imaging of thin sections and found comparable
orosity values between the two methods. Using these techniques,
hey determined that chondrule analog dust rims formed in a
ot environment (1100◦ C) averaged 60% porosity, whereas rims

ormed at room temperature (20◦ C) had a porosity of 75%. They
nferred that sintering processes were important in reducing the
orosity of the hot accreted rim. They also illustrated their tech-
ique on a sample of CM Murchison, measuring a porosity of ∼10%

n two chondrule rims which is comparable to values reported in
he literature. Beitz et al. (2013b) used XCT to estimate the porosi-
ies of 25 experimentally impacted analog chondrule(bead)/dust

ixtures. As in the Beitz et al. (2013a) study, they estimated poros-
ty by calibrating against the expected grayscale value of pure
nalog material with zero porosity. They found a sizeable range
f maximum post-impact porosities, from 1 to 30% (initial porosi-
ies of the mixtures were calculated to be 39–70%), and the lowest
orosities were achieved when the mixtures were 50/50 beads and
ust. They also used the porosities of their impacted samples to
alculate the pressures reached during compaction and inferred
hat the more porous CM chondrites were compacted and lithified
t lower pressures than the less porous CV chondrites, confirming
hat the CMs  are generally less shocked than the CVs.

.4. Chemical composition and ultra-small particles

As discussed in Section 2, the linear attenuation coefficient (LAC)
f a material is largely dependent on X-ray energy (Fig. 3) and there-
ore artifacts arise when reconstruction algorithms assume a single
nergy attenuation for data acquired using polychromatic sources.
his severely complicates any attempt to use reconstructed CT
umbers to derive the linear attenuation coefficient of a material
and thus the composition and/or density of the material itself).
owever, synchrotron sources can provide monochromatic X-rays

hat prevent these artifacts, allowing a quantitative relationship
etween CT number and theoretical LAC to be defined, especially for
oarser grained material. Derivation of theoretical LAC values using
ne-grained material will be more difficult as it does not account

or variations in microporosity or grain boundary networks, which

ill also directly affect CT number. Still, Tsuchiyama et al. (2005)

ucceeded in this effort using the SP- �CT system at the SPring-8
ynchrotron facility. By imaging a set of standards of known com-
osition, they determined an empirical relationship between CT
the  long side of the rectangle. Zoning in olivine is evidenced by its LAC variation from
8.1 to 10.0 cm−1 (center to rim), which is equivalent to Fa29-39. Figure reprinted with
permission.

number and theoretical LAC and confirmed that the relationship
held for several minerals in a garnet schist rock.

Although specific to the SP- �CT system, this equation is inde-
pendent of the material being imaged and has been successfully
applied to the investigation of several meteorites. Uesugi et al.
(2010) imaged a variety of meteorites (ordinary chondrites, CV3,
CO3, shergottite, ureilite, and an iron meteorite) and demonstrated
that the Fe content of olivine can be obtained and is comparable
to the value obtained by SEM-EDS. They also demonstrated that
subtle Fe/Mg zoning in an olivine phenocryst can be quantified
using their LAC relationship (Fig. 14). They do point out that at
the energies (≥30 keV) required to avoid noise-related artifacts in
these 4–5 mm sized silicate and metal-bearing samples, the LAC
values of some minerals overlap and thus textural observations are
required to determine the mineral phase. However, with this infor-
mation, chemical compositions of major minerals in meteorites can
be determined, and general classification of meteorite samples is
possible by using histograms of the LAC values present in an XCT
dataset. Uesugi et al. (2013) applied the LAC method to a large suite
of carbonaceous chondrites to further investigate the use of the LAC
histograms to determine the chemical compositions of chondrules

and matrix. They demonstrated that the peak LACs of both are
correlated, indicating a compositional complementarity between
them. They also extracted low-Fe inclusions (representing mainly
chondrules, but also CAIs, amoeboid olivine aggregates (AOAs), and



