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Preface to the Third Edition 

The first edition of this book was published in 1965 and its French 
translation in 1966.The revised second edition followed in 1967 and its 
Russian translation became available in 1969. Since then, many new 
petrographie observations and experimental data elucidating reactions in 
metamorphie rocks have made a new approach in the study of metamor
phic transformation desirable and possible. It is feIt that this new 
approach, attempted in this book, leads to a better understanding of rock 
metamorphism. 

The concept of metamorphie facies and subfacies considers asso
cations of mineral assemblages from diverse bulk compositions as char
acteristie of a certain pressure-temperature range. As new petrographie 
observations accumulated, it became increasingly difficult to accommo
date this information within a manageable framework of metamorphic 
facies and subfacies. Instead, it turned out that mineral assemblages due 
to reactions in common rocks of a particular composition provide suita
ble indieators of metamorphie conditions. Metamorphic zones, defined 
on the basis of mineral reactions, very effectively display the evolution 
of metamorphic rocks. Thus, the importance of reactions in metamor
phic rocks is emphasized. Experimental calibration of mineral reactions 
makes it possible to distinguish reactions which are of petrogenetic sig
nificance from those which are not. This distinction provides guidance 
in petrographie investigations undertaken with the object of deducing 
the physieal conditions of metamorphism. 

Within a metamorphie terrain, points indicating the same reaction 
constitute a line or a band, here designated by the term isoreaction-grad. 
Points along the isoreaction-grad represent metamorphie conditions (P, 
T, PvolatUes) corresponding to the pertinent reaction. As the term implies, 
an isoreaction-grad is defined by a specific re action and is therefore more 
significant than an isograd based on the appearance or disappearance of 
a mineral or mineral assemblage not related to a specific reaction. 

Thus, this presentation of the principles of rock metamorphism dif
fers from that of previous editions: mineral reactions in several rock 
groups of common composition (mafic, ultramafic, pelitic, marly, and 
dolomitie) are treated in separate chapters. For each compositional 
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group, the various mineral reactions that take place during the course of 
metamorphism are discussed. Large divisions of metamorphic grade, 
also defined on the basis of mineral reactions in common rocks, pro
vide a convenient overview of metamorphic conditions. These divi
sions are designated as very-Iow-, low-, intermediate-, and high-grade 
metamorphism. 

The new concept is straightforward in its application. It has been 
used successfully in the field by the author's coworkers and others. It is 
hoped that this book will provide some guidance in the petrographie 
studies of metamorphic terrains: only rocks having certain compositions 
need be examined in great detail. Instead of extensive investigations, 
only selected petrographie observations aimed at specific targets are 
required to deduce physical conditions of metamorphism. In order to 
choose the right targets within a given metamorphic setting, Chapter 15 
should be consulted because it furnishes a key for the determination of 
metamorphic grades and major isoreaction-grads and isograds in com
mon rocks. 

The references are predominantly to recent literature in order to 
save space. There is no intention to underrate the value of older publi
cations, and the student is advised to consult the reference lists given in 
recent publications. For the sake of convenience, all references are 
grouped together at the end of each chapter. 

This book stresses the chemieal, mineralogieal, and physicochemi
cal aspects of metamorphism. The fabric of rocks is not treated but 
attention is called to the books by Spry [Metamorphic Textures . Perga
mon Press, Oxford. 1%9] and Turner and Weiss [ Structural Analysis 01 
Metamorphie Tectonites. McGraw-Hill, New York. 1963]. Field rela
tions in specific metamorphic regions are not considered in detail; this 
has been done by Turner [Metamorphie Petrology. McGraw-Hill, New 
York. 1968]and by Miyashiro [Metamorphism and Metamorphic Belts. 
George Allen & Unwin, London. 1973]. However, this book furnishes 
the basis for field investigations yielding petrogenetically significant 
data. 

I am grateful for oral and written discussions, for expert guidance 
on field trips, and for early communication of most recent observations 
to so many people in various countries that all cannot be acknowledged 
individually. I also express my gratitude to my young colleagues at the 
University of Goettingen, especially Drs. P. Metz, K.-H. Nitsch, and B. 
Storre, who contributed many experimental results and discussions. 
Most of all, I am grateful to my friend Dr. Edgar Froese of the Geologi
cal Survey of Canada. He corrected, in fact, edited, my English version 
of the manuscript and improved it also through critical remarks and sug
gestions. Mrs. Ingeborg Tradel was so kind to undertake the task of 
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typing the English manuscript. Finally, I cordially thank my wife Ursula 
for her gentle understanding during the many long days extending over 
the several years that I spent sitting at my desk. 

Göttingen, September 1973 Helmut G. F. Winkler 

Preface to the Fourth Edition 

I am very grateful to those who purchased the third edition and thus 
made it possible to issue this fourth edition after such a short time. Com
pared with the previous edition, no substantial changes were made; how
ever, some of the most recent research results have been integrated into 
the text. Accordingly, nine figures were redrawn and five figures were 
added. 

This edition eliminates many of the typographical errors which had 
been overlooked. I thank very much Drs. R. A. Binns from Australia 
and E. Althaus from Karlsruhe (Germany) who very kindly read the 
whole book of the previous edition and gave me a list of corrections that 
had to be made. Again, I am very grateful to my young colleagues at this 
Institute, especially Drs. P. Metz and B. Storre. 

Göttingen, June 1975 Helmut G. F. Winkler 

Preface to the Fifth Edition 

This edition, like the third and fourth editions, is based on the con
cept of dividing metamorphic grades according to mineral reactions in 
common rocks. The purpose of the present edition is the inclusion of 
results of recent progress in metamorphic petrology. Major changes are 
in the chapters on the metamorphism of carbonate rocks, pelitic rocks, 
and ultramafic rocks, and in the chapters 15 and 18. 14 figures are new 
or have been corrected. 

In order for this book to remain a useful guide for field geologists, 
the previous framework of treating the subject has been maintained. 
Consequently, the scope has not been expanded to include a thorough 
consideration of thermodynamics. A knowledge of thermodynamics is 
necessary to acquire a deeper understanding of experimental work and 
its application. For those interested in this aspect, attention is drawn to 
the following publications: 
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Fraser, D. G., ed. 1977. Thermodynamics in Geology. 403 pp. D. Rei
deI, Boston. 

Froese, E. 1976. Applications of Thermodynamics in Metamorphie 
Petrology. 37 pp. Geol. Survey of Canada, Paper 75-43. 

Greenwood, H. J., ed. 1977. Application of Thermodynamics to 
Petrology and Ore Deposits. 230 pp. Mineralog. Association of 
Canada, Short Course Handbook. 

Powell, R. 1978. Thermodynamics in Petrology-An Introduction. 
284 pp. Harper and Row, New York. 

Wood, B. J. and Fraser, D. G. 1976. Elementary Thermodynamicsfor 
Geologists. 303 pp. Oxford University Press. 

I am grateful to Drs. P. Metz, B. Storre, D. Puhan, and E. Hoffer 
from this Institute and specially to Dr. R. D. Schuiling, Utrecht, for 
haviilg offered valuable suggestions. Again, cordial thanks are due to 
Dr. E. Froese, Ottawa, for comments on subject matter and improve
ments of the English text. 

Göttingen, January 1979 Helmut G. F. Winkler 
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Chapter 1 

Definition and Types 
of Metamorphism 

Igneous rocks formed at relatively high temperatures of approxi
mately 650° to 1200°C and sediments deposited at the earth's surface 
represent extreme ends of the temperature range realized in the pro
cesses of rock formation. In the course of later geological events such 
rocks may become part of a region in the earth's crust where intermedi
ate temperatures prevail; thus they are subjected to different tempera
tures. Similarly, the pressure oftheir new environment will, in general, 
differ from the pressure existing at their formation. Many minerals in 
these rocks are no longer stable at the newly imposed conditions of tem
perature and pressure; they will react and form mineral assemblages in 
equilibrium, or tend toward equilibrium, at the new conditions. Accord
ingly, the chemical composition of a rock is expressed by a new mineral 
assemblage; it has been transformed-for example, the conversion of 
c1ay or shale to mica schist. 

In a few monomineralic sedimentary rocks, such as pure limestone 
and sandstone, the minerals remain stable at high temperatures. Never
theless, recrystallization of mineral grains gives a new structure to the 
rock: limestone is changed into marble and sands tone into metamorphic 
quartzite. 

Such rock transformations may take place within a large tempera
ture interval. If the process of rock weathering at the earth's surface is 
exc1uded, the temperature interval is divided into the lower temperature 
domain of diagenetic transformations (diagenesis) continuous with the 
temperature of sedimentation, and the higher temperature domain of 
metamorphic transformations (metamorphism). 

Definition: Metamorphism is the process ofmineralogical and struc
tural changes of rocks in their solid state in response to physical and 
chemical conditions which differ from the conditions prevailing during 
the formation of the rocks; however, the changes occurring within the 
domains ofweathering and diagenesis are commonly exc1uded. 
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Although this definition applies to all rocks, this book is not con
cemed with salt deposits (evaporites) because their metamorphism takes 
place at considerably lower temperatures and pressures than the meta
morphism of silicate and carbonate rocks. Salt deposits, except occa
sionally anhydrite, are not present in regions ofmetamorphic rocks. Nei
ther is metamorphism of sediments consisting mainly of plant matter, 
i.e., coalifiction, treated here because it starts at considerably lower 
temperatures than metamorphic reactions. Nevertheless, a correlation 
between the rank of coalification and mineralogical changes in other sed
imentary rocks has recently been recognized. As Kisch (1969) has 
pointed out, very low temperature rock metamorphism ofthe laumontite 
type seems to begin when coalification has already reached the rank of 
gasflame or gas coal; at this stage the vitrite substance contains 40 to 
30% volatile matter. With increasing metamorphic intensity, the rank of 
coalification progresses very fast. 

On the basis of geological setting, it is possible to distinguish 
between two types of metamorphism; one type is of local extent only, 
the other type is of regional dimensions. The local extent type includes 
contact metamorphism, on the one hand and, entirely different in char
acter, cataclastic metamorphism, on the other hand. 

Contact metamorphism takes place in heated rocks bordering larger 
magmatic intrusions. Contact metamorphism is static thermal meta
morphism of local extent producing an aureole of metamorphic rocks 
around an intrusive body. Contact metamorphic rocks lack schistosity. 
The very fine-grained splintery varieties are called homfelses (see chap
ter on nomenclature). The large temperature gradient, decreasing from 
the hot intrusive contact to the unaltered country rock, gives rise to 
zones of metamorphic rocks differing markedly in mineral constituents. 

Cataclastic metamorphism is confined to the near vicinity of faults 
and overthrusts. Mechanical crushing and shearing cause changes in the 
rock fabric. The resulting cataclastic rocks are known as fault breccias, 
mylonites, or pseudotachylites, corresponding to diminishing grain size. 
A pseudotachylite is so intensely sheared that it looks like black basaltic 
glass (tachylite). During these changes, no heat (or not enough heat) is 
supplied to the rocks; therefore, prograde chemical reactions of a meta
morphic nature between minerals do not occur. However, secondary 
retrograde alteration is common because fracture zones provide easy 
access for fluids. (Cataclastic metamorphism is not considered further in 
this book.) 

A certain mineralogical change in rock that is also of local extent 
but is of different character from either contact or cataclastic meta
morphism has been called hydrothermal metamorphism by Coombs 
(1%1). Here, hot solutions of gases have percolated through fractures, 
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causing mineralogical changes in the neighboring rock. (Such processes 
will not be considered any further .) 

Other types of metamorphic rocks occur on a regional scale in 
areas a few hundred to many thousand square kilometers in extent; they 
are products of regional metamorphism. Two types of regional meta
morphism are commonly distinguished: (1) regional dynamothermal 
metamorphism (regional metamorphism sensu stricto) and (2) regional 
burial metamorphism. 

Regional dynamothermal metamorphism is related geographically 
as weH as genetically to large orogenie belts. Metamorphism is brought 
about, as with contact metamorphism, by a supply of thermal energy, 
but in this case very extensive metamorphie zones are formed. Changes 
in mineral assemblages from zone to zone are taken to indicate a contin
uous increase of temperature. Temperatures of approximately 700°C, 
possibly even 850°C, are attained. Thermal energy is supplied to a cer
tain part ofthe earth's crust, i.e., at the time ofmetamorphism the tem
perature at some given depth is higher than before and after this event. 
The geothermal gradient, commonly expressed in degrees centigrade per 
kilometer, is greater than at "normal" times. In contrast to contact 
metamorphism, however, regional dynamothermal metamorphism takes 
place with penetrative movement. This is evident from the schistose 
structure which is so commonly developed in rocks with platy or rod
shaped minerals (chorite schist, mica schist, etc.). 

For many years there was thought to be a genetic association 
between orogeny and dynamothermal metamorphism. However, this 
view should now be reexamined. All orogenie mountain belts display 
large volumes ofmetamorphic rocks, but many may have formed during 
one or several earlier orogenie cycles. This is particularly weIl demon
strated in the Tertiary orogen of the European Alps. There, metamor
phism during Tertiary times affected only a restricted area; medium- and 
high-grade rocks having been formed in only part of the Central Swiss 
Alps and in a small part of the Austrian Alps. Furthermore, metamor
phism succeeded the development of large-scale tectonic features. The 
heat was supplied to the metamorphie area after the major tectonic 
movements. Following these, minor penetrative deformation took place 
and produced the schistosity ofthe metamorphie rocks. This, however, 
is not meant to imply that all metamorphie minerals are formed strictly 
contemporaneously with deformation. Detailed investigations have 
shown that recrysta11ization may occur also between phases of defor
mation and even during postorogenie time. Although the metamorphie 
event commonly postdates the development of the large-scale tectonic 
structures, orogens are known where metamorphism took place during 
or, at very great depth, even before the major tectonic deformations. 
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Rocks produced by regional dynamothermal and local contact 
metamorphism differ significantly in their fabric, being schistose as 
opposed to nonschistose, respectively. Furthermore, an aureole of con
tact metamorphism is developed only if a previously low-grade meta
morphic or nonmetamorphic section of the crust has been intruded and 
thermally metamorphosed by a magmatic body. Contact metamorphism, 
where easily detectable, is often due to shallow magmatic intrusions. 
The depth of the intrusions measured from the surface may have ranged 
from some hundred meters to several kilometers. Consequently, meta
morphic transformations within contact aureoles took place while the 
load pressure was rather low, ranging from about 100 bars to 1000 or 
possibly even 3000 bars (the latter value corresponding to an overburden 
of about 11 to 12 km). Therefore, "shallow" contact metamorphism (as 
well as hydrothermal metamorphism) is characterized by rather low 
pressure. On the other hand, regional dynamothermal metamorphism 
takes place at higher pressures, ranging from at least 2000 to more than 
10,000 bars. Intensity of pressure is the essential genetic difference 
between local, shallow contact metamorphism and that type of regional 
metamorphism termed dynamothermal; the temperatures at which 
metamorphic reactions take place are often the same in both cases
ranging from a comparatively low value to a maximum of about 850°C 
in the crust. 

lt is apparent that, on the basis of prevailing pressure, not only can 
contact metamorphism and regional dynamothermal metamorphism be 
distinguished, but regional dynamothermal metamorphism can also be 
further subdivided into several types. Whereas contact metamorphism 
is generally characterized by low pressures, regional dynamothermal 
metamorphism may occur throughout an appreciable pressure range. 
There are metamorphic terrains formed at intermediate, high, or very 
high pressures. A magmatic intrusion at rather shallow depth will impose 
on the adjacent country rock a very high (loo°C/km or higher) geother
mal gradient oflocal extent; the result is shallow contact metamorphism. 
On the other hand, the heating of larger segments of the crust may, for 
instance, cause a temperature of 750°C at a depth of 15 km or 25 km, 
corresponding to a geothermal gradient of 50°C/km or 30°C/km, respec
tively. Such different combinations of temperatures and press ures will 
be reflected in different mineral assemblages. Accordingly, there are var
ious types of regional dynamothermal metamorphism. That is, types of 
comparatively low pressure, medium pressure, and high pressure meta
morphism which are schematically shown by broken lines in Figure 1-1. 

Regional burial metamorphism (Coombs, 1%1) bears no genetic 
relationship to orogenesis or to magmatic intrusions. Sediments and 
interlayered volcanic rocks of a geosyncline may become gradually bur
ied. The temperatures, even at great depth. are much lower than the 
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phism and for different types of regional metamorphism. In addition to the PoT 
field of diagenesis, the fields of the different metamorphic grades explained in 
Chapter 7 are shown here. The P-T region below the lowest geothermal gradient 
is not realized in nature. The depths, corresponding to the pressures, are maxi
mum values and may be somewhat less than shown (see Chapter 3). 

temperatures encountered during dynamothermal metamorphism; maxi
mum values are probably about 400° to 450°C. Penetrative movement 
producing aschistose structure is only active locally, if at all; generally 
it is absent. Therefore, the original fabric of the rocks may be largely 
preserved while the mineralogical composition is changed. Metamorphic 
changes are not distinguishable in hand specimens; only in thin sections 
can they be clearly recognized. 

Burial metamorphism accounts for those metamorphic rocks con
taining the CaAl-zeolite laumontite (so-called zeolite facies rocks), on 
the one hand, and lawsonite-glaucophane-bearing rocks, on the other 
hand; a detailed description of these rocks is given later. Both these 
mineralogically very different rock types are formed at low and approx
imately equal temperatures; however, they indicate considerable differ
ences in pressure. Rocks ofthe lawsonite-glaucophane type, when addi
tionally bearing jadeitic pyroxene, originate at the highest pressures 
realized in the earth's crust, i.e., in crustal regions with an especially 
low geothermal gradient. In contrast, during the formation of zeolite 
facies rocks, an approximately "normal" or higher geothermal gradient 
existed. 

Despite the low temperature of metamorphism, most rocks of the 
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lawsonite-glaucophane type are completely recrystallized in response to 
their metamorphie environment because ofthe high prevailing pressure. 
However, some laumontite-bearing rocks formed at low pressures as 
well as low temperatures may show incomplete equilibration at the 
imposed conditions. The reconstitution of the rocks may be complete, 
extensive, or, especially in more coarse-grained rocks, only incipient. 
At the higher temperatures of contact metamorphism and of regional 
dynamo thermal metamorphism, rocks are completely recrystallized, 
even ifpressures are low. 

Grades of metamorphism. The distinction between very low tem
perature burial metamorphism and low to high temperature dynamo
thermal metamorphism can be made in many instances and has been 
widely used. However, the term burial metamorphism should be applied 
only in cases where the single fact of burial has been reasonably well 
ascertained. It should not be used synonymously with very low-grade 
metamorphism. The reasons for this statement are the following: 

1. Burial metamorphism and very low-grade metamorphism in an 
orogenie belt may produce mineralogically identical rocks. 

2. A continuous increase in the temperature ofmetamorphism from 
very low temperatures (corresponding to those of burial meta
morphism) tp high temperatures of so-called dynamothermal 
metamorphism has been demonstrated within a single orogenie 
belt. 

3. The terms "burial" and "dynamothermal" imply epeirogenic 
and orogenie movements, respectively. The type of movement, 
however, has no significance in mineral reactions. These are 
govemed for a given rock composition solely by pressure and 
temperature and, as shall be explained later, by the composition 
or even by the amount ofthe gas phase. 

For these reasons it is sometimes impossible or even senseless to 
distinguish very low temperature dynamothermal metamorphism from 
burial metamorphism. The term "burial metamorphism" originally 
referred to a kind of regional metamorphism taking place in a sediment 
at somewhat elevated but still very low temperatures, caused by subsi
dence in nonorogenie terrains. But the same very low temperature range 
can also prevail in certain portions of orogenie beIts. The significant 
point is that relatively low temperatures cause burial metamorphism. As 
in all kinds of regional metamorphism, the pressures may have been 
low, medium, or high. 

Without specifying pressure, regional metamorphism may be 
broadly divided into types on the basis oftemperature ranges: 
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Very low temperature metamorphism 
Low temperature metamorphism 
Medium temperature metamorphism 
High temperature metamorphism 

7 

Very low temperature metamorphism inc1udes burial metamorphism as 
weIl as the very low temperature rocks in adynamothermal metamor
phic sequence. 

It is customary, especially in English-speaking countries, to speak 
of the grade of metamorphism. If "grade" is used in a specific sense, 
e.g., when referring to the staurolite isograd, it refers to well-defined 
pressure-temperature values. A particular pressure-temperature combi
nation describes the physical condition during the metamorphism of the 
very site under investigation (we shall co me back to this point). If 
"grade" is used in a nonspecific manner, it covers a rather large range 
of metamorphic conditions. Thus, greenschist facies rocks formed at low 
temperatures are attributed to low-grade metamorphism. Since the term 
metamorphic grade is used commonly, the following broad division of 
the whole pressure-temperature field of metamorphism is suggested 
here: 

Very low-grade metamorphism 
Low-grade metamorphism 
Medium-grade metamorphism 
High-grade metamorphism 

These divisions are primarily based on temperature and are defined in 
Chapter 7; however, information on pressure should be stated as weIl. 

The following examples serve to illustrate usage of the terms: 
Medium-grade and high press ure metamorphism: for rocks of the 

almandine-amphibolite facies with kyanite in metapelites. This eorre
sponds to the relevant part of the broken line designated as type D in 
Figure 1-1. 

Very low-grade and very high pressure metamorphism: for rocks of 
the lawsonite-jadeite-glaueophane facies of type F in Figure 1-1. 

Very low-grade and low pressure metamorphism: for rocks having 
laumontite. This corresponds to the relevant part ofthe broken line des
ignated as type B in Figure 1-1. 

The temperature divisions of regional metamorphism provide a 
broad c1assification of metamorphism useful in geologie al fieldwork. It is 
simple to distinguish rocks of different metamorphic grades on the basis 
of mineral assemblages, e.g., low-grade greensehist facies rocks from 
medium-grade amphibolite facies rocks. 
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The pressure dependence of the boundaries of the me/amorphie 
grades are discussed later in Chapter 7, and it will be shown that certain 
common metamorphic reactions are wen suited to define such bounda
ries. However, for clarity, the boundaries have already been drawn as 
wavy lines in Figure 1-1. Also indicated are different geothermal gra
dients or, more correct1y, various temperature distributions with depth, 
corresponding to different types of metamorphism at low, medium, or 
high pressures. On continents, beyond a depth of several kilometers a 
geothermal gradient of20°C/km is considered "normal"; accordingly, at 
a depth of 20 km the temperature would be approximately 400°C. In 
geosynclinal areas of rapid subsidence, the temperature rise with 
increased depth is smaller, whereas in active belts it is greater-occa
sionally considerably greater. In the vicinity of shallow-seated magmatic 
intrusions there exists, limited in vertical and horizontal extent, a very 
great temperature gradient (contact metamorphism). In Figure 1-1 the 
domain of diagenesis is marked off; its boundary at temperatures some
what below 200°C is the beginning of metamorphism as defined in Chap
ter 2. 

At high temperatures a wavy line marks the beginning of anatexis 
(Figure 1-1). At these pressure-temperature conditions quartzo-feld
spathic rocks (mainly gneisses) begin to melt if water is present. Large 
amounts of granitic melts are formed through anatexis. According to the 
strict definition of metamorphism as rock transformations in the solid 
state, the formation of melts limits the field of metamorphism. Such a 
narrow definition is inadequate because: 

1. The partial melting of quartzo-feldspatic rocks, leading to the 
formation of migmatites, indicates conditions generally attrib
uted to high-grade metamorphism. 

2. Rocks not exhibiting partial melting under the same P-T condi
tions, such as amphibolites or gneisses in the absence of a water
rich fluid phase, commonly occur in the same region together 
with anatectic rocks. Therefore, anatexis is considered to belong 
to high-grade metamorphism. 
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Chapter 2 

From Diagenesis to Metamorphism 

The Glossary 01 Geology (1960) gives the following definition for 
diagenesis : "Those changes of various kinds occurring in sediments 
between the time of deposition and the time at which complete lithifica
tion takes place. The changes may be due to bacterial action, digestive 
processes of organisms, to solution and redisposition by permeating 
water, or to chemical replacement." Compaction and consequently 
reduction in pore space may be added. The change from loose sand or 
lime ooze to sandstone or limes tone , respectively, is diagenetic, as is 
cementation or replacement by CaCüa or SiÜ2' formation of sulfides in 
sediments and of silicates, such as glauconite, analcime NaAISi2ü s . 
H2ü, heulandite CaAl2Si7ü 18 • 6 H2ü, or its silica-rich variety called 
clinoptilolite. To these and other diagenetic changes, Correns (1968) fur
ther adds the formation of feldspars, mainly orthodase but also albite 
and sometimes even oligoclase, in limestones and sandstones. Diage
netic formation of chlorite in days, shales, and mudstones is also 
known, and Frey (1969, 1970) has deduced the following reaction for the 
formation of aluminum-rich chlorite: 

disordered mixed-Iayer illite/montmorillonite ~ 
Al-rich chlorite + illite + quartz + H2ü 

Thus, as Correns remarked, in diagenesis some minerals are formed 
which also occur in metamorphism. "Therefore, we do not have a sharp 
boundary towards metamorphism. " This is certainly true, even if addi
tional criteria are taken into account. 

Most geologists will agree with the definition of diagenesis as given 
by Correns (1950): 

Diagenesis comprises all changes taking place in a sediment 
between sedimentation and the onset of metamorphism, except 
those caused by weathering. 
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In principle, there is no real break but a continuous sequence of 
rock transformations from sedimentation to high-grade metamorphism. 
On the other hand, it has always been very useful to distinguish between 
diagenetic and metamorphic rocks; therefore, a demarcation between 
the two categories must be defined in some way. What agreement can 
be reached on criteria of distinction between diagenetic and metamor
phic rocks? Two approaches will be discussed: one based on sedimen
tary and the other on metamorphic petrology. 

Concerning diagenesis, von Engelbardt (1967) makes the following 
interesting point: 

In the diagenetic zone, the sediments contain interstitial fluids as continuous phases 
which can be moved by normal flow. These fluids (most commonly aqueous solu
tions) are , therefore, always involved in the diagenetic reactions, the transport of 
substances being effected through flow or normal diffusion. Because of the inter
communication and mobility of the interstitial fluids, reactions of the open-system 
type prevail. . . . The diagenesis stops at a depth where in all sedimentary rocks the 
intercommunicating pore spaces have been c10sed up by physical or chemical pro
cesses. In this zone metamorphism begins .... On the whole in metamorphism, 
reactions of the c1osed-system type . . . prevail. 

Thus, according to von Engelbardt, "metamorphism and diagenesis 
should be identified by the types of processes prevailing during these 
two stages of transformation of prlmary sediments. This way it will be 
possible, in almost every practical case, to distinguish between diage
netic and metamorphic changes." 

In order to make this distinction, the porosity of a number of differ
ent sedimentary rocks must be determined. This is routine work in the 
investigation of sedimentary but not of metamorphic rocks. If necessary, 
it can, of course, be done. However, the observation of "no intercom
municating pore spaces in all sedimentary rocks" is a poor petrographic 
criterion on which to base the definition of a metamorphic rock. It is 
unknown whether this state has been reached before, during, or after 
pressure-temperature conditions prevailed, causing the formation of 
truly metamorphic mineral assemblages. 

From the viewpoint of metamorphic petrology, the first formation 
of a truly metamorphie mineral paragenesis is the important criterion, 
i.e., a paragenesis met with only in metamorphic rocks. On the other 
hand, from the viewpoint of sedimentary petrogenesis, the complete 
blocking of interconnecting pore spaces is diagnostic of the end of dia
genesis. But the two conditions need not coincide, and probably do not. 
Therefore, in metamorphic petrology a mineralogical rather than physi
cal criterion is required to define the beginning of metamorphism. And 
since by common consent the range of metamorphism is preceded by 
the range of diagenesis, the beginning of metamorphism also designates 
the end of diagenesis. 
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Minerals such as feldspar, chlorite, or quartz form under metamor
phic as weIl as under diagenetic conditions. Chlorite, for example, is a 
stable constituent in sediments as weIl as in metamorphic rocks. The 
coexisting minerals will decide whether the rock is of metamorphic or 
diagenetic origin. For instance, chlorite coexists with illite-phengite in 
diagenetic and some metamorphic rocks, but with the CaAl-mineral 
prehnite or zoisite-clinozoisite only in metamorphic rocks. 

In designating the beginning of metamorphism the following defini-
tion will be used: 

Metamorphism has begun and diagenesis has ended when a min
eral assemblage is formed which cannot originate in a sedimentary 
environment. 

In the early editions of this book the definition included the statement: 
"When mineral assemblages restricted only to sediments disappear." 
This sentence is now omitted because it is known that sedimentary min
erals like kaolinite or montmorillonite may disappear from a pile of sed
iments already at an early stage of diagenesis. 

The first appearance of metamorphic minerals such as laumonite, 
lawsonite, glaucophane, paragonite, or pyrophyllite indicates the begin
ning of metamorphism. However, reactions forming these minerals do 
not take place at identical physical conditins. Probably the first forma
tion ofparagonite and pyrophyllite occurs at somewhat higher tempera
tures than the first formation of laumontite and lawsonite. Some availa
ble experimental data are summarized further on. 

There are many rocks which do not show any change in mineralogy 
at the onset of metamorphism, whereas others exhibit one or more of 
the critical changes. Thus rocks consisting of quartz + chlorite + illite 
(phengite) persist unchanged from the diagenetic stage through the very
low-grade and low-grade metamorphism to the beginning of medium
grade metamorphism, disregarding changes of crystallinity and struc
tural order in illite. The assemblage calcite + quartz persists even to 
higher grades. These examples show that only rocks with a specific min
eralogy may be used as indicators of the beginning of metamorphism or 
ofhigher grades ofmetamorphism. This is an important aspect ofmeta
morphic petrology in general. 

It follows from this discussion that 

1. Only certain rocks, and by no means alt, are suitable jor defin
ing the beginning ojmetamorphism. 

2. Temperature thresholds beyond which metamorphism starts can 
be given for different rocks by the first appearance of a meta
morphic mineral assemblage, i.e., a mineral paragenesis of met
amorphic origin and unknown in sedimentary rocks. Such a 
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boundary is not fixed but depends on the composition of a given 
rock. 

3. The lowest temperature (at a given pressure) leading to a meta
morphic mineral association is of special interest. It signifies the 
minimum temperature at which a truly metamorphic rock can be 
formed, and, according to our definition, the upper limit of dia
genesis. This is the meaning ofthe boundary drawn in Figure l
I between metamorphism and diagenesis and referred to as the 
"beginning of metamorphism. " 

According to our present knowledge, the lowest temperature meta
morphic minerals are laumontite and (at somewhat higher pressure) law
sonite. Reactions by which these minerals are formed furnish minimum 
temperatures at which truly metamorphic rocks are formed. The Work
ing Group for the Cartography öf the Metamorphic Belts of the World 
(Zwart et al., 1967) also regards metamorphism "as starting with the 
occurrence of laumontite + quartz." 

The exact temperatures at which laumontite (CaA12S4012 . 4 H20), 
the only zeolite of metamorphic origin, is formed are not yet known. 
However, from petrographic observation in severallocalities all over the 
world, first reported from New Zealand by Coombs (1959, 1961), it is 
weH established that the first formation of laumontite may coincide with 
the re action 

analcime + quartz = albite + H20 

Campbell and Fyfe (1965) determined the equilibrium of this reac
tion at the very low pressure of 12 bars and at 190°C. On the, basis of 
inferred thermodynamic data, they further calculated equilibrium data at 
higher H20 pressures and concluded that the equilibrium temperature 
diminishes drastically from about 1 kb upward, so much that at 4 kb it is 
only 50°C. These calculated data were widely published and were 
believed to be reliable. That this is not so has recently been shown by 
Liou (1971a). He determined experimentally the temperatures at which 
analcime + quartz react to albite + H20. His data are about 200°C at 2 
kb, 196 ± 5°C at 3 kb, and 183 ± 5°C at 5 kb. The albite formed in the 
experiments was structurally highly disordered, while in nature a well
ordered low albite occurs. If this is considered, the reaction tempera
tures will be somewhat lower; Liou suggested a temperature decrease of 
30°C at 2 kb and of 70°C at 5 kb. This problem is not fully solved yet, 
but it is certain now that the beginning of metamorphism, as defined 
here, is generally between 200 and 150°C. 

Further information is obtained from the formation of laumontite 
according to the foHowing reaction: 
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CaAl2Si70 18 • 6 H20 = CaAl2Si40 12 • 4 H20 + 3 Si02 + 2 H20 
heulandite laumontite quartz water 

Unfortunately, rates of this reaction are so slow at - 200°C that the 
reaction could not be experimentally performed at low pressures; how
ever, ifH20 pressure is raised appreciably, heulandite breaks down. But 
at this higher pressure lawsonite, CaAI2[(OH):/Si20 7], rather than lau
montite is stable. The temperature at which heulandite decomposes to 
lawsonite + quartz + H20 has been determined by Nitsch (1968) as 185 
± 25°C at 7 kb. This temperature will be very little changed at lower 
pressures, and below 3 ± 0.5 kb laumontite takes the place of lawsonite. 
It is very likely, therefore, that laumontite will form at temperatures 
somewhat below 200°C, probably as low as 175°C. 

Temperatures somewhat below 200°C mark the beginning of meta
morphism (indicated by a wavy line in Figure 1-1). At the lowest tem
peratures at which metamorphism produces laumontite, coalification 
processes, as reported by Kisch (1969, 1974), reach the gas-flame coal 
rank and sometimes the gas coal rank, characterized by less than 40 and 
30% volatile matter in vitrite, respectively. This is largely confirmed by 
Frey and Niggli (1971) from the Swiss Alps. In addition, these authors 
correlated the so-called crystallinity of illite (see Chapter 7) with coal 
rank and metamorphism; they showed that at the beginning of metamor
phism, as defined here, the first appearance of laumontite corresponds 
to a very poor crystallinity (7.5 on Kubler's scale) but improves from 
here onward markedly with increasing temperature of metamor
phism. On the other hand, the correlation between illite crystallinity and 
coalification need not be a simple one (Wolf, 1975). 

The coal rank attained at the beginning of metamorphism also sets 
a limit to the occurrence of oil fields; the "dead line," or the "oil phase
out zone," is reached and only gas fields may persist into areas of some
what higher coal rank. Thus, the limit of the beginning of metamor
phism, as defined here, is also of great economic importance. 
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Chapter 3 

Factors of Metamorphism 

General Considerations 

Temperature and pressure are the physical factors that control the 
process ofmetamorphism. Metamorphism, in general, refers to the reac
tions between neighboring minerals of a rock in response to conditions 
of temperature and pressure prevailing at depth. A certain mineral para
genesis, formed at some given temperature and pressure, becomes 
unstable if subjected to different conditions; the minerals react to form 
a new paragenesis in equilibrium at the new conditions. If carbonates 
and H20- or OH-bearing minerals take part in the reaction, CO2 and H20 
are liberated. The higher the temperature of metamorphism, the smaller 
the amount of CO2 and H20 combined in the stable minerals. Therefore, 
afiuid phase composed ofvolatile constituents is always present during 
metamorphism of such rocks. 

At supercritical conditions, which commonly are realized in meta
morphism except at very low temperatures, the fluid is agas of high 
density with many properties ofa liquid. Water, e.g., at 500"C and 2000 
bars has a density of 0.69 glcm3 ; at 400°C and the same pressure, its 
density is 0.97 glcm3 • Volatile constituents aIready existed in the rocks 
even before metamorphism, occupying pores and minute cracks or being 
adsorbed on the grain boundaries. Even in the case of many igneous 
rocks, a sufficient amount of H20 must have been present during meta
morphism, either originally in the rocks or introduced along minute 
cracks. If this had not been so, the metamorphism of basalts to 
amphibolites or chlorite-epidote greenschists would have been 
impossible. 

Many experiments have shown that the presence of water greatly 
increases the rate of recrystallization; without water some reactions 
could not proceed to completion even during geological periods oftime. 
This is probably because of (1) the catalytic action of water, even if 
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present only in small amounts, and (2) the fact that neighboring minerals 
in a metamorphic rock represent, in general, an association of coexisting 
minerals in thermodynamic equilibrium with each other-known as a 
mineral paragenesis. 1 The fluid phase, coexisting in equilibrium with a 
mineral paragenesis during metamorphism, must not be disregarded, 
even though petrographical investigations give no account of its amount 
and only rarely of its composition. Despite the presence of a mobile fluid 
phase containing dissolved amounts of the minerals with which it is in 
equilibrium, transport of material over large distances generally does not 
take place. There are many indications that rocks constitute a "c1osed" 
thermodynamic system during the short time required for metamorphic 
crystallization. Transport of material is generally limited to distances 
similar to the size of newly formed crystals. It has been observed fre
quently that minute chemical differences of former sediments are pre
served during metamorphism. 