hemie 

l
t
t
l

L
t
m
t
T
i
L
p
s
v
n
(
m
s
H
(
i
r
e
b
e
e

d
(
e
p
u
t
s
n
e
2
w
(
u
d
a
r
M
l
M
r
F
i
(
w
c

6

a
a
I
s
t
i
l
2

There are several variants of implementation, but X-ray diffraction
contrast tomography (DCT) is unique in that simultaneous acquisi-
tion of diffraction data and absorption (XCT) are possible (Johnson
R.D. Hanna, R.A. Ketcham / C

ow-Fe silicate grains) and analyzed their size distributions, finding
hat they are unique among the different chondrite classes. Both of
hese findings supported localized formation of chondrites without
arge mixing in the nebula.

Motivated by the ambiguity of chemical composition in the
AC approach outlined above, Tsuchiyama et al. (2013) explored
he use of analytical dual-energy XCT to more accurately deter-

ine mineral composition. This method was first introduced for
he investigation of Hayabusa particles (Nakamura et al., 2011;
suchiyama et al., 2011) but a detailed description of the method
s presented in Tsuchiyama et al. (2013). This method utilizes the
AC approach of Tsuchiyama et al. (2005) but images the sam-
le twice at different energies, 7 and 8 keV, which are on either
ide of the Fe K-absorption edge. For Fe-bearing minerals, the LAC
alue will vary significantly between the two images, and the sig-
ature of this variation will be unique among different minerals
including Fe-bearing solid solutions), allowing more precise deter-

ination of the mineral phase and chemical composition. Fig. 15
hows an example of the dual-energy method on a heterogeneous
ayabusa particle. After imaging the particle, Tsuchiyama et al.

2013) mounted and polished the sample for SEM analysis and ver-
fied that the Mg#  of olivine and low-Ca pyroxene matched EPMA
esults to within ∼5% error. Due to the low energies (≤8 keV), how-
ver, there is a size limit of around 100 microns to the grains that can
e analyzed using this technique (for imaging at the Fe K-absorption
dge; if another element absorption edge is desired, the imaging
nergies and thus maximum particle sizes will change).

Because of the small sizes of the imaged particles, the
ual-energy XCT technique requires higher imaging resolution
submicron) than is typical of standard XCT systems (>1 �m/voxel),
ven when using a synchrotron source (Wildenschild and Shep-
ard, 2013). To achieve this, an X-ray magnification optics system
tilizing a Fresnel zone plate (FZP) was installed on a beamline at
he SPring-8 facility (Uesugi et al., 2006). This system has been
uccessfully used to image a variety of ultra-small particles at
anometer resolution (Section 6), including Hayabusa (Ebihara
t al., 2015; Nakamura et al., 2011; Tsuchiyama et al., 2011,
013) and Stardust (Nakamura et al., 2008a, 2008b) particles as
ell as organic nanoglobules from the C2 chondrite Tagish Lake

Matsumoto et al., 2013). Nakamura et al. (2008a, 2008b) achieved
p to 43 nm resolution using the FZP setup to image several Star-
ust particles at 8 keV and examine the structure of both crystalline
nd amorphous particles. Nakamura et al. (2008b) also used the LAC
elationship established by Tsuchiyama et al. (2005) to measure the
g# of olivine in the crystalline particles and found that they were

argely forsteritic (≥78 Mg#). Ebihara et al. (2015) measured the
g# of olivine in Hayabusa particles using LAC analysis (84–96 nm

esolution) and found that they are consistent with a composition of
o68-Fo71. Matsumoto et al. (2013) imaged a particle of the C2 Tag-
sh Lake meteorite at 42 nm and identified 38 organic nanoglobules
≤1 �m in size). They were not able to determine unambiguously
hether they were hollow or fluid-filled, but they were able to

onfirm that none of them contained silicate (mineral grain) cores.