Metamorphism is essentially an isochemical2 process. Evidence for 
isochemical metamorphic transformations has become increasingly 
more convincing3; however, the highly volatile components, predomi
nantly H20 and CO2, are exceptions. If they are constituents of the 
reacting minerals, they are essential components of the metamorphic 
reaction themselves, but they gradually leave the rock system while it is 
still under metamorphic conditions. Thus, the metamorphosed rock is 
partly or wholly depleted of the volatile components as compared to the 
parent rock. On the other hand, these components often may (not must) 
have access to rocks not having volatile components in their minerals 
(as in basalts) prior to or during metamorphism. It is suggested that met-

ISo-<:alled annored relics obviously do not belong to a mineral paragenesis. These 
are minerals completely surrounded by a rim ofreaction products, thus preventing further 
reaction. 

'By way of contrast, allochemical crystallization refers to metamorphie reconstitution 
accompanied by a change in bulk composition of the rock. This process is known as meta
somatism; it may operate over a wide range oftemperature and pressure conditions, even 
at the earth's surface. Previously, it was thought that metasomatisni played a significant 
part in metamorphism, but at present, metasomatism is regarded as a phenomenon of more 
local importance in metamorphie terrains. For example, gaseous transfer of material from 
a crystallizing granite pluton into the adjacent country rock is a common process. This 
addition of material may weil lead to metasomatic reactions and to the fonnation of min
erals clearly requiring introduced constituents. 

aAs an example, Jäger (1970, 1973) proves that even in high-grade though still non
migmatitic gneis ses the rock system was cJosed to K and Ca, thus it is highly probable that 
it was cJosed to the other elements as weil. Furthennore, Dobretsov et al. (1967) show by 
statistical treatment of analytical data that no addition of Na has taken place during the 
fonnation of Na-amphibole-rich glaucophane schists from basalts. Pitcher and Berger 
(1972, p. 312 ff.) concJuded in their study of!arge granite emplacements that "with the 
notable exception of (OR), the contact effects were isochemical, even over small dis
tances". Ronov et al. (1977) showed that regional metamorphism of sediments is isochem
ieal, apart from R.O and CO •. 
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amorphie transformations that are isochemical-with the sole exception 
of volatile components-be designated as quasi isochemieal. In con
trast, metamorphic differentiation, i.e., metamorphie transformation on 
a small limited scale, is an allochemical process involving transfer of 
components. This can only be operative if very special conditions, spe
cifically that of incompatible rock compositions, prevail. 

Some of the H20 and/or CO2 liberated during a metamorphic reac
tion willleave the system. In fact, it is to be expected that the overpres
sure created by the formation of gases within the rock causes cracks, 
allowing part of the gas or the gas mixture to escape; thus, the fluid 
pressure is approximately equalized with the load pressure. Some of the 
internally created fluid overpressure may pers ist for some time. Before 
the maximum temperature of metamorphism reached at a particular 
place has noticeably declined, neady all volatile constituents must have 
escaped; otherwise, the gradually sinking temperature would have 
caused areversal of the reactions. Retrograde metamorphism (dia
phthoresis), the transformation of higher-grade metamorphic rocks to 
lower-grade ones (e.g., amphibolites into greenschists), is only observed 
in certain zones. In these zones H20-rich and often CO2-bearing gases 
apparently were introduced along fractures and shear zones long after 
the highest temperature of metamorphism had considerably subsided. In 
such cases reactions could be reversed, producing mineral assemblages 
stable at the lower temperature, which contain, as a rule, more H20 and 
CO2• But products of retrograde metamorphism constitute only a small 
portion of all metamorphic rocks. On the other hand, incipient stages of 
retrograde alteration of certain minerals are frequently observed, pre
sumably having taken place near the surface a very long time after meta
morphism. With these exceptions, the mineral assemblages ofmetamor
phic rocks gene rally indicate the highest grade of metamorphism, i.e., 
they reflect the highest temperature reached during metamorphism of a 
certain region. 

In regionally metamorphosed terrains, zones ofrock may be distin
guished which formed within a certain pressure-temperature field. The 
coexisting minerals are phases of a system in (at least) bivariant equilib
rium, for the temperature and pressure can be arbitrarily varied within 
certain limits, i.e., there are at least two degrees of freedom. The same 
is true of mineral assemblages in adjacent zones. However, at the junc
tion of two zones, the conditions for areaction boundary are realized, 
i.e., at these conditions minerals react to form new assemblages. At the 
reaction boundary the system has one less degree offreedom (one more 
phase) than in the regions on either side of that boundary. The aim of 
metamorphie petrology is to determine such re action boundaries for all 
reactions of significance in metamorphism. Assuming an uni variant reac-
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tion, equilibrium between the right and the left side of the reaction equa
tion (i.e., the location of the reaction boundary) is determined at some 
given pressure by adefinite temperature. There are reactions in which 
the equilibrium temperatures varies considerably with changes in pres
sure; they may serve as indicators of pressure during metamorphism. 
Other reactions, which are only slightly influenced by pressure, provide 
suitable temperature indicators. Experiments have shown that the equi
librium temperatures of numerous common reactions that release water 
are raised only 2° to 10°C for every increase of 1000 bars4 in hydrostatic 
pressure (at low pressures the effect of pressure on the equilibrium tem
perature is greater). 

The effective pressure during metamorphism is mainly due to the 
load 0/ the overlying rocks. It is not an easy matter to estimate, on geo
logical grounds, the previous thickness of rock cover; the original stra
tigraphie sequence may have been repeated several times by complex 
folding. The load pressure PI increases with depth at a rate of about 250 
to 300 bars/km, depending on the density of the rocks. It is reasonable 
to assurne that the load pressure is hydrostatic in character, i.e., the 
pressure is equal in all directions. The volatile constituents present in 
rock pores and minute cracks form at most conditions of metamorphism 
one fluid phase. This phase presumably is subjected to the same load 
pressure as the minerals of the rocks; accordingly, the assumption is 
made that the pressure of the fluid phase P f is approximately equal to 
the load pressure PI. It should be kept in mind, however, that in 
response to rising temperature, various metamorphie reactions release 
large amounts of H20 and/or CO2• In view of the small pore volume, this 
pressure, created within the rock formations due to metamorphic reac
tions, will exceed the load pressure by an amount equal to the strength 
of the rocks. Greater gas pressures would be released along fractures 
caused by the pressure. It could be assumed therefore, that the intemally 
created gas pressure5 will give rise to a certain overpressure so that P f 
exceeds PI at the time of the volatile-producing metamorphie reactions. 

The value ofthe "internally created gas overpressure" depends on 
the strength of the rocks at depth. This strength decreases with increas
ing temperature and probably does not exceed a few hundred bars (Car
michael, 1978). Consequently, the effect of an intemally created gas 
overpressure will be negligible, i.e., the fluid pressure is practically 
equal to the load pressure. 

41 bar = 106dynelcm2; abbreviated b. 
1 technical atmosphere (at) = 1 kplcm2 = 0.980665 bars. 
t physical atmosphere (atm) = 1.0333 kplcm2 = 1.01325 bars. 

5A "fluid overpressure" has also been suggested by Rutland (1965). 
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On the other hand, in the case of minerals deposited from hydro
thermal solutions along fractures and in adjacent wall rocks, it may be 
possible that P, < Pz. In this case, the equilibrium temperature of a 
re action liberating a gas will be lowered in proportion to the difference 
between the pressure acting on the solid minerals, Ps, and PI' This sit
uation has been discussed in detail by Thompson (1955) and Fyfe et al. 
(1958). It should be noted that in such cases the phase rule, generally 
expressed as F = C - P + 2, takes the form F = C - P + 3. Besides 
the usual two physical degrees of freedom of hydrostatic pressure and 
temperature, a further degree offreedom must be considered. Instead of 
one pressure, two pressures, Pfand Ps, are effective. Consequently, an 
equilibrium univariant if P, = Ps becomes bivariant if P, < PS" The 
situation of P, < Ps represents a special case realized only under partic
ular conditions. In a11 other cases of metamorphism, it is assumed that, 
as a rule, the pressure of the fluid phase P,was equal to the pressure 
acting on the solid minerals, i.e., P, = PS" This condition also holds in 
all experimental investigations. All conclusions with regard to petroge
nesis deduced from experimental results are based on this assumption. 

The Composition of the Fluid Phase 

In silicate rocks, the fluid phase present during metamorphism is 
essentia11y H20, so that P, = PH20 • However, this may not be the case 
in graphite-bearing rocks (see Figs. 3-1 and 3-2). During the metamor
phism of carbonate rocks, CO2 is liberated. Therefore, the fluid phase 
will contain CO2 in addition to the H20 origina11y present in the pores of 
the sediments. In such cases, the pressure of the fluid phase consists of 
the partial pressures of H20 and CO2 • The composition of the fluid phase 
is not constant because the molecular ratio ofH20 to CO2 can be varied. 
In contrast to the stoichiometrica11y fixed ratio of CO 2 to metal oxides in 
the crystalline carbonates, the fluid phase may have a highly variable 
composition during the metamorphism of carbonate rocks. The freely 
variable composition of the fluid phase is, besides fluid pressure and 
temperature, an additional thermodynamic degree of freedom. This has 
the following consequence. The equilibrium temperature of, say, the 
reaction 

calcite + quartz = wollastonite + CO2 

has been determined at some given pressure of CO2 if P, = P CO 2 ; at this 
condition, the equilibrium is univariant. If, however, P, = p co 2 + 
PH 20, the equilibrium temperature is not uniquely determined at P, = 
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const.; the smaller the mole fraction of CO2 in the fluid phase, the lower 
the equilibrium temperature (see examples in Chapter 9). The equilib
rium is no longer univariant but bivariant. In order to obtain some defi
nite equilibrium temperature, the values of Pfand the mole fraction of 
CO 2 in the H20-C02 fluid phase must be fixed. Even if Pfcould be esti
mated on the basis of the depth at which metamorphism took place, 
nothing is known about the probable composition of the fluid phase. It 
follows that reactions involving carbonates are in nature (at least) bivar
iant. Consequently, it is hardly possible to evaluate the dependence of 
the equilibrium temperature on the total pressure P f. This discouraging 
conclusion is correct in principle, but a more promising aspect of the 
problem should also be considered, namely, to what extent the equilib
rium temperature is dependent on the mole fraction of CO2 and on P f· 
Further on, examples will demonstrate that valuable petrological deduc
tions can indeed be based on some reactions, even though they are 
bivariant. 

If a sequence of sedimentary rocks consisting of carbonates and 
OH-bearing silicates is subjected to metamorphism, mineral reactions 
willliberate CO2 and H20. In carbonate layers, the original water in the 
pores all.d newly formed CO2 make up a fluid phase of unknown com
position. In carbonate-free layers, water is liberated, which, together 
with the original water present in the sediments, forms a fluid phase 
consisting almost totally of H20. In the latter case, the composition of 
the fluid phase remains essentially unchanged and Pf = P H2Ü ' If, how
ever, it is assumed that during the period of metamorphism H20 and 
CO2 can diffuse so freely that the fluid phases in the various layers of 
carbonate rocks and carbonate-free silicate rocks become mixed, then 
the composition of the fluid phase present in silicate rocks would also be 
unknown. Areaction, univariant if P f = P H2Ü ' would become bivariant 
because now Pf = PH 2ü + Pcü 2 ' Even at constant P" there would be no 
uniquely determined equilibrium temperature; the greater the dilution of 
H20 by CO2, the lower the equilibrium temperature. 

The question arises if it can be reasonably assumed that the fluid 
phases produced in various layers mix extensively during metamor
phism. Many considerations speak against it. Experimental investiga
tions ofmetamorphic reactions involving carbonates, and correlations of 
experimental results with observations in nature, clearly show that at 
the time of the metamorphic reactions, the fluid phase must have had a 
high mole fraction of CO2• No noticeable dilution of the CO2-rich fluid 
phase has taken place even though water is liberated in the surrounding 
noncarbonate rocks during metamorphism. Therefore, the view is 
advanced that, during the relatively short time required for metamorphic 
reactions to proceed, the fluid phase remains essentially unchanged, 
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except where very thin layers of carbonate and carbonate-free rocks 
occur in the sedimentary sequence. In the case 01 carbonate-free and 
graphite-free rocks, it may be assumed, in general, that PI = P H20 • 

Experimentally determined uni variant reactions provide, at P H 2 0 = 

const., unique equilibrium temperatures which are of importance in elu
cidating the process of metamorphism. In the ca se of carbonate-bearing 
rocks, however, the gas phase will be rich in CO2 and always PI = PH20 

+ Pc0 2, so that, even at PI = const., the dependence ofthe equilibrium 
temperature on the composition of the fluid phase must be taken into 
account. Experimental studies are necessary to determine the extent of 
lowering of the equilibrium temperature in response to an increase in the 
amount of H20 in the H20-C02 fluid phase. This effect may be large but 
in some cases is rather small, as examples in Chapter 9 will demonstrate. 

A further consideration supports the assumption of PI =PH20 dur
ing metamorphism in the case of noncarbonate rocks. The average com
position ofall sediments (carbonates and noncarbonates) shows, accord
ing to Correns (1949), 3.86 weight percent CO2 and:5.54 weight percent 
H20 (total water content). Assurne, for the sake of argument, that these 
amounts are totally liberated as gases and completely mixed during 
metamorphism. In the resulting fluid phase, H20 and CO2 would be 
present in the molecular ratio of3.8: 1. The H20-C02 fluid phase is char
acterized by a small mole fraction of CO2 , i.e., X C02 is only 0.2. How
ever, large amounts of carbonate are preserved in the form of marble, 
indicating that the calculated value ofX CO 2 = 0.2 is too high. The actual 
value must have been considerably lower, except possibly in rocks adja
cent to carbonate layers. It may be concluded that the fluid phase in 
metamorphic reactions not involving carbonate was essentially water; 
therefore PI = P H20 • 

Never, however, will the fluid phase be pure water. Apart from 
very small amounts of silicates (especially of quartz) dissolved in the 
fluid, some HCI derived from hydrolysis of chlorides from pore solutions 
in sediments is to be expected. The composition of the fluid will be even 
more complex in water-containing, noncarbonate rocks whenever 
graphite is present in the rock during metamorphism. In this case, which 
is common in pelitic metasediments, CO2 and CH4 are formed as the 
temperature increases. As Figure 3-1 shows, these gas species, being in 
equilibrium with H20 and graphite, are also joined by CO and H2 in 
much smaller amounts and by an extremely small amount of02 (French, 
1966; Yui, 1968). By formation ofthese gas species the mole fraction of 
H20 in the fluid phase is lowered as the temperature rises. At a constant 
temperature this etIect diminishes with increasing total fluid pressure. 
Metz (1970, personal communication) has calculated that at 600°C and 
PI = 3000 bars the mole fraction of water, X H 20' will have decreased 
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from 1.0 to about 0.80, as opposed to 0.65 at Pt = 1000 bars, whenever 
graphite has been in equilibrium with water. But this amount oflowering 
OfXH20 in the fluid phase does not yet have a great effect on the lowering 
of re action temperatures. Thus, the breakdown temperature of musco
vite in the presence of quartz, taking place at rather high temperature 
and being markedly dependent on H2ü pressure, will, at Pt = 1000 bars, 
be lowered by 30°C when graphite is present, and, at Pt = 3000 bars, by 
only 20°C. In other reactions that either are not so sensitive to H2ü 
pressure or take place at lower temperature, the effect of lowering the 
value of X H 20 and thus of lowering the reaction temperature will be even 
smaller. 

However, when hydrogen can diffuse to or away from the site of 
metamorphie reaction, the influence of graphite on the reduction of the 
partial pressure of water differs from that shown in Figure 3-1. As in 
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Fig. 3-1 Gas species in the gas phase in equilibrium with water and graph
ite. No 10ss of hydrogen by diffusion has been assumed, i.e., the ratio of H:O 
remaining 2:1 (After Yui, 1968, and Metz, 1970, personal communication.) 
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Fig. 3-2 Gas species in the gas phase at 2 kb in equilibrium with water and 
graphite when hydrogen fugacity is extemally controlled by the quartz + fayalite 
+ magnetite buffer. (After Eugster and Skippen, 1967.) 

experimental work, this seems to be the eommon ease in nature also. 
The hydrogen and oxygen fugaeities are eontrolled externally by water 
and a mineral association as a buffer. Among others, a mixture of quartz 
+ fayalite + magnetite is often used in experiments as a buffer and will 
probably be most eommonly applieable to metamorphie reaetions when 
temperatures are not very low. 

Figure 3-2 shows graphieally the ealculated results of an investiga
tion by Eugster and Skippen (1967) on the eomposition ofthe gas phase 
in equilibrium with water and graphite and the quartz + fayalite + mag
netite buffer. Two important points ean be learned from this graph: 

(a) When temperatures of metamorphism are below 400°C, the 
mole fraetion of H2ü deereases drastieally from 0.67 at 400°C to 
zero at about 320°, at P f = 2 kb. Methane beeomes the domi
nant gas species. Thus,PH20 ean be eonsiderably lower than Pf 

in very-Iow grade metamorphism of graphite-bearing shales and 
slates. 

(b) When temperatures inerease above about 650°C, the mole frac
tion of H2ü in the gas phase deereases mueh more than in the 
ease represented in Figure 3-1. At 650°C the mole fraetion of 
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H20 is 0.55, at 700°C it is 0.45, and at 800°C it is only about 
0.25, at PI = 2 kb. This c1early shows that in metapelitic rocks 
of high grade, and specially of the higher temperature part 
within high-grade metamorphism, it is important to check 
whether or not graphite is present. In the presence of graphite 
a considerable reduction of the partial pressure of water must 
be taken into account. 

When minerals that are sensitive to reduction or oxidation, as for 
instance Fe-hearing minerals, are involved in metamorphism the con
centration of oxygen in the fluid gas phase is an additional factor. This 
has been thoroughly studied by Eugster (1959) and Eugster and Skippen 
(1967). Whlle various conditions of oxygen fugacity6 can easily be cre
ated experimentally, natural metamorphic rocks are formed within a 
medium range of oxygen fugacities. The exact values are generally not 
known, but the common occurrence of the iron oxide magnetite instead 
of hematite (Fe20a) or wustite (FeO) in metamorphites indicates oxygen 
fugacities at which magnetite is stable (shown by the stippled field in 
Figure 3-3). If graphite is a constituent in metamorphites, it creates in 
the presence ofwater a certain oxygen fugacity at any given temperature 
and total fluid pressure. The double-line curve within the stippled range 
of Figure 3-3, calculated for 1000 bars, shows the approximate oxygen 
fugacity expected during metamorphism of graphite-bearing rocks. 
Curves H/M, MlW, W/Fe, and MlFe (after Eugster and Wones, 1962) 
are for 1 atm total pressure. For al1 buffers an increase in total pressure 
-causes only a slight increase in oxygen fugacity. Curve (M + Q)/Fa (after 
Wones and Gilbert, 1969) is for 1000 bars total pressure. Double-lined 
curve shows the oxygen fugacity for the system H20-graphite at 1000 
bars total pressure (after French, 1966). 

Direcled Pressure 

In addition to hydrostatic pressure, directed pressure (stress) must 
be considered as a possible factor of metamorphism. Formerly it was 
thought that the action of shearing stress at the time of recrystallization 
significantly intluenced mineral equilibria. This is probably not the case. 
Dachille and Roy (1960, 1964) have shown experimentally that the sta-

6J'he fugacity is the thermodynamically effective pressure of agas species. This pres
sure is related to the pressure read on a gauge by the fugacity coefficient. The coefficient is 
dependent on temperature, pressure, and gas species, and it may be greater or smaller than 
1. Dnly when the conditions of an ideal gas are reached does the fugacity coefficient equal 
1.0. 
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Fig.3-3 Oxygen fugacities as a function oftemperature for the equilibria of 
the indicated buffers. 

bility field of metamorphic mineral assemblages is not influenced by 
shearing stress. The only effect is a considerable increase ofthe re action 
rates leading, as a rule, toward the formation of stable parageneses. This 
aspect may be important in experimental investigations but is insignifi
cant in the formation of natural mineral assemblages because of the very 
long time available for reactions to proceed. 

Many petrographers believe that directed pressure may contribute 
to an appreciable increase of the effective hydrostatic pressure. Clark 
(1961) has coined the term "tectonic overpressure" and thinks that an 
overpressure of 1000 to 2000 bars could possibly be created. FHnn (1965) 
states that 

The magnitude of the overpressure which can exist in the rocks depends chiefly on 
the length of time the pressure has to persist. The higher the overpressure, the 
shorter the time that will elapse before it is relaxed by flow (deformation). For short 
periods overpressures are possible up to the rupture strength of the rock at the 
appropriate conditions of temperature and confming pressure. 

Metamorphism takes place during long periods oftime, i.e., as long as 
the temperature is maintained and the gas phase coexisting with the 
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newly formed mineral is present. Therefore, tectonic overpressures 
seem very unlikely. Furthermore, experimental evidence indicates that 
at geologically reasonable temperatures and strain rates the strength of 
rocks does not favor the creation of tectonic overpressure. In the pres
ence of an aqueous fluid phase, rock strengths, even of quartzose rocks 
such as graywackes, are negligible. Thus, tectonic overpressure must be 
negligible (Heard, 1963; Griggs and Blasic, 1%5; Brace et al., 1970; 
Heard and Raleigh, 1972). For the Franciscan metamorphie rocks in Cal
ifornia, where very high pressures prevailed, Ernst (1971) concluded: 
"Neither experimental strength-of-materials studies, detailed petrologie 
mapping, nor metamorphic-stratigraphic temporal relations lend support 
to the hypothesized production of tectonic overpressures on a regional 
scale. " 

In conclusion, it may be assumed that in most cases of metamor
phism, Pf = Ps. 
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Chapter4 

Mineral Parageneses : The Building Blocks 
of Metamorphic Rocks 

Rocks consist of a number of different minerals. In an igneous rock 
various minerals crystallized from a slowly cooling magmatic melt con
stitute an equilibrium assemblage. Such an assemblage is called a min
eral paragenesis . In general, an the minerals that are detectable within 
a single thin section belong to the mineral paragenesis that characterizes 
a given igneous rock. This is so because a magmatic melt is a homoge
nous solution ofthe many components that constitute such a rock. How
ever, in metamorphic rocks derived from sediments the composition 
may not be the same even over a small volume. Therefore, it is wen 
possible that all minerals observed in a single thin section do not belong 
to a single metamorphic paragenesis. Rather, two or even more mineral 
parageneses, i.e., associations of minerals coexisting in equilibrium, 
may be present in the area of one thin section. This is a point of great 
significance. In earlier petrographic work it was believed that the deter
mination of an the minerals of a given rock is sufficient. This is not so. 
lt now must be ascertained which ofthe minerals in a thin seetion are in 
contact. Only minerals in contact may be regarded as an assemblage of 
coexisting minerals, i.e., a paragenesis. 1 

In this book a metamorphic mineral paragenesis refers to minerals 
in contact with each other. This point is demonstrated in Figure 4-1. The 
schematically drawn thin section shows four minerals; not all four, how
ever, form a mineral paragenesis. In fact, there are two different para
geneses, each consisting of three minerals in contact with each other. 
The two parageneses are (1) the minerals A, B, and C and (2) the min
erals B, C, and D. 

An example from nature is a siliceous limestone which has been 
metamorphosed at shallow depth and high temperature: calcite + quartz 

1 Alteration products are excluded, of course. In tbis respect, the necessity of care
fully observing textura! criteria is stressed. 
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000 A 
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Fig.4-1 SchematicaIly shown are two different parageneses. They consist 
of (1) the minerals A, B, and C and (2) the minerals B, C, and D. Note that aIl 
four minerals together do not constitute a paragenesis because they are not in 
contact with each other. 

have reacted to form wollastonite + CO2 • At the exact condition of the 
reaction equilibrium, the three solid phases-calcite + quartz + wollas
tonite-coexist together with the gas phase, forming a very special 
paragenesis. However, when conditions have been such that the equilib
rium has been surpassed, either the paragenesis wollastonite + calcite 
or the paragenesis wollastonite + quartz is found, depending on the 
excess of either calcite or quartz. If a siliceous limestone consists of fine 
layers varying in silica content, the minerals wollastonite, calcite, and 
quartz may all be present in one thin section, thus apparently indicating 
conditions ofthe re action equilibrium. But closer inspection reveals that 
only wollastonite + cal~ite and wollastonite + quartz constitute para
geneses in various layers. 

Another example is a marble consisting of calcite, dolomite, tre
molite, talc, and quartz. If all five minerals constitute a single paragene
sis this has a very special meaning: as will be shown later, at a given 
fluid pressure, this paragenesis determines the temperature and the com
position of the CO2-H20 gas mixture during metamorphism. The para
genesis of the five minerals has been formed under the very special con
dition of an isobaric invariant point. However, detailed microscope work 
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will most commonly reveal that not all five minerals are in mutual con
tact. Rather, as can be seen in Figure 9-2 in the area above curve 1, the 
fOllowing two or even three parageneses may be present in the speci
men: (1) tale + dolomite + calcite, (2) tremolite + tale + calcite, (3) 
tremolite + quartz + calcite. 

Paragenesis (1) crystallized in those parts of the original siliceous 
dolomite limestone where dolomite was present in excess, paragenesis 
(3) formed in areas with excess silica, and paragenesis (2) formed in 
areas of intermediate composition. Two or all three parageneses can 
exist stably side by side at a given fluid pressure within a certain range 
of temperature and of composition of the CO2-H20 fluid phase. Thus, 
the above parageneses, each consisting of three minerals, provide less 
petrogenetic information than the paragenesis of the five minerals talc, 
tremolite, quartz, calcite, and dolomite. 

These examples make it obvious that careful microscopic determi
nation of parageneses is of fundamental significance. Parageneses are 
the building blocks of metamorphic rocks and they may be significant 
petrogenetic indicators. 



Chapter 5 

Graphical Representation of Metamorphie 
Mineral Parageneses 

Composition Plotting 

Minerals composed of no more than three components may be rep
resented within the plane of a triangle. As an example, wollastonite 
CaSiOa, .grossularite CaaAIlSiO.Ja, anorthite CaAl2Si20 s, sillimanite 
Al2SiOs, quartz Si02, and corundum Al20 a consist of the three compo
nents CaO, Al20 a, and Si02 in different proportions. Because of geo
metrie advantages, compositions are most conveniently represented in 
an equilateral triangle [see Ferguson and Jones (1966)]. Each corner of 
the triangle represents a pure component, i.e., 100% CaO, 100% AI20 a, 
and 100% Si02• Each side allows the representation of a mixture and a 
mineral consisting of two components, while the interior of the triangle 
allows the representation of mixtures and minerals consisting of all three 
components. 

It should be added that a line through one corner represents all com
positions for which two of the components have a constant ratio. The 
value ofthe ratio is that of the point where the line from the corner cuts 
the opposite side of the triangle . 

A few examples may illustrate the method of plotting. Sillimanite, 
for instance, consists of only the two components, Al20 a and Si02 , 

which are combined in the mole ratio 1: 1; the composition of sillimanite 
is 50 mole% Al20 a and 50 mole% Si02 • Sillimanite plots at the middle of 
the side Al20 a-Si02 • The mole percentages of each of the three compo
nents are marked, in steps of 20 mole%, along each of the sides of the 
triangle in Figure 5-1. Commercially available triangular coordinate 
paper is divided into 1% intervals. A line parallel to one side of the tri
angle represents a constant percentage of the component plotted at the 
opposite corner. Thus, the dotted line in Figure 5-1 represents 43 mole% 
CaO and the broken line represents 14 mole% Al20 a. At the intersection 
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Fig. 5-1 Plotting of compositions in the equilateral triangle CaO-Al20 a-
Si02 • 

ofthese two lines the composition is, of course, 43 mole% CaO and 14 
mole% AI20 a, the remainder being 43 mole% Si02 • This is the composi
tion of the mineral grossularite, which has the molecular ratio 3 CaO: 1 
Al20 a:3 Si02 , i.e., 43% CaO, 14% AbOa, and 43% Si02 • It is marked by 
the double circle in Figure 5-1. The composition ofthe mineral anorthite 
with 1 CaO:l Al20 3:2 Si02 , i.e., 25 mole% CaO, 25 mole% AI20 a, and 
50 mole% Si02 , has also been plotted in Figure 5-1. 

From this plot of minerals in the Al20 a-CaO-Si02 coneentration tri
angle, chemical relationships become obvious. At equilibrium, the vari
anee of the number of degrees of freedom (F) of a chemical system 
equals the number of components (C) minus the number of phases (P) 
plus 2. This is the so-called phase rule. 

F=C-P+2 

In the case ofthree components, three phases in equilibrium permit two 
degrees of freedom, i.e., the temperature and the pressure may be 
changed independently of each other within certain limits; in other 
words, three phases will exist within a certain range oftemperature and 
pressure. The coexisting minerals, when graphically represented by 
points, may be connected by lines known as tie lines. As shown in Fig
ure 5-2, the connections of three minerals coexisting with each other 
form irregular triangles, such as sillimanite-anorthite-corundum, silli
manite-anorthite-quartz, anorthite-grossularite-corundum, anorthite
grossularite-quartz, and grossularite-wollastonite-quartz. Figure 5-2 
shows that the coexistence of the minerals grossularite, wollastonite, 
and corundum is not possible within a range of temperature and pres-
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Fig. 5-2 Coexisting mineral parageneses in the system CaO-A120 2-Si02 • 

sure, because any mixture of components along the line corundum-wol
lastonite will produce either the association grossularite + corundum or 
grossularite + wollastonite. For similar reasons, the minerals sillimanite, 
anorthite, and wollastonite, on the one hand, and corundum, sillimanite, 
and quartz, on the other hand, cannot coexist. 

Figure 5-2 represents the various possible mineral parageneses that 
are stable within a certain temperature and pressure range. If, however, 
temperature has surpassed a certain value at a given pressure, the min
eral pair grossularite + quartz becomes unstable; the connecting tie line 
disappears and the new tie line wollastonite + anorthite is now valid. 
The resulting new parageneses are shown in Figure 5-3. (Compare with 

Ca ° L---"-----'L-----''---'''-----<;)o--'''---''--''---'''---'0' Si 02 
Woflaslon;l~ Quarlz 

Fig. 5-3 Coexisting mineral parageneses in the system CaO-A120 a-Si02 at 
higher temperatures than in Figure 5-2. 
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Figure 5-2.) The cross relationship between the tie lines grossularite
quartz and wollastonite-anorthite is one of the various graphical expres
sions that indicate a chemical reaction. In this case it is the re action 

1 grossularite + 1 quartz = 2 wollastonite + 1 anorthite 
1 CaaAI2[ Si04Ja + 1 Si02 = 2 CaSiOa + 1 CaAl2Si20 s 

Under certain conditions, systems consisting of more than three com
ponents may also be represented by an equilateral triangle. Examples 
are the so-called ACF and AKF diagrarns which will be discussed on 
page 35tI. In other cases, e.g., the system MgO-Si02-H20-C02 and the 
system CaO-MgO-Si02-H20-C02, the systems contain CO2 and H20 as 
components, which implies the presence of a CO2-H20 fluid phase in 
equilibrium with solid phases. The former system may be represented 
either in the triangle MgO-Si02-H20 or MgO-Si02-C02. The latter sys
tem, omitting both gaseous components in the graphie al representation, 
is shown as the CaO-MgO-Si02 triangle in Figure 5-4. The solid phases 
represented in this triangle are correctly plotted only in regard to the 
molecular ratios ofthe components CaO, MgO, and Si02, i.e., CaO + 
MgO + Si02 taken as 100. 

Figure 5-4 shows the plots ofthe following minerals: calcite CaCOa, 
magnesite MgCOa, brucite Mg(OH)2' pericalse MgO, quartz Si02, dolo
mite CaMg(COa)2' tale Mga[(OH)JS4010], tremoHte C~M&[(OH)J 
Sis022], diopside CaMg[Si20 6], forsterite Mg2[Si04], and serpentine 
M&![(OH)JSi20 s]. Tale contains no CaO and has a molecular ratio of 3 
MgO:4 Si02; therefore, it is represented by a point on the MgO-Si02 side 

Quarlz 
5i02 

Mag".sil. 
Brucil. 

Ca00· --,.--*----.----*--<:>-*---..--~'--,.---0. /l4g0 P.riclas. 
Calcil. Dolomil. 

Fig. 5·4 Mineral compositions of the five-component system CaO-MgO
Si02-C02-H20 plotted in the composition triangle CaO-MgO-Si02 • Mg-antho
phyllite, Mg7[(OH)z/Si80 22], plots between enstatite and talc. 
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of the concentration triangle corresponding to 43 mole% MgO and 57 
mole% Si02 • Tremolite has a molecular ratio of 2 CaO:5 MgO:8 Si02 ; it 
is represented by a point within the triangle corresponding to 13 mole% 
CaO, 33 mole% MgO, and 53 mole% Si02 • Figure 5-4 does not show 
mineral parageneses; these are fully discussed in the chapter on the 
metamorpbism of siliceous carbonate rocks. 

ACF Diagram 

A correct and complete graphical representation of a mineral para
genesis is possible only if the number of minerals does not exceed four, 
because only four components can be represented in space at the cor
ners of a tetrahedron. A two-dimensional representation is, of course, 
greatly desired and, in some special investigations, suitable projections 
of points within a tetrahedron onto some plane may be developed. For 
instance, such a method can be employed very advantageously in the 
study ofpelitic schists, as shown by Thompson (1957) (a detailed discus
sion is given on pages 48 to 54). However, in order to represent mineral 
assemblages in rocks of diverse composition and metamorpbic grade, a 
triangular representation developed by Eskola is used extensively. Tbis 
method is necessarily a compromise, because only three components 
can be represented in aplane, yet the rocks contain more than three 
components. Nevertheless, "by means of suitable selections and restric
tions" his method "allows the representation of most rocks of not too 
unusual composition and having an excess of silica." He continues: 

If silica is present in excess (quartz is a constituent of many metamorphic rocks) 
only those minerals with the highest possible SiO. content can be formed; conse
quently, the amount of SiO. has no influence on the mineral assemblages and need
not be represented graphically. At one corner of the triangle, designated as A, that 
portion of Al.03 (more exactly, Al20 3 + Fe.03, because Fe3+ and AI3+ can substi
tute for each other) is plotted, which is not combined with Na and K. The second 
corner is defined as C = CaO and the third one as F = (Fe, Mg, Mn)O. Accessory 
constituents are disregarded in the graphical representation; however, before cal
culating the A, C, and F values, the amounts of (Al, Fe)203, CaO, and (Fe, Mg)O 
contained in the accessories are subtracted (from the chemical analysis). In this 
manner, the more important silicate minerals can be represented, with the exception 
of K and Na silicates and silica-undersaturated silicates, like olivine. 

According to Eskola, the procedure for the calculation ofthe molec
ular ACF ratios of a rock is as follows: First, the chemical analysis of a 
rock is corrected for accessories. In order to do tbis, their amount must 
be determined (by petrograpbical modal analysis or x-ray phase analy
sis). Then an amount corresponding to 50% of the weight percent of 
ilmenite present is subtracted from the FeO percentage ofthe rock; sim-



36 Petrogenesis of Metamorphic Rocks 

ilarly, 70 and 30% of the weight percent of magnetite are subtracted from 
the Fe20a and FeO percentages, respectively; 30% ofthe weight percent 
of sphene is subtracted from the CaO percentage and the weight percent 
of hematite is subtracted from the Fe20 a percentage. 

Magnetite: FeO . Fe20a = 30 wt. % FeO and 70 wt. % Fe20 a 
Ilmenite: FeO· Ti02 = 50 wt. % FeO 
Sphene: CaO· Ti02 . Si02 = 30 wt. % CaO (the ideal composition 

contains 35% CaO, but natural 
sphene contains less CaO) 

As a next step, the weight percentages ofthe corrected rock analy
sis are converted to molecular proportions, sometimes also called molec
ular quotients of the oxides (Molekularzahien), by dividing the weight 
percent of each oxide by its molecular weight. Si02, CO2, and H20 are 
disregarded. Calculation of molecular proportions into molecular per
centages is not necessary. 

In albite the molecular ratio NazO:A120 a is 1:1; similarly, in K feld
spar the molecular ratio K20:A120 a is also 1: 1. Therefore, the molecular 
proportions [NazO] and [K20] are added and an amount equal to their 
sum is subtracted from the molecular proportion [Al20 a]. Similarly, an 
amount equal to 3.3 times the molecular proportion [P20S] is subtracted 
from the molecular proportion [CaO], because in apatite Cas[(OH, F, 
Cl)/(P04)a] the molecular ratio CaO:P20 5 = 10:3; it contains 3.3 times as 
much [CaO] as [P20 S]. 