. Future directions

The evolution of XCT is largely driven by advances in source
nd detector technologies that allow higher resolution and/or faster
cquisition, or that provide new, complementary data modalities.
n detectors, increased efficiency (in both speed and sensitivity) can
ignificantly decrease measurement time per frame and facilitate

ime-resolved XCT experiments that can image dynamic processes
n as little as one millisecond per projection, although the high bril-
iance of a synchrotron source is required (e.g., Armstrong et al.,
014; Mokso et al., 2011). Decreased detector element size and
der Erde 77 (2017) 547–572 565

increased number of detector elements will also continue to see
incremental upgrades. One of the latest innovations in detector
technology is a hybrid pixel array detector (HPAD, also known as a
photon counter) (Broennimann et al., 2006; Willmott, 2011). Unlike
traditional CCD detectors, which accumulate a charge and then con-
vert this into a digital signal, HPADs directly detect every single
X-ray photon above a set energy, leading to a large reduction in
background noise and thus greatly increasing SNR (Willmott, 2011).
This new type of detector has already been installed at several
synchrotron beam lines.2

Another active area of detector technology research is the
development of X-ray detectors that can record the energy of
the incoming X-ray photons, enabling chemical characterization
(e.g., Egan et al., 2015). Currently there are two  types of energy-
sensitive detectors: 1) multispectral detectors that count single
photon energies within each pixel and divide the detections into
5–10 energy bins; and 2) hyperspectral detectors that measure
the energy accumulated in each pixel during an exposure time
(frame) and subsequently reconstruct the pixel energy spectrum
(Boone et al., 2014; Egan et al., 2015). The latter has the advantage
of much greater spectral resolution but at a cost of measurement
and processing time. Both of these detectors require a polychro-
matic X-ray beam and thus are well suited to laboratory-based
XCT machines, although the detector technology has not yet been
incorporated into commercial systems. However, Egan et al. (2015)
demonstrated the potential for chemical characterization of a min-
eralized ore sample by replacing the standard flat panel detector
in a commercially available laboratory-based XCT system with a
HEXITEC hyperspectral detector (Fig. 16). As this detector technol-
ogy matures it is anticipated that it will be added to commercially
available XCT systems, opening up a myriad of avenues to explore
3D chemical composition in a laboratory setting.

Another way to derive 3D composition is to combine XCT with
another analytical technique that can provide elemental or crystal-
lographic information such as X-ray fluorescence (XRF) or X-ray
diffraction (XRD) (e.g., Bleuet et al., 2010; Lemelle et al., 2004;
Poulsen, 2004; Uesugi et al., 2013). The technique of combining
XRF with XCT is further along but still limited in application as XRF
tomography requires pencil beam rastering across the sample dur-
ing each projection image resulting in significant acquisition times
(Bleuet et al., 2010; Wildenschild and Sheppard, 2013). However,
recent investigations utilizing position-sensitive X-ray spectrom-
eters distributed around the sample stage have aimed to improve
imaging speed (Meng et al., 2011). Still, fluorescence X-rays are
prone to self-absorption and therefore typically only the outer few
millimeters of a sample can be imaged (Wildenschild and Sheppard,
2013). In contrast, XRD has a penetration depth comparable to nor-
mal  X-ray attenuation (Section 2.2), so combining XRD with XCT is
more straightforward. In its most basic implementation, a pencil
(focused) beam is rastered over the sample for each projection, but
this necessarily leads to long acquisition times (e.g., Grant et al.,
1994; Uesugi et al., 2013). For example, using XRD-CT, Uesugi et al.
(2013) were able to image the distribution of olivine, serpentine,
and pentlandite in a CM Murchison particle but only reconstructed
a single slice due to the long experimental time (2 h for 1 slice).
Much research has been done to create a true 3D tomographic XRD
system that can map  grain orientations in 3D using a non-focused,
full-field beam (e.g., Grant et al., 1994; Herbig et al., 2011; Johnson
et al., 2008; King et al., 2014; Ludwig et al., 2007; Poulsen, 2004).
2 https://www.dectris.com/references list.html, accessed December 15, 2015.