As a first approximation, the scheme for calculating the ACF ratios 
(after making the corrections necessary for the accesories) may be sum
marized as follows: 

[Al20 a] + [Fe20a] - ([Na20] + [K20]) = A 
[CaO] - 3.3 [P20 S] = C 
[MgO] + [MnO] + [FeO] = F 

For graphical representation, these values are recalculated so that A + 
C + F = 100%, i.e., they are expressed as molecular percentages. 

Strictly speaking, the outlined scheme of calculation applies only to 
rocks not containing any biotite, muscovite, or paragonite. However, 
very many rocks do contain these minerals, and for more exact work 
corrections must be made. Ifbiotite is present, a correction ofthe chem
ical analysis prior to the calculation of the molecular proportions is nec
essary, because biotite, like other K minerals, cannot be represented 
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exact1y in the plane of the ACF diagram.l Therefore, the Al20 3 con
tained in biotite must be subtracted from the Al20 3 content of the rock 
when calculating the ACF values, as was done for the Al20 3 contained 
in K feldspar and albite. But, in the case ofbiotite, when this correction 
is applied to the rock analysis, it is not sufficient; the (Fe, Mg)O con
tained in biotite must be subtracted as weH. The scheme of calculation is 
based on the assumption that the total amount of K20 is present in K 
feldspar; therefore, a molecular amount equal to that of [K20] was sub
tracted from [AI20 3]. Because in biotite the molecular ratio K20:Al203 
is the same as in K feldspar (1:1), it does not matter if some ofthe K20 
is actually combined in biotite. The scheme of calculation takes care of 
any biotite present as weH in arriving at the A value; i.e., the presence 
ofbiotite requires no change in the A value. 

However, the F value, as given by the scheme of calculation, must 
be corrected with regard to the amount of (Fe, Mg)O contained in bio
tite. The foHowing procedure is used. The amount of biotite in the rock 
is determined and the corresponding amounts of MgO and FeO are cal
culated as weight percentages, making the simplifying assumption that 
the weight ratio MgO:FeO in biotite is the same as that in the rock. (It is 
better, of course, to have the biotite chemically analyzed, and thus know 
the relative amounts of FeO, MgO, and MnO.) The values obtained are 
subtracted from the corresponding values ofthe chemical analysis ofthe 
rock. Then the calculation of ACF ratios according to the described 
scheme may be carried out if no correction with regard to muscovite or 
paragonite is necessary (see next section). The necessity of the biotite 
correction was pointed out some tirne ago by Eskola (1939). 

Muskovite is a common mineral, e.g., in phyllites and mica schists. 
The F value of a rock can be corrected with respect to any muscovite 
present only if the amounts of FeH and Mg contained in muscovite are 
known through chemical analysis. In general, the simplifying assumption 
is made that muscovite is free of such elements and therefore the F value 
of the rock need not be corrected. However, the amount of muscovite 
must be taken into account when calculating the A value of a rock, 
because the molecular ratio K20:Al203 in muscovite is 1:3, not 1:1 as in 
K feldspar. First, the amount of muscovite is determined. Then the 
weight percent K20 combined in muscovite is expressed as a molecular 
proportion (weight percent divided by molecular weight) and twice this 
amount is subtracted from the molecular proportion [Al20 3 + F~03] of 
the rock; note that three tirnes the amount is not subtracted, because an 

IMany published ACF diagrams show biotite near the F corner in order to indicate 
that biotite is present together with those minerals which can be represented exacdy. In 
this book, however, a different method is employed. 
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amount of [AI20 a] equal to one molecular proportion [K20] has already 
been subtracted, according to the calculation scheme on p. 36. If 
paragonite is present, an analogous correction must be carried out. Only 
then are the molecular proportions of A, C, and F calculated and 
expressed as percentages. 

The A, C, and F values of a rock are conveniently shown on a 
triangular ACF diagram. On the ACF diagram, the point representing 
the composition of a rock indicates the minerals to be expected if the 
rock belongs to a certain metamorphic zone. A rock of the same chemi
cal composition may consist of different minerals if it belongs to some 
other zone. The ACF diagrams ofvarious metamorphic zones have been 
compiled on the basis of petrographical observations. 

It must be pointed out that the ACF diagram is only very seldom 
used to plot compositions of rocks; therefore, the described corrections 
for biotite, muscovite, or paragonite need only be applied in such rare 
cases. Commonly, the ACF diagram is used only to graphically repre
sent various mineral assemblages (or apart ofthese) that occur in rocks 
of various compositions and within a limited range of metamorphic con
ditions. When mineral assemblages are shown, only those minerals are 
plotted in an ACF diagram which are composed entirely of A = Al20 a 
+ F~Oa, C = CaO, F = (MgO + FeO + MnO), and Si02 , H20, or CO2 ; 

the latter three are not represented in the diagram. We stress here that 
combining the three oxides MgO, FeO, and MnO under a single variable 
is not correct, in spite of isomorphous replacement in mineral structures. 
This incorrect procedure creates mistakes in some cases of assemblage 
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Fig. 5-5 Mineral composition plotted in the ACF diagrarn. 
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representation; this will be pointed out later when dealing with actual 
cases. 

Table 5-1(on pAO and 41) gives the chemical composition and ACF 
values of minerals that are stable in the presence of quartz; thus, forster
ite, corundum, serpentine, brucite, and periclase are excluded. Figure 5-
5 plots most ofthe minerals. It is advantageous, indeed, to know approx
imately the positions of the mineral plots because it helps to remember 
qualitatively the ratios A:F, A:C, and C:F of the minerals common in 
metamorphic rocks. This is important for at least a crude, quick under
standing of many metamorphic reactions. 

The ACF diagrams are most useful in showing mineral parageneses 
of Ca-rich Ca, Al, Mg, and Fe minerals, i.e., of minerals occurring in 
metamorphie marls and mafic rocks. That part of Figure 5-5 showing 
minerals below the imaginary linejoining laumontite, etc. and chlorite is 
the most useful one. The reason for this is that mineral assemblages 
formed by metamorphism of Al-richer rocks, i.e., pelitic rocks, contain 
muscovite or K feldspar in appreciable amounts; therefore, they are not 
weU represented in the upper part of the ACF diagram. Such mineral 
assemblages are , however, represented accurately in another kind of 
diagram which also distinguishes the different roles of Mg and Fe-the 
AFM diagram. 

A' FK Diagram 

It is sometimes advantageous to use an A'FK diagram in addition 
to the ACF. In this diagram K minerals (K feldspar, muscovite, biotite, 
and stilpnomelane) are represented together with minerals containing 
(Mg, Fe) and (Mg, Fe) + (Al, FeH), whereas Ca minerals cannot be 
shown. The A'FK diagram, like the ACF diagram, is based on molecular 
proportions. In calculating the A'FK values of a rock, the analysis is 
corrected with respect to the accessories in the same manner as in cal
culating the ACF values. Ifthe chemical analysis ofthe rock is known
but not, however, its mineralogical composition-it must be assumed 
that an CaO is present in anorthite, putting up with a certain error if 
other CaAI silicates are present. The general calculation scheme is: 

A' = [AI20 3] + [Fe203] - ([N~O] + [K20] + [CaO]) 2 
K = [K20] 
F = [FeO] + [MgO] + [MnO] 
A'+K+F=100 

ZOnly the [CaO] combined in CaAl and CaFe3+ silicates is subtracted from the [Alz0 3 
+ Fez03] value but, ofcourse, not the [CaO] combined in carbonates and wollastonite. 



Table 5-1 Minerals that can be represented in the ACF diagram, 

Very rich in Al 
Pryophyllite 
Andalusite, kyanite; 
sillimanite 

Rich in Al and Mg, Fe 
Staurolite 
Cordierite 
Chloritoid 

Rich in Al and Ca 
Margarite 

Laumonite 
Lawsonite 
Anorthite 

Scapolite 

Epidote group 

Pumpellyite 

Prehnite 

Rich in Ca 
Grossularite
andradite 
Idocrase 

Wollastonite 
Calcite 

Rich in Mg and FeH 
Diopside
hedenbergite 

A = 100; AM(OH):jS401O] 

A = 69, F = 31; 4 FeO' 9 Al20 a, 8 Si02, H20* 
A = 50, F = 50; 2 (Mg,Fe)O' 2 Al20 a' 5 Si02 
A = 50,F = 50; FeO, Al20 a' Si02, H20, Fe may be 
replaced by Mg up to about 60 molecular percent, 
but commonly this replacement is only 5 to about 
25%, 

A = 67, C = 33; CaAl2[(OH)]JSi2AI20 IO] 

A = 50, C = 50; Ca[Al2S4012]4H20 
A = 50, C = 50; CaAl2[(OH)JSi20 7]H20 
A = 50, C= 50; CaAl2Si20 S, component in 
plagioclase, 
A = 43, C = 57 for the end member mejonite 
Cag(CI2,s04,COa,(OHhMAl2Si20s)6; the other end 
member is mariolite 
Nag(CI2,S04,COa,(OH)2)(AlSiaOs)6 
A = 43, C = 57; 4 CaO, 3 (Al,Fea+)20a' 6 Si02, H20; 
up to one-third ofthe Al may be replaced by trivalent 
Fe, 
The orthorhombic orthozoisite contains none or 
very little Fe; among the monoclinic members ofthe 
epidote group, clinozoisite with positive optical sign 
and less Fe is distinguished from epidote proper (for
merly pistacite) with negative optical sign, This latter 
has one-sixth to one-third of the Al replaced by Fe, 
A = 34, C = 53, F = 13; similar to epidote, but con
tains Mg and FeH, Approximate composition is 8 
CaO, 2 (Mg,Fe,Mn)O' 5 (Al,Fe)20a'12 Si02,7 H20 
A = 33, C = 67; C~[(OH)JAl2SiaOIO] 

C =75, A = 25; CaaAl2(Si04h-CaaF~(Si04h (note 
that A comprises Fe3+ substituting for Al), 
C = 72, A = 14, F = 14; 10 CaO, 2MgO, 2 Al20 a' 9 
Si02,2 H20 
C = 100; CaSiOa 
C = 100; CaCOa 



Dolomite 
Tremolite 

Aetinolite 

Hornblende 

Cummingtonite
grunerite 
Anthophyllite-gedrite 

Enstatite-hypersthene 
Tale 
Almandine 
Spessartite 
Pyrope 
Chlorite 

F = 50, C = 50; CaMg(COah 
F = 71.5, C = 28.5; C~(Mg,FeM(OH):JSis022)' 
Only up to 20 mole% ofMgO is replaced by FeO. 
Similar to tremolite but eontaining more Fe, and a 
little Mg + Si is replaced by 2 Al. 
Belongs to the amphibole group as tremolite and 
actinolite, but eontains more Al in variable amounts. 
Compositions are shown as elongated field in Figure 
5-5, extending from tremolite. 
F = 100; (Mg,FeM(OH):JSis0 22); in grunerite more 
than 70 atom% of Mg is replaced by FeH 
F = 100; similar in eomposition as above, but ortho
rhombie instead of monoeliniet 
F = 100; M&Si206-(Mg,Fe)2Si20S 
F = 100; M~[(OH):JSi.OlO] 
F = 75, A = 25; FeaAl2(Si04)a 
F = 75, A = 25; MnaAI2(Si04)a 
F = 75, A = 25; M~AI2(Si04h 
Variable eomposition: F = 90-65, A = 10-35; e.g., 
Mg5(Mg,Al)[(OH)s!(Al,Si)SiaOlO] up to 
(Mg,Fe)4~[(OH)S! Al2Si20 10) 

Minerals containing alkali that eannot be represented in an ACF diagram: 
Glaukophane, erossite Na-amphibole N~(Mg,FeMAl,FeM(OH):JSis022) 
Jadeite, jadeitie Pyroxene eontaining N aAlSi20 6 as eomponent 
pyroxene 
Stilpnomelane 

Museovite 
Phengite 

Paragonite 

Biotite 
Phlogopite 

~l(Mg,Fe,AI)<a[(OH):JSi.OlO)· xH20; eontains 
very little Al and K. 
KAl2[(OH):JSiaAlOlO) 
Similar to museovite but has more Si + Mg and less 
Al 
NaAl2[(OH):JSiaAlOlO); also as eomponent in solid 
solution with museovite. 
K(Mg,Fe,Mn)a[(OH):JSiaAl01o) 

KM~[ (OH):JSiaAlOlO] 

*The composition of staurolite, particularly the content ofOH, is not exactly known; 
some (OH)4 has been suggested to substitute for Si04• In staurolite FeO may be replaced 
by MgO up to about 20 to 30 molecular percent. 

tRobinson et al. (1971) give the following compositions for the two end members 

respectively, where RH = Mg, FeH, Mn2+, Ca, and R3+ = Al, FeH, (Tij~ + Fe~:51. Except 
at high metamorphie temperatures, members with intermediate Al and Na content exsolve 
to an anthophyllite-gedrite intergrowth which often can be detected by X-ray di1fraction 
only. 
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This is the calculation scheme for the A'FK values generally given 
in textbooks, e.g., by Eskola. H, however, one or more ofthe minerals 
grossularite, andradite, zoisite, epidote, hornblende, and the uncommon 
margarite are present besides anorthite, then, in order to be exact, the 
fact should be considered that the CaO:AI20 3 ratio in these minerals 
differs and is not equal to 1, as in anorthite. In such a case, the following 
procedure is necessary. The amounts of these minerals are determined 
as weight percentages, and thus the amounts of CaO contained in each 
of them is ascertained. The weight percentages of CaO in each mineral 
are then expressed as molecular proportions and the A' value is calcu
lated according to the scheme shown below. The procedure for calculat
ing the K value does not change. 

However, for more exact work, the F value must be corrected, 
because minerals like diopside and hornblende, not presented in the 
A'FK diagram, contain a certain amount ofF "component." Therefore, 
the modified scheme for the calculation ofthe A'FK values is as follows: 

A' = [Al20 3 + Fe20] - [N~O + K20] - 1/3 ofthe [CaO] contained 
in grossularite, andradite, 

- 3/4 ofthe [CaO] contained 
in the zoisite, epidote, 

K=K20 

- the [CaO] contained in 
anorthite, 

- twice the [CaO] contained 
in margarite. 

F = [FeO] + [MgO] + [MnO] - (Correction with regard 
to hornblende and diopside) 

A' + K + F = 100 

Because biotite is represented on the A'FK diagram, the rock analysis 
need not be corrected with respect to biotite, as was done in calculating 
the ACF values. 

Points representing minerals consisting only of A and F compo
nents occupy the same position in the A'FK diagram as in the ACF 
diagram. Ca minerals cannot be represented in the A'FK diagram. The 
diagram shows the relation of muscovite, biotite, stilpnomelane, and K 
feldspar to minerals consisting only of A and F •• components" (pyro
phyllite, andalusite, chlorite, chloritoid, cordierite, staurolite, alman
dine, anthophyllite, and tale). It will be shown further on that biotite and 
muscovite coexist with various associations of A-F minerals, whereas K 
feldspar coexists only in a few cases with A-F minerals. 



Graphical Representation 43 

According to the calculation scheme, K feldspar (microcline or 
orthoclase) is plotted at the K corner of the A'FK diagram. The point 
representing muscovite of ideal composition K20 . 3 A120 a . 6 Si02 . 2 
H20 is located so that its K:A' ratio is 1:2 (i.e., A' = 67 and K = 33 
molecular percent, respectively) because an amount of [AlzOa] equal to 
one [K20] has already been subtracted from the [AlzOa + FezOa] value. 
The actual composition of muscovite varies considerably; see Figure 5-
6. The substitution scheme is (Mg, Fe) + Si for Al + Al. Muscovites 
which are noticeably poorer in Al and richer in Si02 and contain (Mg, 
Fe) are called phengites. Phengites are the typical so-called muscovites 
in very-low-grade metamorphic rocks. The composition of muscovites 
should be shown as a large field in the A'FK diagram, but, for the sake 
of simplicity, this is not done. Furthermore, muscovite may contain a 
small amount ofNa20 instead of K20, i.e., some paragonite component 
NaAl2[(OH)JSiaAIOlO] is dissolved in muscovite KAl2[(OH)JSiaAlO lO]. 
This is also disregarded in the representation. 

Biotite has a variable composition as well and is represented by a 
field. The ideal composition of biotite is 

K(Mg, Fe, MnM(OH)2/SiaAl01o] 
or K20 . 6 (Mg, Fe, Mn)O . A120 a . 6SiOz . 2H20 

This composition corresponds to a point on the K-F side ofthe diagram 
with 14 molecular percent K and 86 molecular percent F, because an 
amount of [A120 a] equal to [K20] has already been subtracted from the 
[AI20 a + Fez03] value. As shown in Figure 5-6, some ofthe (Fe, Mg) in 
biotite may be replaced by Al, so that biotites are represented by a small 
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Fig. 5-6 The composition of various muscovites and biotites plotted on an 
A'FK diagram. 
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field extending parallel to the A' -F side (K is approximately constant) 
from the point 14% K, 86% F to about the point 14% K, 15% A', 71% F 
(all values in molecular percent). 

Stilpnomelane is also represented in the A'FK diagrarn. Its approx
imate composition is 

The amount of Al is small and that ofK very small. Many stilpnomelanes 
contain Fe3+ in appreciable amounts; however, Zen (1960) and Brown 
(1967, 1971) have convincingly argued that FeH is oxidized to Fe3+ after 
the fonnation of stilpnomelane. Therefore, the total amount of Fe is cal
culated as FeH and stilpnomelane is represented by a small field in the 
vicinity ofthe F corner ofthe A'FK diagrarn. At very low temperatures 
ofmetamorphism, stilpnomelane takes the place ofbiotite. 

Parageneses inc1uding paragonite cannot be represented in the 
A'FK diagrarn. Ifparagonite is present, it may be advisable to construct 
an analogous AFNa diagram. It should be noted that paragonite occurs 
not only as a component in solid solution with muscovite or as separate 
crystals but also as intimate intergrowths of paragonite lamellae, 10 to 
500 JL thick, in phengite or muscovite (see Albee and Chodos, 1965; Lad
uron and Martin, 1969). 

In this book A'FK diagrarns are occasionally reproduced together 
with ACF diagrarns to provide a more complete representation. How
ever, it must be pointed out that the A'FK diagrarns have lost much of 
their usefulness since a better method is available for the representation 
of Fe, Mg, and Al-containing minerals which coexist with biotite and 
with muscovite or K feldspar. This method is the AFM diagrarn, which 
is discussed on pages 48 to 54. 

How Are ACF and A'FK Diagrams Used? 

ACF and A'FK diagrarns have been constructed for a number of 
metamorphic zones on the basis of petrographical observations. They 
indicate those parageneses that may arise in rocks of different chemical 
composition when metamorphosed at specific conditions. The diagrarns 
provide no infonnation with regard to the accessories such as magnetite, 
hematite, apatite, ilmenite, titanite, and rutile. In addition to the para
geneses given by the diagrams, other minerals are present as well. The 
diagrarns are based on the condition that Si02 be present in excess in the 
fonn of quartz. Furthermore, Na minerals cannot be represented in the 
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diagrams. This consideration is particularly important in the case of 
albite, either as a mineral or as a component of plagioclase. Rocks not 
containing any N~O, and therefore no albite or plagioclase, are 
extremely uncommon. In N~O-bearing rocks, albite may occur only if 
neither anorthite nor plagioclase is stable; otherwise, albite is dissolved 
as a component in plagioclase. Anorthite and plagioclase are unstable 
only at the lowest grades of metamorphism; the anorthite component of 
plagioclase forms zoisite (epidote), whereas the albite component con
stitutes a separate mineral. Therefore, at low grades of metamorphism, 
albite is present. If anorthite or anorthite-rich plagioclase is not recorded 
in the ACF diagrarn, albite is an additional mineral in N~O-bearing 
rocks. Albite may also occur in rocks metamorphosed at higher temper
atures, but only if no Ca and Al are available to form.plagioclase. If 
anorthite or plagioclase is shown in the ACF diagram and the composi
tion of a rock plots inside a subtriangle with anorthite or plagioclase at 
one ofits corners, albite cannot be present as a mineral. 

The chemical compositions of magmatic and sedimentary rocks are 
of interest in the study of metamorphism because they are the primary 
rocks which are subjected to metamorphie conditions. Chemical analy
ses ofthese rocks are plotted on ACF and A'FK diagrarns (Figure 5-7), 

~~) AI-rien ".'5 and sn.l.s 

{/'Si C1iJ1S and sh.l~s ~;'h.r (, •• of 
. ~ .. ~ c.rbon.ttt or conl.in;ng up (0 

J5 -/, c.rbon.tf j 

be/w •• n arrowS . maTts 
con/ain;np 35-65-' .. carbonalt 

:~ 0 ) Gr.,w.ck.s 

(2) Ullr.bas ic roelts 

o a.ultie .nd .ndu/tl< 
rocks 

c 

• B~s~lti c rocks 

• To",,/ i /os 

• Gr."odiorilos 
... ca/< - alkali gr.nl tos 

... Allta li aranitos 
t ~ rl " (1 "" ,ltOrIfOLO,J I 

'. Fi.ld 01 gr.,wachs . CI.,. .J Conli"I"I,,1 clars 01 Ih. 
trop / cal b . 1I 

., Ma rin. c/'/fs 

Fig. 5-7 The chemical composition of various magmatic and sedimentary 
rocks plotted on ACF and A'FK diagrams. Note the considerable variation of 
the K values of clays and shales in the A'FK diagram (Nockolds, 1954; Ronov 
and Khlebnikova, 1957). 
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using the general calculation scheme without special corrections. It is 
advisable to remember the fields occupied by various primary rocks. By 
means of ACF and A'FK diagrams for various metamorphie conditions, 
it is easy to know what parageneses to expect in rocks of different 
composition. This facilitates the understanding of metamorphic 
transformations. 

The foHowing instruction is important. In order to decide what min
erals composed of A and F may be formed, attention must be paid to the 
amount of K component of a rock. Erroneous conc1usions may be pre
vented by considering the position of a plotted rock analysis not only in 
the ACF diagram but in the A'FK diagram as weH. The foHowing exam
pIes illustrate that the parageneses read off the ACF diagram may be in 
need of some correction in the light of information supplied by the A' FK 
diagram: 

1. Consider, as an example, an Al-rich shale in field IA ofthe ACF 
diagram (Figure 5-7). The ACF diagram of the medium-grade 
shallow contact metamorphism (Figure 5-8) indicates the fol
lowing paragenesis for a hornfels derived from this shale: 

andalusite + some cordierite + so me plagioclase + quartz 

Actually, the hornfels can have this composition only if it con
tains no K 20, i.e., ifthe point representing its composition in the 
A'FK diagram lies on the A'-F side. Should the point, however, 
have the coordinates K = 10, F = 15, the A'FK diagram indi
cates that muscovite has been formed as weH as andalusite and 
cordierite. The amount of muscovite would be approximately 
equal to that of andalusite. Therefore, the resulting hornfels con
sists of 

andalusite + muscovite + some cordierite 
+ so me plagioclase + quartz 

2. As a further example, consider the case of a sediment of granitic 
composition (arkose) being subjected to contact metamorphism 
in the inner aureole of a granitic intrusion. It is assumed that the 
composition of the sediment is the same as the average compo
sition of calc-alkali granites. A point representing this composi
tion in the ACF diagram of Figure 5-8 indicates the following 
paragenesis : 

cordierite + plagioc1ase + some anthophyllite + quartz 
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This does not correspond to the observed paragenesis. The plot
ted point in the A'FK diagram shows that it lies within the sub
triangle K feldspar-biotite-muscovite-far away from the mus
covite corner and closer to the K feldspar corner than to the 
biotite corner. This is a refiection of the high K:F ratio. There
fore, the metamorphism of an arkose of granitic composition 
produces the paragenesis: 

K feldspar + some biotite + very little muscovite 
+ plagioclase + quartz 

The uncorrected position of the point representing granite in the 
ACF diagram (Figure 5-7) as calculated from its chemical com
position is shifted, because of the biotite correction, away from 
the F corner until it intersecis the A-C side. This rather extreme 
example stresses the importance of considering the plotted point 
of a rock composition in both the ACF and the A'FK diagrams 
of the particular met amorphie zone in order to understand the 
metamorphic parageneses. 

3. Considering Fe-rich rocks, the following fact is important. Tri
valent iron, particularly in sediments, may be reduced partially 
or totally to bivalent iron during metamorphism and thus become 
available for the formation of FeO-bearing silicates. In this case, 
the position on the ACF diagram of the point representing the 
composition ofthe original rock is shifted somewhat along a line 
toward F. 

C O'op.,d. 
C.'c;'. 

(WoU,,'onll.) 

F F 
r.lc 

Anthophl llit• 
Cumm;n,'onlt. 

K '.'.p., 
K 

Fig. 5-8 Medium-grade shallow contact metamorphism. Parageneses 
shown in the ACF and AFK diagrams. (Staurolite may also have formed.) 
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AFM Diagrams 

In ACF and A'FK diagrams, FeO and MgO (plus MnO) are grouped 
as one component. This simplification makes it possible to represent 
many observed mineral assemblages, but certainly not aIl of them. For 
example, in some rocks biotite is present together with muscovite and 
one ofthe modifications of Al2Si05 , whereas in other rocks biotite coex
ists with garnet, staurolite, quartz, and muscovite; the latter assem
blages, as weIl as the assemblage biotite + cordierite + andalusite + 
muscovite + quartz, cannot be shown on A'FK diagrams, due to the 
simplification oftreating MgO and FeO as one component. Although Mg 
and Fe2+ substitute for each other in the lattices of silicates, the extent 
of this isomorphous substitution is different for various coexisting sili
cates and, furthermore, depends on bulk composition of the rock, tem
perature, and pressure. This is due to the fact that FeO and MgO are 
actually two independent components of the system which should not 
be grouped together but rather should be considered as two separate 
components. In contrast to ACF and A'FK diagrams, FeO and MgO are 
treated as two components in the case of AFM diagrams derived by 
Thompson (1957), where A is an expression for the Al20 a content, F for 
FeO, and M for MgO. 

AFM diagrams are particularly weIl suited to show the dependence 
of the mineral assemblages of pelitic rock on the chemical composition 
ofthe rocks. With few exceptions, such mineral assemblages commonlY 
include quartz and muscovite. Because quartz consists of only Si02 , 

varying amounts of Si02 in the rocks are reftected merely as different 
amounts of quartz. The formation of other minerals in any rock is not 
affected by Si02 but entirely determined by the relative amounts of other 
components, as long as the presence of quartz assures the formation of 
Si02-saturated minerals. Therefore, as in the case of Eskola's ACF and 
A'FK diagrams, Si02 may be disregarded in graphical representations. 
Similarly, the amount of H20 relative to other components can be 
neglected-either because H20 is present as a phase, "H20 is in 
excess," at the time the metamorphic assemblage formed, which makes 
PB = PH20 , or because the amount of H20 was extemaIlycontroIled.In 
the latter case, PH20 is fixed not by the bulk composition of a small 
volume ofrock but by thePH20 prevailing in the environment (environ
ment = large volume of rock). Therefore, within any small volume of 
rock, PH20 is not a possible composition variable. 

The chemical composition of pelitic rocks can be represented 
approximately in a system of six components-Si02-AI20 a-MgO-FeO
K20-H20-if the following components are neglected or taken into 
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account by means of appropriate corrections: Fe203 and Ti02, largely 
contained in biotite; N~O in alkali feldspar, albite, and paragonite; and 
CaO in plagioclase and almandine gamet. In view of the preceding dis
cussion, it can be said that the mineral assemblage of a quartz-bearing 
rock depends on the relative amounts of the four components Al20 3, 
MgO, FeO, and K20 but not on the amounts of Si02 and H20. There
fore, mineral assemblages of pelitic rocks can be represented three
dimensionally within the tetrahedron Al20 3-MgO-FeO-K20. 

Minerals not containing K20 can be plotted on one side of the tetra
hedron, i.e., on the plane Al20 3-FeO-MgO. Such minerals are chlorite, 
chloritoid, pyrophyllite, the modifications of Al2Si05 , staurolite, cordier
ite, and almandine gamet considering only components almandine + 
pyrope and subtracting components grossularite, andradite, and spessar
tite from the chemical analysis. The K20-bearing minerals biotite and 
stilpnomelane plot inside the tetrahedron and muscovite (of ideal com
position) and K feldspar are presented along the edge Al20 3-K20 ofthe 
tetrahedron. 

The tetrahedron Al20 3-FeO-MgO-K20 is shown in Figure 5-9. The 

o 

A • Alm.ndine 
B • Biolite ( m Ihe 1.lrahedrofl) 
B'. Biome (projected) 
M : MIJSco~"'l' 

/( • /( - f.ldsp.r 

Fig. 5-9 The tetrahedron K20-Al20 a-FeO-MgO and the plane Al20 a-FeO
MgO extended beyond the edge FeO-MgO. All points inside the tetrahedron are 
projected from point M (muscovite) onto this plane. Point B lies inside the tetra
hedron and is projeeted to B'. Point A lies in the plane AlzOa-FeO-MgO and 
therefore its Ioeation remains unehanged. 
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plane Al20 3-FeO-MgO (stippled) is extended beyond the tetrahedron. 
Muscovite and K-feldspar are shown by points M and K, respectively. 
Point A represents almandine gamet with a molecular ratio of pyrope
component-to-almandine-component of 10 to 90. Point B, inside the 
tetrahedron, represents a biotite with a molecular ratio MgO/(MgO + 
FeO) of 0.6. Stilpnomelane, also represented inside the tetrahedron, 
occurs in very-Iow-grade metamorphic rocks instead of biotite. It is 
obvious that the chemical composition ofa rock consisting ofboth K20-
free and K20-bearing minerals is also represented by a point inside the 
tetrahedron. 

In order to achieve a planar representation, it is expedient to project 
all points inside the tetrahedron onto the plane Al20 3-FeO-MgO, on 
which the K20-free minerals chlorite, chloritoid, staurolite, cordierite, 
etc., are plotted in any case. Because metamorphic rocks derived from 
pelitic sediments commonly contain muscovite, Thompson chose point 
M in Figure 5-9, representing muscovite, as the projection point. Using 
point B as an example, it is shown in Figure 5-9 how a point lying inside 
the tetrahedron is projected along line M-B to B'; B' lies in the same 
plane (shown stippled) as the corners Al20 3, FeO, and MgO but outside 
the tetrahedron, i.e., B' lies in the extended plane Al20 3-FeO-MgO. The 
plane ofprojection includes the corners Al20 a, FeO, and MgO but is not 
bounded by the edge FeO-MgO; it is called the AFM plane, and mineral 
assemblages shown in this plane are called AFM diagrams. 

The AFM diagram is comparable to the A'FK diagram because the 
amount of K20 relative to the other components is also taken into con
sideration, in the case of the AFM diagram by means of the projection 
through point M, onto the plane Al20 a-FeO-MgO. The AFM diagram, 
however, conveys more information than the A'FK diagram because 
FeO and MgO are treated as two components. It should be noted, fur
thermore, that every AFM diagram applies to mineral assemblages 
including quartz and muscovite in addition to those minerals shown in 
the diagram. In contrast to the A'FK diagram, muscovite is not shown 
in the AFM diagram; muscovite is present in all represented mineral 
assemblages. 

Figure 5-10 shows the AFM plane extended beyond the line FeO
MgO. On this plane, the compositions of various minerals are plotted. 
As seen in Figure 5-9, point K, when projected along a straight line orig
inating in point M, intersects the AFM plane only at infinity. This is 
indicated in Figure 5-10 by the arrow near the mineral "K feldspar." 

The geometric projection of points inside the tetrahedron onto the 
AFM plane, as described in the preceding paragraphs, is carried out in 
actual practice by means of calculations. First of all, the weight percent
ages of an analysis are converted to molecular proportions ofthe oxides, 
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Fig.5-10 Mineral compositions plotted on the AFM projection plane. The 
common range of compositions is indicated by a line. (Compiled by G. 
Hoschek.) 

and from these the molecular proportions A and M, which serve as 
coordinates, are calculated as follows: 

A = [Al20 3] - 3[K20] 
[A120 3] - 3[K20] + [MgO] + [FeO] 

M = [MgO] 
[MgO] + [FeO] 

Muscovite, which serves as the projection point, contains three 
times as much [Al20 3] as [K20]; this accounts for the expression 
[A120 3]-3[K20] in the formula for calculating the A value. If the A value 
for a biotite is calculated, it becomes apparent that this must be a nega
tive number; this is also seen in Figures 5-9 and 5-10. In Figure 5-10 a 
number of biotites from metamorphic rocks are shown. The scatter of 
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compositions is rather high, but for most biotites the A value is about 
-0.25, i.e., they belong to the series eastonite-siderophyllite 

Biotites of the series phlogophite-annite 

having an A value of -0.50, are much rarer in metarnorphic rocks. 
The A and M values of stilpnomelane were calculated after the tri

valent iron was expressed as bivalent iron and added to the analytically 
determined bivalent iron, because some of the FeH in stilpnomelane, as 
in some chlorites, probably was oxidized to FeH after the minerals were 
formed. The composition of chlorites scatters across the complete field 
ofpossible compositions, as shown in Figure 5-10; there is no indication 
of a region of more frequent compositions. The scatter of compositions 
of staurolite, chloritoid, and almandine is bounded in each case by a 
dashed line; the short line within each region indicates the most frequent 
compositions. The range of composition of cordierites is taken from 
Schreyer (1965a). Before calculating the A and M values of gamet, the 
arnount of [Al20 a] required to form the end members spessartite 
MnaAl2(Si04)a and grossularite CaaAI2(Si04)a, which are not represented 
in the AFM diagram, was subtracted from [Al20 a] ofthe garnet analysis. 
In this connection, it should be mentioned that the additional compo
nents CaO and/or MnO, not represented in the AFM diagrarn, may in 
fact cause the formation of gamet at certain physical conditions. In this 
case, an almandine-rich gamet containing some amount ofthe grossular
ite or spessartite end member is present as an additional mineral in the 
mineral assemblages, even though, on the basis of rock composition in 
terms of components other than CaO and MnO, this would not be 
expected. 

The AFM diagrarn serves the irnportant purpose of achieving a 
graphical representation of coexisting minerals. Depending on the bulk 
composition of the rocks and on the physical conditions of metamorph
ism, the compositions of coexisting biotite and cordierite or biotite and 
almandine are different with respect to their MgO/(MgO + FeO) ratio. 
Furthermore, it is possible to show in an AFM diagrarn mineral assem
blages typical of a metamorphic zone. This can be done with greater 
precision than in the case of ACF and A'FK diagrams. Such applications 
are discussed in later chapters. The composition of a metamorphic rock 
can be shown in an AFM diagram as wen, provided that certain correc
tions are applied to the chemical analysis before calculating the A and M 
values, because the chemical constituents of minerals not shown in the 
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projection must be subtracted from the bulk rock analysis. One of the 
most important corrections is the subtraction of that amount of Al20 3 
which is present in albite, in plagioc1ase (both albite and anorthite), and 
in paragonite. In principle, other corrections are the same as those dis
cussed on p. 42 in connection with A'FK diagrams. 

The AFM diagrams which have been discussed so far and which 
will be presented in this book apply only to metamorphic parageneses 
that contain muscovite and quartz as additional minerals. However, 
other AFM diagrams have been constructed for parageneses devoid o[ 
muscovite and containing K [eidspar (Barker, 1961). In such cases, 
points ofminerals and rocks that are situated within the K20-Al20:rFeO
MgO tetrahedron are projected onto the Al20 3-FeO-MgO plane by using 
K feldspar as the point of projection. The value of A is accordingly cal
culated as 

A = [AI20 3] - [K20] 
[Al20 3] - [K20] + [FeO] + [MgO] 

AFM diagrams are very useful in the representation of mineral 
assemblages ofmetamorphic rocks derived from shales and shaly sands. 
These are by far the commonest sediments, so that AFM diagrams may 
be used to advantage in the study of many metamorphic rocks. The 
coexistence of certain minerals is not apparent in an A'FK diagram but 
is readily shown in an AFM diagram, because FeO and MgO are treated 
as two components. This will be demonstrated in appropriate 
discussions. 