https://www.dectris.com/references_list.html
https://www.dectris.com/references_list.html
https://www.dectris.com/references_list.html
https://www.dectris.com/references_list.html
https://www.dectris.com/references_list.html
https://www.dectris.com/references_list.html
https://www.dectris.com/references_list.html
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Fig. 15. Hayabusa particle RA-QD02-0024 from Tsuchiyama et al. (2013). (a) XCT LAC of particle at 7 keV. Arrow points to X-ray refraction artifact (phase contrast) at particle
edge.  (b) XCT LAC of particle at 8 keV. (a) and (b) have same scale and the greyscale bar indicates the LAC values of the images. (c) 2D histogram of LAC values at 7 and 8
keV;  logarithmic density of the histogram is mapped to a rainbow color scale (bright blue is zero, red is maximum). Graph shows detail of silicate mineral LACs; metal and
oxides  plot outside this space. Numbers along the forsterite (Fo)–fayalite, enstatite (En)–ferrosilite, enstatite (En)–diopside (Di), and albite (Ab)–anorthite (An) lines are the
forsterite, enstatite, wollastonite and albite contents (in mol.%), respectively. Ferrosilite and fayalite end members are just outside the plot area (above 500 cm−1 on the 8 keV
axis).  Large solid circles show LAC values calculated from the mean chemical composition of the minerals within the particle. (d) Mineral phase map determined by LAC
analysis. Misidentifications are present at some surfaces, phase boundaries, and fractures. Ab: albite, An: anorthite, CP: Ca phosphate (F-apatite), Di: diopside, En: enstatite,
Fo:  forsterite, Hd: hedenbergite, HPx: high-Ca pyroxene, LPx: low-Ca pyroxene, Ol: olivine, Pl: plagioclase. Modified from Figs. 2, 4 and 5 of Tsuchiyama et al. (2013). (For
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nterpretation of the references to colour in this figure legend, the reader is referred

t al., 2008). Further, DCT can be done using a polychromatic X-
ay tube source, enabling 3D crystallographic orientation mapping
ithout the requirement of a synchrotron source (King et al., 2013)

nd is very recently available as an option on Zeiss Versa systems
lthough it is currently only capable of mapping a mono-mineralic
ample composed of a mineral with a cubic symmetry (i.e., metals)
Feser et al., 2015; McDonald et al., 2015).

There are several new developments in both laboratory and syn-
hrotron X-ray sources that aim to increase flux, decrease spot size,
nd/or reduce heat on the target. For standard X-ray tubes, the lat-
st advancement is the replacement of the solid metal target with

 continuous liquid metal jet as the anode (e.g., Espes et al., 2014;
emberg et al., 2003; Larsson et al., 2011). This allows increased
ower output (flux) even at smaller focal spots, as thermal dam-
ge or melting of the target material is not a concern (see Section
.1). For synchrotron sources, development of the next (fourth)
eneration includes increasing the brilliance of the beam either
hrough the use of an Energy Recovery Linac (ERL) or a Free Elec-

ron Laser (FEL), although the latter produces a destructive beam
Sham and Rivers, 2002; Willmott, 2011). The new fourth gener-
tion systems coming online in the immediate future (Max IV in
e web version of this article.)

Sweden and Sirius in Brazil) will also utilize multi-bend achromat
magnets which can increase the X-ray brightness and coherent
flux by 2–3 orders of magnitude (Bei et al., 2010; Reich, 2013).
Several existing synchrotrons, including APS, SPring-8, and ESRF
(European Synchrotron Radiation Facility), have planned upgrades
using this new bending magnet technology (Reich, 2013). There is
also active research intro shrinking the size of synchrotron sources
to bring the brilliance of synchrotron radiation to a standard labo-
ratory setting [i.e., Compact Light Source (CLS)] (Wildenschild and
Sheppard, 2013; Willmott, 2011). These will not be as brilliant as
current third-generation synchrotron sources, but will supply a flux
somewhere between that of an X-ray tube and a storage ring beam-
line (Willmott, 2011). These are still in the development stage,
although the first tomographic data utilizing a CLS have recently
been acquired (Eggl et al., 2015).