Still another modification of an AFM projection has been devised 
by Reinhardt (1968, 1970), applicable to high-grade metamorphic rocks 
of a wider range of composition than that of metapelites. It can be used 
when K feldspar, plagioclase of constant composition, quartz, and mag
netite (also ilmenite) are common to aß rocks that are to be graphically 
represented. Except for those minerals, sillimanitelkyanite, cordierite, 
gamet, and biotite, as well as hornblende, orthopyroxene, and clinopy
roxene, can be graphicaßy shown. This diagram is particularly useful for 
granulites because felsic and mafic granulites may be represented in one 
diagram. The parameters for this kind of diagram are 

A' = Al20 3 - (K20 + N~O + CaO) 
F = FeO - Fe203 ( - Ti02) 
M =MgO 

Still another method of graphical representation of mineral assemblages 
in biotite-bearing, specifically mafic granulites, is given by Froese (1978). 
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Chapter6 

Classification Principles: 
Metamorphie Facies versus Metamorphie 

Grade 

It was a milestone in the understanding of metamorpbic petrology 
when Eskola (1915) published bis concept of metamorphie fades with 
the intention of replacing the earlier Becke (1913) and Grubenmann 
(1910) concepts ofmetamorpbic depth zones. Nevertheless, tbis concept 
of depth zones was elaborated and slightly modified by Grubenmann and 
Niggli (1924) and remained in use for decades. In the depth zone c1assi
fication the physical factors of temperature, hydrostatic pressure, and 
directed pressure (stress) were believed to be strictly correlated in the 
manner demonstrated in Table 6-1. 

For some time it has been known that such a correlation is not valid 
[for a discussion see Eskola (1939) and Winkler (1968)]. In many terrains 
of regional metamorpbism where the temperature increased, the pres
sure remained nearly constant; this is well demonstrated by Turner 
(1968). Therefore, there was good reason to abandon the classification 

Table 6-1 Correlation ofphysieal factors in the met amorphie depth zone 
classifieation. (Prom Grubenmann and Niggli, 1924, p. 375.) 

Hydrostatie 
Temperature pressure Stress 

Epi zone Moderate Mostly low Often strong, also 
("upper" zone) missing 
Meso zone Higher Mostly higher Often still very 
("middle" zone) strong, also 

missing 
Katazone High In many eases Mostly less strong, 
("lower" zone) very high often completely 

missing 
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of metamorphism into depth zones; the epi zone, meso zone, and kata 
zone should no longer be used. Eskola also made a special plea to abo
lish the use of the expressions epi, meso, and kata. In 1939 he wrote: 
"As long as the expressions are kept in use it is difficult to get rid of the 
idea that the depth zones have something to do with depth after all." 
Unfortunately, this plea has not yet universally been accepted. 

Eskola, having taken into consideration the earlier results on con
tact metamorphism by Goldschmidt (1911), strongly stressed the point 
that mineral assemblages rather than individual minerals are the geneti
cally important characteristics of metamorphic rocks. The mineral 
assemblages, also called mineral parageneses, are the really significant 
constituents of metamorphic rocks because, as we know now for cer
tain, only these give information on the genetic conditions during meta
morphism. It is on mineral parageneses, and on relationships among 
mineral parageneses, that Eskola based his concept of metamorphic 
facies. In 1920/21 he defined the term 

metamorphic facies to designate a group of rocks characterized by a definite set of 
minerals, which under the conditions during their formation were in perfect equilib
rium with each other. The quantitative and qualitative mineral composition in the 
rocks of a given facies varies gradually in correspondence with variation in the 
chemical composition of the rocks. 

In 1939 he gave a somewhat modified definition: Zu einer bestimm
ten Fazies werden die Gesteine zusammengefügt, welche bei identischer 
Pauschalzusammensetzung einen identischen Mineralbestand aufwei
sen, aber deren Mineralbestand bei wechselnder Pauschalzusammenset
zung gemäss bestimmten Regeln variiert. Very freely translated: "A cer
tain facies comprises all rocks exhibiting a characteristic correlation 
between chemical and mineralogical composition, in such a way that 
rocks of a given chemical composition have always the same mineral
ogical composition, and differences in chemical composition from rock 
to rock are reflected in systematic differences oftheir mineralogical com
position." Eskola continues: 

The significance of this principle is based on the observation that the mineral para
geneses of metamorphic rocks in many cases conform to the laws of chemical equi
librium, but the attainment of chemical equilibrium is not essential to the definition 
of metamorphic facies. 

This sentence expresses a significant modification of the definition of 
metamorphic facies as given in 1921. Taking this into consideration, the 
1921 definition is clearer than that of 1939 and is therefore to be pre
ferred. Accordingly it would read: A metamorphic facies designates a 
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group of rocks characterized by a definite set of minerals formed under 
particular metamorphic conditions. 

The quantitative and qualitative mineral composition in the rocks of 
a given facies varies gradually in correspondence with variation in the 
chemieal composition ofthe rocks. Thus, as Tilley (1924) comments: 

a given fades may include rocks of widely different bulk composition, the variable 
of chemical composition is thus allowed for, whilst the number offacies expresses 
the variable physical environment under which the rocks have been formed. This 
conception is a distinct advance over the classification adopted by Grubenmann, 
and one is impressed with the elastidty of the classification, for the number of so
called fades may be indefinitely increased as progress in the study ofmetamorphism 
may require. 

The practical approach to collecting the petrographie data charac
terizing a particular metamorphic facies is very simple in principle: An 
areally restricted metamorphie terrain is selected which contains rocks 
of widely different chemical composition, such as derived from basie 
lavas or tuffs, from ultrabasic rocks, from different pelitic sediments, 
dolomitic limestone, and marls. Because of their proximity, all these 
rocks were metamorphosed under practically the same physical condi
tions and gave rise to a set of minerals corresponding to their chemical 
composition. The whole group of different rocks, i.e., the association of 
different mineral assemblages, comprises one metamorphic facies. 

A c1assic example of a metamorphic facies is the group of chemi
cally different rocks which Goldschmidt (1911) found in the innermost 
contact aureole of small high level plutons that had intruded into 
unmetamorphosed sediments. The various mineral parageneses found in 
the Oslo district have since been recognized in the inner-most contact 
zone of different plutons all over the world wherever very hot magma of 
gabbro or essexite type has intruded into shallow crustal levels. The 
group of mineral assemblages constituting the metamorphic contact 
rocks called homfelses has been graphically represented in an ACF dia
gram by Eskola. Figure 6-1 (taken from Eskola, 1939) shows-indicated 
by the roman numerals-the 10 hornfels c1asses distinguished by Gold
schmidt. Eskola comments that in the mineral parageneses in c1asses I 
to VII biotite is commonly present and that K feldspar and quartz may 
be additional constituents in all c1asses, except in c1asses VIII to X 
where quartz is mostly absent and calcite occurs instead.1 

'This remark seems to have been forgotten, but is of significance since experiments 
have shown that at high temperature and low pressure metamorphism, grossularite can no 
longer exist with quartz; rather, the two minerals react to form anorthite + wollastonite as 
a co-existing pair. (Newton, 1966; Storre, pers. commun., 1970). 
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Andlllusi t. 

C D/opside F 
Wo/lilstonit. Hypersthene 

Fig. 6-1 ACF diagram of mineral assemblages grouped in Eskola's pyrox
ene-homfels facies. The ten "classes ofhomfelses" that Goldschmidt had distin
guished are indicated by roman numerals. (After Eskola, 1939.) 

This facies was given the rather unfortunate name of pyroxene
hornfels fades instead of orthopyroxene-hornfels facies or, as suggested 
by Winkler (1967), K feldspar-eordierite-hornfels facies. The pyroxene
hornfels facies is restrieted to the innermost eontaet zone of hot plutons 
and, as Eskola (1939) had already recognized, a different facies is devel
oped in a zone more distant from the eontaet; he ealled this zone 
"amphibolite faeies" but Turner (1948) gave it the more appropriate 
name of hornblende-hornfels facies. Turner also distinguished a third 
hornfels facies whieh is developed in a zone even more distant from the 
eontaet: the albite-epidote-hornfels facies. For the relevant mineral 
parageneses and diagram, see Turner and Verhoogen (1960) or Winkler 
(1967). This shows that the facies c1assifieation easily allows an inerease 
in the number offacies as demanded by new petrographie observations. 

It is obvious that with mueh more detailed petrographie investiga
tion, in regard to both variability of roeks and regional distribution, more 
groups of metamorphic roeks have been and will eontinue to be discov
ered whieh differ by a few mineral parageneses from those ofthe estab
lished metamorphic facies. Thus, in 1921 Eskola distinguished five facies 
and in 1939 their number had inereased to eight. Turner and Verhoogen 
in 1960 reeognized 10 facies and Winkler in 1967 had reaSOn to distin
guish 12 facies. However, this rather small inerease in number does not 
eorreetly refteet the enormous inerease of petrographie data about roeks 
having formed in a limited area, eaeh under specifie physieal eonditions, 
and showing ineomplete agreement with that group of roeks eomprising 
a known facies. For instanee, it beeame evident that a group of eontaet 
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metamorphic rocks exists which contains many of the mineral para
geneses of the so-called pyroxene-hornfels facies (the K feldspar-cor
dierite-hornfels facies), but instead of the paragenesis hypersthene + 
plagioclase + diopside, either orthoamphibole + plagioclase + horn
blende or hornblende + plagioclase + diopside was formed. The mineral 
parageneses for the two cases are shown by means of ACF and A'FK 
diagrams in Figure 6-2a and b. Since in both sets of mineral parageneses 
the same diagnostic mineral associations are present, namely, K feldspar 

(a) 

(b) 

C 
Wollastonit. 

Grossulari tr 
Andradif. 

C 
Woffastonite 

Andalusit. 
Si/limanit. 
A A' 

K f.ldspar 
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--------------------~ 

Diopsid. Trrmo- F F 
lit. Tale 

Andalusite 
5illimanitr 

A A' 

Diops,d. 

Anthophyllit. 
Cummingfonitr 

F F 
Hyprrsthrne 

K f.ldspar 
K 

Fig.6-2 ACF diagrarn oftwo "subfacies," both grouped under the pyrox
ene-hornfels facies which has been renamed K feldspar-cordierite-hornfels facies 
by Winkler (1967), Above: Orthoamphibole subfacies of the K feldspar-cordier
ite-hornfels facies, Below: Orthopyroxene subfacies ofthe K feldspar-cordierite
hornfels facies. In the lower temperature part, hornblende may still occur addi
tionally ifthe H2ü pressure is higher than about 300 bars. The temperature inter
val in which hornblende along with orthopyroxene may coexist broadens consid
erably as the H2ü pressure is increased. 
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+ cordierite and K feldspar + andalusite (or sillimanite), the two groups 
of rocks were assigned to the same facies: the K feldspar-cordierite
hornfels facies; however, in order to point out the differences each was 
given the status of a so-called subfacies. Thus, the orthoamphibole 
subfacies (Figure 6-2a) and the orthopyroxene subfacies (Figure 6-2b) 
within the K feldspar-cordierite-hornfels facies have been distinguished 
by Winkler, 1967. 

This procedure is correct, but the term subfacies is not and cannot 
be properly defined. This point is important because each group ofrocks 
characterized by a definite set of mineral assemblages and designated as 
a subfacies deserves the full status of a facies. Each subfacies is really 
a metamorphie facies! In general, each group of rocks having formed 
und er a given set of metamorphie conditions and differing from an 
already known group by only one mineral assemblage constitutes a new 
metamorphic facies. This is so because the whole group of mineral 
parageneses defines a metamorphie facies. 

When petrographie data about metamorphic rocks was limited, 
classification into met amorphie facies was easy; it remained so for sev
eral decades and the facies classification proved its enormous capacity 
to incorporate a steadily increasing wealth of petrographie data. The 
introduction of subfacies by Turner was an elaboration of the metamor
phic facies and proved very practical; it registered the accumulating 
knowledge and at the same time obviously aimed at preserving the gen
eral view of metamorphie rock transformations which ran great risk of 
getting lost in so much more detailed petrographie data. 

The last attempt to organize the knowledge ofthe Barrovian type of 
metamorphism was made by Turner and Verhoogen (1960) by subdivid
ing the greenschist facies and the almandine-amphibolite facies into 
three subfacies each. It later became known that regional metamorphism 
at much lower pressures than the Barrovian type in the Scottish High
lands showed very different mineral parageneses, and Winkler (1965, 
1967) arranged the sequence of ehanging groups of parageneses in the 
form of a sequence of subfacies of the so-called Abukuma type of meta
morphism. Two subfacies of the greenschist facies and three subfacies 
of the cordierite-amphibolite facies were established, all of which are 
different from those of the Barrovian type of metamorphism. Further
more, it beeame quite obvious that, under conditions intermediate in 
pressure between the Barrovian and the Abukuma type, several more 
subfacies must be distinguished in the temperature range of the amphib
olite fades. In addition, subfacies were established within the granulite 
facies and, as mentioned earlier, within the low pressure eontaet meta
morphie hornfels facies. Although all registrations ofthe manifold petro
graphie data are correct, the greatly inereased number of metamorphie 
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facies and subfacies, which really are to be taken as facies themselves, 
has made it very cumbersome indeed to retain a logical and practicable 
c1assification of metamorphism. 

Even if the sequence of subfacies observed with progressive grade 
in each given metamorphie terrain [the so-called facies series of Miyash
iro (1961)] is taken together as a unit, the large amount of information 
cannot be handled without a sequence of diagrams representing the var
ious mineral parageneses. Classification based on metamorphie facies 
has become impracticable. This is due to the enormous increase in petro
graphie information and the deduced relation ships, namely, (a) that 
within a given temperature range of metamorphism many more mineral 
reactions take place thart were formerly recognized, and (b) that the 
inftuence of pressure on the sequence of mineral reactions as weIl as on 
resulting mineral assemblages is more diverse than had been assumed. 

It must be stressed that the concept of metamorphie facies is obso
lete only as a means of classification. The petrographie information that 
is accumulated in the many subfacies is ofreal value and must not simply 
be dismissed. Mineral parageneses of different metamorphic rocks will, 
of course, have to be determined in any metamorphie terrain, and often 
at even more c10sely spaced intervals than has commonly been the prac
tice. But for classifying the metamorphie rocks within a given region, a 
concept other than metamorphie facies is required; it should be based on 
petrographie criteria and have petrogenetic significance. This, of course, 
was also the aim ofthe facies classification, but in the form ofa subfacies 
sequence it can in fact serve its purpose only in a cumbersome way. 

The use of subfacies had been criticized earlier by Lambert (1965) 
and by Fyfe and Turner (1966). The latter authors, in a major revision of 
their previous ideas, proposed to abolish the subfacies, retaining, how
ever, the facies classification. Turner (1968) is now of the opinion "that 
ten or a dozen facies will prove sufficient to encompass the complete 
gamut ofmetamorphic rocks; this number is small enought to permit the 
general petrologist to remain familiar with their essential characteris
tics." Turner's wish to revert in essence to Eskola's facies, to the 
greenschist facies, the amphibolite facies, and a few others, is under
standable but this is no longer possible because the temperature-pres
sure field of each such "facies" is so large that in traversing it a conspic
uous number of new sets ofmineral parageneses are formed. Therefore, 
according to the very definition of met amorphie faeies, they cannot 
belong to a single facies. Turner (1968) no longer calls the various subfa
eies by their earlier names, but nevertheless still distinguishes them
now using, in the case of the amphibolite facies, an almandine zone, 
staurolite-kyanite zone, sillimanite-muscovite zone, etc., each of which 
represents, correctly speaking, at least one faeies each. 
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From this discussion it becomes apparent that 

1. The term metamorphic facies must not be applied for rather 
large ranges of metamorphic conditions that have earlier been 
designated as "greenschist facies," "amphibolite facies," etc. 

2. Each "subfacies" is at least one "facies" proper. However, to 
avoid confusion it is suggested to abolish the term "subfades" 
as weil as "fades" in metamorphism. 

3. It would be expedient to have a nomenclature for those larger 
temperature-pressure fields that were formerly designated as 
"greenschist facies, " "amphibolite facies," etc. 

4. It is necessary to record those changes in mineral parageneses 
that take place when passing from one subfacies to another or 
from one metamorphie zone to the next. 

In keeping with point 3, the entire field of metamorphic temperature
pressure conditions will be divided in only fOUf large units of metamor
phie grade: 

Very-Iow grade 
Low grade 
Medium grade 
High grade 

In keeping with point 4 it is obvious that only the ehanges in mineral 
assemblages are signijieant, not the persisting mineral parageneses. 
This clearly shows the way for a detailed and yet simple metamorphic 
classification, because it would mean an enormous simplification if, for 
the purpose of classification, mineral assemblages not changing at 
boundaries between metamorphic zones could be disregarded. There
fore, mineral reaetions in eommon roeks refieeting the signijieant meta
morphie ehanges will serve to classify the whole temperature-pressure 
field of metamorphism. At the same time the sequenee of certain mineral 
reactions in a prograde metamorphic terrain will supply additional infor
mation of significance in petrogenetic considerations. 

Thus, the terms metamorphie fades and subfades are no longer 
used in this treatise, except for comparison, and the proposed classiji
eation ofmetamorphism is based on speeijie reaetions in eommon roeks. 
In particular: 

1. Specific reactions define fOUf large P, T divisions of metamor
phie grade: very-Iow, low, medium, and high. These serve as a 
very useful gross grid of classification, similar to Eskola' s meta
morphic facies scheme. 
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2. Within each metamorphic grade, various metamorphic zones are 
established. They are also based on specific reactions in common 
rocks ofvarious composition. Thus a closer spaced metamorphic 
grid is supplied. Therefore the entire field of metamorphic con
ditions is classified by mineral reactions which fumish specific 
mineral parageneses. 

3. The sequence of specific reactions in a given metamorphic ter
rain may provide additional petrogenetic information. 
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Chapter 7 

The Fünr Divisions of Metamorphie Grade 

General Considerations 

Metamorphic grade has been used as an inprecise term "to signify 
the degree or state ofmetamorphism" (Tilley, 1924). For example, low
grade metamorphism implies formation at relatively low temperatures 
typical of the greenschist facies, and medium-grade metamorphism 
refers to conditions of the amphibolite facies. Although not necessary in 
principle for a c1assification of metamorphism, it is very practical in 
fieldwork and makes orientation much easier if the entire P,T range of 
metamorphic conditions is divided into a few large divisions of meta
morphic grade: 

Very-Iow-grade (sehr schwach) 
Low-grade (schwach) 
Medium-grade (mittel) 
High-grade (stark) 

The suggested German translations are given in order to avoid any asso
ciation between metamorphic grade and depth within the earth's ernst. 

From a survey of metamorphism it is very evident that an increase 
in metamorphic grade corresponds to a progression of temperature. Ear
lier investigations of the P,T conditions represented by metamorphie 
facies, as summarized by Turner (1968) and Winkler (1967), have dem
onstrated the succession ofthe main metamorphic facies with increasing 
temperature (see Figure 7-1). Therefore, it is appropriate to arrange the 
sequence of metamorphic grades-very-Iow, low, medium, and high
according to increasing temperature as weIl. 