Nanoscale XCT imaging (nanoCT), achievable at synchrotron
sources for a decade (e.g., Nakamura et al., 2008b; Sakdinawat and
Attwood, 2010), is now possible with laboratory-based sources.

The first implementations utilized SEMs; directing the electron
beam on a metal target produces an X-ray beam that can be used
for full-field tomographic imaging of small samples (Vonlanthen
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Fig. 16. XCT imaging using a hyperspectral X-ray detector. Sample is gold-bearing ore core. (a) 2D grayscale XCT slice of core. Grayscales represent integrated attenuation
over  full spectral range. (b) Single voxel spectra of two particles showing gold and lead K-edges. (c) Single voxel spectra of quartz, pyrite, and chalcopyrite. (d) 2D grayscale
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CT  reslicing perpendicular to imaging plane, highlighting segmented particles of g
inerals. Modified from Fig. 3 of Egan et al. (2015). (For interpretation of the referen

t al., 2015). Although a theoretical resolution of ∼50–60 nm is
eported, this requires specialized software corrections that are
ot widely implemented on commercial systems (Brownlow et al.,
006; Mayo et al., 2005). Actual implementations on commercial

aboratory SEMs report resolutions an order of magnitude larger
han this (∼500–600 nm)  (Mayo et al., 2007; Russell and Howard,
013; Vonlanthen et al., 2015). Russell and Howard (2013) imaged
n unmelted CAI from the Allende CV3 chondrite at 550 nm res-
lution. The XCT data revealed that the CAI is a complex, porous
etwork of rounded nodules, suggesting that it formed by con-
ensation from a gas rather than from crystallization of a melt.
onlanthen et al. (2015) imaged small volcanic ash particles also
sing an SEM-based XCT system. They included a detailed anal-
sis and discussion of the actual spatial resolutions possible and
oncluded that, while the projection images have a resolution of
650 nm,  mechanical instability, electron beam drift, and data pro-

essing can introduce significant blur into reconstructed images,
aking the practical spatial resolution (see Section 3.3) some-
hat worse than this. These resolution limitations combined with
ong acquisition times [∼17–36 h; (Vonlanthen et al., 2015)] make
heir use somewhat limited, although future improvements in elec-
ron beam drift and mechanical stability should improve resolution
lue) and lead (red). (e) 3D visualization of core showing distribution of the various
 colour in this figure legend, the reader is referred to the web version of this article.)

(Mayo et al., 2007). For now, several commercial cone-beam labo-
ratory systems can acquire data with similar resolution and faster
acquisition times [see Fig. 1 in Maire and Withers (2014)].

The only true nanoCT (<100 nm resolution) laboratory systems
commercially available today are the 800 or 810 Ultra systems sold
by Zeiss. These systems utilize a high efficiency condenser lens and
a Fresnel zone plate (FZP) to achieve a maximum spatial resolution
around 50 nm (Tkachuk et al., 2007). They are also equipped with
an annular phase ring that can be optionally inserted to produce
phase contrast within the tomographic volume (Eastwood et al.,
2014; Tkachuk et al., 2007). Phase contrast tomography is based
on the refraction, as opposed to absorption, of X-rays at interfaces
and so can highlight interior boundaries and edges (Eastwood et al.,
2014; Wilkins et al., 1996; Withers, 2007). In fact, phase contrast
effects are almost always present to some extent in XCT data from
synchrotron sources due to the highly coherent beam (Cloetens
et al., 2002; Fusseis et al., 2014).

Finally, ever-increasing advances in computational capabilities
are driving development of XCT, mainly in the areas of recon-

struction and data processing software. For example, increased
processing speeds and the implementation of XCT reconstruction
on GPUs (e.g., Fang and Klaus, 2007) are facilitating the use of
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terative reconstruction (IR) algorithms, which are more accurate
ut computationally more expensive than filtered back projection
FBP) (De Witte et al., 2010; Hsieh, 2009). While FBP filters and
rojects the data only once, IR converges on a solution through
epetition, requiring more computational resources (Beister et al.,
012). There is a myriad of types of IR algorithms and the recent
eview article by Beister et al. (2012) gives an informative overview
f the major variants and recent developments.

These algorithms also enable reconstruction approaches that
an produce high quality data from specialized XCT techniques such
s discrete tomography and sparse imaging (Batenburg and Sijbers,
011; Maire and Withers, 2014; Sidky et al., 2006). Discrete tomog-
aphy aims to combine image reconstruction and segmentation in

 single step, where the output of the reconstruction is a segmented
ata volume (e.g., Batenburg and Sijbers, 2011). This works well in
ituations where a few known homogenous materials are present
nd greatly simplifies the reconstruction iterations as the num-
er of possible grayscales is limited (Batenburg and Sijbers, 2011).
n addition, Myers et al. (2011) demonstrated how the simplified
econstruction of discrete tomography can enable time-resolved
omographic imaging of dynamic processes using two-phase fluid
ow as an example. In sparse (or under-sampled) imaging, only a

imited number of views are collected and IR algorithms have been
hown to produce data superior to FBP in these situations (Chen
t al., 2008; LaRoque et al., 2008). Sparse imaging is a particularly
romising approach for XCT of dynamic processes in the laboratory
here lower X-ray flux precludes the fast data acquisition possible
ith a synchrotron source (e.g., Mokso et al., 2011). Reconstruction
ith limited views would allow for faster data acquisition, perhaps

n a timescale of some dynamic processes, although this has yet
o be demonstrated (Maire and Withers, 2014). Finally, the general
volution of more powerful computers is enabling the develop-
ent of more complex and/or automated XCT data segmentation

lgorithms such as Object Based Image Analysis (e.g., Leitner et al.,
014) and Iterative Local Thresholding (e.g., Deng et al., 2016).

. Summary

X-ray computed tomography is an essential tool for 3D imaging
t a wide range of spatial scales, with increasing improvements
n technology enabling nanometer-scale resolutions and time-
esolved experiments even in a laboratory setting. It has been
pplied with great success to address many problems in planetary
cience and the expectation is that its use will only grow as the
echnique becomes more widely available and adopted. Its excep-
ional capabilities for 3D visualization and quantification have been
mply demonstrated, and future developments, most notably the
ntegration of XCT with other techniques that can be used to deter-

ine chemistry and/or mineralogy, will greatly expand its utility.
ertainly, XCT is quickly earning its place among the standard ana-

ytical techniques available today to study planetary materials.
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Appendix A.

MuCalc is a Microsoft Excel workbook that can be used to com-
pare the X-ray attenuation of various minerals. A mineral’s X-ray
attenuation is primarily determined by its chemical formula and
density, and the key to distinguishing between different minerals
in a rock using XCT is to image at an energy where each min-
eral has a different X-ray attenuation (if possible). This workbook
allows a user to determine if the various minerals in their sample
will be distinguishable in the XCT data, and if there is an optimal
energy at which to image in order to maximize their relative dif-
ferences in attenuation. Within the workbook, the user selects the
constituent minerals from a drop-down list and their X-ray atten-
uation versus energy (up to 500 keV) are plotted together on a
graph (see Fig. 3 for an example). The mass X-ray attenuation coef-
ficients for the minerals in the workbook were retrieved using the
NIST XCOM database at http://physics.nist.gov/PhysRefData/Xcom/
Text/XCOM.html, and the coefficients are multiplied by the min-
eral’s common density to obtain the final X-ray attenuation values.

The workbook currently contains a list of ∼250 common terres-
trial and extraterrestrial minerals and native elements but detailed
instructions are included on how to add a new mineral or element.
In addition, there is a solid solution tool that can be used to define
a new solid solution mineral out of existing minerals in the work-
book and to add this to the permanent mineral list. MuCalc can be
downloaded at http://www.ctlab.geo.utexas.edu/software/
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