The boundaries between the four metamorphic grades shall be 
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Fig. 7-1 Metamorphic facies as used earlier. Pressure condition is always 

Ps=Pr. The different case PB » PH20 is not considered here; therefore, forma
tion of granulites and eclogites cannot be represented in this plane. 

marked by significant metamorphic changes of mineral assemblages in 
common rocks, i.e., by specific mineral reactions. It has been the 
author' s aim to select reactions for boundaries between metamorphie 
grades which reflect changes that have been recognized to take place at 
the beginning of the greenschist facies and at the beginning of the 
amphibolite facies, respectively. Thus, the boundary between "very-Iow 
grade" and "low-grade" coincides with the beginning of the greenschist 
facies and the boundary between "low-grade" and "medium-grade" 
coincides with the beginning of the amphibolite facies of Eskola. In 
addition, the upper part of the amphibolite facies has been assigned to 
"high-grade" metamorphism characterized by the coexistence of K feld
spar with Al2SiOs and/or almandine and cordierite. At high-grade meta
morphism migmatites are formed at high water pressures and granulites 
at low water pressures relative to total pressure. The boundaries of the 
foUf metamorphie grades are defined by mineral reactions, and their 
petrographie criteria will be given in the section beginning on p. 68. 

The temperature range represented by a certain grade of meta
morphism may be divided into metamorphie zones on the basis of diag
nostie mineral assemblages in rocks of appropriate composition. This 
procedure is known as the determination of isograds. 
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The Terms Isograd and Reaction-Isograd 

Tilley (1924) coined the tenn "isograd" to designate adefinite 
degree of metamorphism by the first appearance of a so-called index 
mineral, such as biotite, almandine, staurolite, etc. An isograd is a line 
on a map joining points of first appearance of a certain index mineral, 
i.e., where a specific change in mineral assemblage reflecting a meta
morphic reaction has taken place. Since a metamorphic reaction 
depends on temperature, pressure, and composition, an isograd will rep
resent, in general, sets of P-T-X conditions satisfying the re action equi
librium and not points of equal P-T-X conditions. Therefore, whenever 
the re action is known, the tenn isograd should be replaced by the new 
tenn reaction-isograd. A reaction-isograd is a line joining points that are 
characterized by the equilibrium paragenesis of a specific reaction; in 
certain cases, two (or more) reactions taking place simultaneously define 
the equilibrium mineral assemblage of a reaction-isograd (see Chapter 
9). 

It is because of this latter fact that the tenn reaction-isograd will 
now be used instead of the tenn isoreaction-grad of the previous two 
editions. The latter tenn may erroneously suggest that no more than one 
reaction may be involved in defining such an isograd. 

Petrographic work should be aimed at detennining definite mineral 
assemblages and establishing the locations of reaction-isograds in the 
field. Areaction equation correctly describes the definite paragenesis 
which characterizes a reaction-isograd. Therefore, locating it in the field 
involves mapping reactants and products ofthe equation or-even bet
ter-the full equilibrium assemblage. 

If the observed metamorphic change cannot be related to a specific 
reaction, the tenn isograd will be used in referring to this feature. A 
single index mineral will generally be fonned by several different reac
tions. Only when the physical conditions of the different reactions are 
similar does the first appearance of an index mineral, and consequently 
the mapped isograd, have petrogenetic significance (e.g., the staurolite 
isograd). If, however, the physical conditions for the fonnation of an 
index mineral are very different (e.g., tremolite, diopside, and forster
ite), the corresponding isograd does not have any petrogenetic meaning. 
Therefore, it is important to recognize significant and nonsignificant 
metamorphic reactions in carrying out practical work. The same distinc
tion is required also in the case of reaction-isogrades which are charac
terized by the equilibrium paragenesis of a specific reaction. Only when 
reactions are univariant, or when multi variant , take place within a nar-
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row temperature range at a given pressure, do they have petrogenetic 
significance. This point is observed throughout this book. 

In the simplest case ofa univariant reaction, the field locality where 
a specific reaction-isograd has been located represents but one of the 
various P,T combinations along the equilibrium curve drawn in the P,T 
plane. We want to know which definite P and T values from the equilib
rium curve are applicable to the area under investigation. This informa
tion, however, cannot be supplied by a single reaction-isograd but 
requires two or more preferably intersecting reaction-isograds. 

Along a reaction-isograd, both P and T will generally vary. P,T 
conditions satisfying the reaction equation will be realized along a sur
face within the earth's ernst. As pointed out by Tilley (1924), an isograd 
mapped in the field is the intersection of such a surface with the present 
erosion surface. If, after a metamorphie event, the earth sector has been 
ti/ted during uplift, the line of a reaction-isograd passes at the present 
surface through points which represent gradually changing depths, i.e., 
changing pressure of metamorphism. This possibility must always be 
kept in mind. 

The mapping of isograds in the field is somewhat similar to localiz
ing the beginning of the Barrow (1893, 1912) zones, i.e., the chlorite, 
biotite, gamet, etc., zones. These classic isograds are due to mineral 
reactions in metapelites only. Later we shall discuss reactions in other 
rock compositions as weIl, because they furnish valuable additional 
isograds. 

"For the interpretation of isograds in terms of conditions of meta
morphism," Thompson and Norton (1968) wrote, "the isograds should 
ideally be drawn so as to minimize the effect of variation in bulk com
position [see Thompson, 1957] .... First appearances, however, may 
very nearly fulfill the above requirement in areas where rocks having a 
considerable variation in bulk composition are intimately interstratified. 
In such areas the mapped isograds probably approximate fairly closely 
the first possible appearance of the index [the isograd] minerals . . . con
sistent with the local pressure, temperature, and activity of H20. The 
success of the method thus depends on both the range of bulk composi
tions available and the scale ofthe interstratification ofthe various rock 
types relative to the scale ofthe map." To this quoted paragraph it may 
be added that the chances for successful applieation of the isograd 
method are good whenever the chosen area of investigation is large 
enough. This often can be done beeause the prlmary purpose should not 
be to study and record all the different petrographie rock compositions 
in the area but to trace such rocks that are suitable in composition to 
yield information on isograds, and especially on reaction-isograds. A 
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new approach in field and microscopic work is called for when petroge
netic information is sought concerning physical conditions of 
metamorphism. 

The Division of Very-Low-Grade Metamorphism 

Very-Iow-grade metamorphism can be defined to comprise the P,T 
field which is bounded on the low temperature side by the beginning of 
metamorphism-indicated by the first appearance of a non-sedimentary, 
truly metamorphic mineral (see Chapter 2)-and on the higher temper
ature side by a number of reactions, all of which have in common the 
first formation ofzoisite or non-iron-rich epidote, i.e., clinozoisite. Such 
reactions involve 

1. The breakdown of the CaAI-silicate lawsonite 
2. The disappearance of pumpeIlyite by reaction with chlorite and 

quartz (at pressures higher than ca. 2.5 kb). 
3. The disappearance of pumpeIlyite by reaction with quartz and 

the disappearance of prehnite by re action with chlorite and 
quartz (only at pressures lower than ca. 2.5 kb). 

Very-Iow-grade metamorphism thus incorporates all rocks hitherto 
grouped by Winkler (1967) under 

Laumontite-prehnite-quartz facies 
PumpeIlyite-prehnite-quartz facies 
Lawsonite-albite facies 
Lawsonite-jadeite-glaucophane facies 

Figure 7-1 shows that the very-Iow grade extends from somewhat 
below 200°C up to about 400°C. Very-Iow-grade metamorphism covers 
a large pressure range which-concurrent with the "facies" boundaries 
of Figure 7-I-can weIl be subdivided by specific mineral reactions 
when a more detailed classification is required. 

Pertinent facts for the boundary between very-low-grade and low
grade metamorphism have only recently been worked out. We shall first 
deal with lawsonite, CaAI2[(OH):/Si20 7] • H20, which is one of the diag
nostic minerals of very-low-grade metamorphism. The upper stability 
conditions of lawsonite determine the uppermost possible boundary 
between very-Iow-grade and low-grade metamorphism. Once it was 
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thought that this boundary would be represented by the following 
reaction: 

12 lawsonite = 6 zoisite + 2Al2SiOs + 1 pyrophyllite + 20 H20 

However, although verified in reversed runs by Nitsch (1972), he has 
shown (1974) this reaction to be only metastable. The stable upper sta
bility conditions of lawsonite are represented by the following reaction: 

5 lawsonite = 2 zoisite + 1 margarite + 2 quartz + 8 H20 

This reaction takes pI ace at temperatures about 30° to 20°C lower than 
the metastable reaction, as determined by Newton and Kennedy (1963) 
and by Nitsch (1974). 

Margarite is a rare metamorphic mineral but it is certainly not as 
rare as commonly believed. Recent systematic search for margarite has 
revealed many occurrences (Frey and Niggli, 1971). The approximate 
equilibrium conditions of the reaction 

5 lawsonite = 2 zoisite + 1 margarite + 2 quartz + 8 H20 

drawn in Figure 7-2, represents the maximum possible conditions for the 
boundary between very-Iow and low-grade metamorphism. This alone is 
reason enough to consider the reaction in this context. Otherwise it is 
most unlikely that the above reaction takes place in rocks. Certainly, 
margarite does not commonly form by the above re action in metamor
phic mafic rocks; margarite is typical oflow-grade calcareous metapelitic 
rocks (see Chapter 10). Therefore, other reactions have to be considered 
by which lawsonite disappears and forms zoisite/clinozoisite. 

In another context, Green et al. (1968) suggested that the following 
reaction takes place at very high press ures: 

{lawsonite + jadeite} = 

{zoisite/clinozoisite + paragonite + quartz + H20} 

The analogous reaction at lower pressures is 

4 lawsonite + 1 albite = 
2 zoisite/clinozoisite + 1 paragonite + 2 quartz + 6H20 

However, these reactions are unlikely to take place because of petro-
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graphie reasons: lawsonite is a prominent mineral in very-Iow-grade 
mafic rocks. The greenschists derived from such rocks with progressive 
increase in grade have zoisite/clinozoisite instead of lawsonite, but con
tain white mica (among wbich paragonite may be present) only in acces
sory amounts. Therefore, other reactions must be looked for. 

Lawsonite contains only slightly less CaO relative to Al20 3 than 
zoisite. This suggests that areaction takes place between lawsonite and 
chlorite that forms zoisite/clinozoisite, an Al-richer chlorite variety, 
some quartz, and water: 

{lawsonite + chlorite} = 
{zoisite/clinozoisite + Al-richer chlorite + quartz + H20} 

Further, the following re action is probably important whenever calcite 
is associated with lawsonite: 

3 lawsonite + 1 calcite = 

2 zoisite/clinozoisite + 1 CO2 + 5 H20 

This reaction [also suggested by Froese (1973, personal communica
tion)] has been verified experimentally by Nitsch (1973, personal com-
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munication). It is sensitive to fluid composition and can take place only 
when the fluid is very water rich. 

No equilibrium data are available for the two reactions believed to 
be responsible for the disappearance of lawsonite and the resultant for
mation of zoisite/clinozoisite at the boundary between very-Iow and low
grade metamorphism. However, P,T conditions cannot surpass the 
maximum stability conditions of lawsonite, shown in Figure 7-2; it is 
estimated that the P-T conditions of the reactions actually taking place 
in rocks will be very similar to or only slightly lower than those of the 
maximum lawsonite stability. 

Lawsonite gives way to zoisite/clinozoisite with prograde meta
morphism. Certain rocks of very-Iow grade may already contain a spe
eies of the epidote group, but it is invariably an Fe-rich epidote. In this 
case it is to be expected that the epidote will enter into solid solution 
with the zoisite/clinozoisite newly formed by the above reactions. There
fore, instead of an Fe-rich epidote, a mixed crystal with less Fe content 
will be formed when metamorphism passes from very-Iow grade to low 
grade. This change in composition can only be conveniently observed if 
the atomic ratio Fe+3/(Fe+3 + Al) falls below 1:7 in the newly formed 
mixed crystals. In this case the change of the optical character from 
negative for the iron-richer members to positive for the iron-poorer 
members is striking and diagnostically useful. According to the defini
tion given by Deer et al. (1962), the positive members ofthe composition 
C~(Al, Fe3+)AMO/(OH)/Si20 7/Si041 are called clinozoisite, while the 
optically negative members are called epidote proper.1 Therefore, the 
appearance of optically positive clinozoisite or orthorhombic zoisite 
(which contains only small amounts of iron) indicates a change from 
very-Iow to low-grade metamorphism. 

The mineralogie al changes involved in the breakdown of lawsonite 
are identical to the change from either of the two lawsonite-bearing 
metamorphie facies to the greenschist facies; therefore, the boundary 
between very-Iow-grade and low-grade is the same as that for the begin
ning of the greenschist facies. If, instead of lawsonite, pumpellyite had 
been present in the rock, the disappearance of this mineral and the 
appearance of clinozoisite mark that boundary. Most commonly, this 
change will be due to the following reaction: 

{pumpellyite + chlorite + quartz} = 
{clinozoisite + actinolite + water} 

1It should be noted that the mineral epidote has given its name to a whole group of 
minerals-the epidote group. This inc1udes, among others, orthozoisite, clinozoisite, epi
dote, and piemontite. What was formerly called pistacite is now desig!lated as epidote 
proper. 
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Instead of clinozoisite, iron-richer epidote could form if enough trivalent 
iron is available; in such a case only the negative criterion of the disap
pearance of pumpellyite indicates the change from very-low grade to low 
grade. 

Nitsch (1971) has determined the equilibrium data of the above 
reaction which only takes pi ace above 2.5 ± 1.0 kb waterpressure; these 
data are also plotted in Figure 7-2: 

2.5 kb and 345° ± 20°C 
4 kb and 3500 ± 20°C 
7 kb and 370° ± 20°C 

At pressures below ca. 2.5 kb, Nitsch has further shown that the follow
ing reactions are to be expected: 

{pumpeIlyite + quartz} = 
{prehnite + clinozoisite + chlorite + water} 

{prehnite + chlorite + quartz} = 
{clinozoisite + actinolite + water} 

These last two reactions will probably take place at quite similar tem
peratures, very likely near 340° ± 20°C, at 1 kb water pressure. The 
almost simultaneous disappearance of both prehnite and pumpellyite in 
low pressure metamorphism is weIl know at the border with the 
greenschist facies, i.e., at..the border between very-low and low-grade 
metamorphism. 

It should be noted that in microscopic work lawsonite and the col
orless variety of pumpellyite are not easily distinguishable from each 
other and from clinozoisite. This is also true for the distinetion between 
some colored varieties of pumpellyite and epidote proper. In many 
cases, however, the anomalous interference colors of clinozoisite and of 
epidote are very helpful for quick identification. In doubtful cases, X-ray 
diffraction should be used. 

If none of the diagnostic mineral changes can be observed because 
of inappropriate bulk composition of the rock, the distinction between 
very-low-grade and low-grade cannot be made in the field. It seems, 
however, that a different method may make this distinetion possible 
whenever such commonly occurring rocks such as pelites or marly sed
iments are subjected to very-low-grade metamorphism. It is the so-called 
crystallinity of illite (or phengite), a predominantly K, Al miea from 
which at higher temperatures of metamorphism muscovite develops. 
The crystallinity is measured as the width ofthe 10 A illite peak at half-
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peak height, as suggested by Kubler (1967, 1968). He has given convinc
ing evidence that the width of the peak decreases, i.e., crystallinity 
increases with the increase in temperature operative during the transfor
mation (see also Frey, 1969). Temperature seems to be the only deter
mining factor. 

In a given locality the crystallinity must be determined by investi
gating the c1ay fraction of many sam pies because only the statistical 
mean value is significant. But this value varies continuously with tem
perature. Kubler has selected a certain range of crystallinity of the illite 
(from 7.5 to 4.0, calibrated on his standards) to define the beginning and 
the end of what he calls the "anchimetamorphic zone." Although the 
term anchimetamorphic is poorly defined, the distinction itself as made 
by Kubler is meaningful and seems to fit wen our present system of 
c1assification. 

At crystallinity 7.5, the first appearance of the nonsedimentary but 
metamorphic mineral pyrophyllite2 has been observed. This indicates 
the "beginning of metamorphism" in shales or mudstones, i.e., the 
beginning of very-Iow-grade metamorphism in the rocks investigated by 
Kubler. This may be incidental, and the limit may not coincide in tem
perature with that in other rocks, as has been mentioned earlier. 

Kubler uses the crystallinity value of 4.0 (apparently the end Value 
of the change) to designate the end of his "anchimetamorphic zone," 
i.e., the beginning of the greenschist facies. Therefore, the change in 
crystallinity of illite from a statisical mean value of greater than 4.0 to 
the value of 4.0 is a furthur indication ofthe step from very-Iow-grade to 
low-grade. This new method should be widely applied in order to check 
its reliability. 3 

Summing up, diagnostic minerals Jor very-low-grade metamor
phism are laumonite, prehnite, pumpellyite, lawsonite, and illite with 
crystallinity still imperfect (Kubler's value larger than 4.0). Glaucophane 
and jadeitic pyroxene, as such, are not restricted to very-low-grade 
metamorphism, but when coexisting with lawsonite, they are. 

The change Jrom very-low-grade to low-grade metamorphism is 
demonstrated by 

1. Disappearance of lawsonite and formation of zoisite or 
c1inozoisite. 

2Earlier (Winkler, 1967), it was believed that pyrophyllite would not form at lower 
temperatures than those of the beginning of the greenschist facies, but Kubler (1967) and 
Frey (1969), have shown this to be incorrect. Pyrophyllite (and also chloritoid) may already 
occur at very-low-grade metamorphism. 

3 A useful modification of the method to determine illite crystallinity has been 
described by Weber (1972). 
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2. Disappearance of pumpellyite by reaction with chlorite and 
quartz, producing clinozoisite in addition to actinolite. 

3. At low press ure metamorphism where lawsonite cannot form 
and reaction (2) does not take place: Disappearance of pumpel
lyite and then of prehnite and formation of zoisite-clinozoisite in 
addition to actinolite. 

4. Good crystallinity of illite (phengite) equal to Kubler's value of 
4.0. 

In conditions 1, 2, and 3 zoisite or clinozoisite is Jormed Jor the first time 
at the cost of typical very-Iow-grade minerals. In 2 and 3, actinolite is 
also formed, but in some cases this is of little diagnostic value since 
actinolite may have been present already in some very-Iow-grade rocks. 

The reactions dealt with here form a bundle or band of re action
isograds which may be designated as the 

isograd band "zoisite or clinozoisite-in, 
lawsonite-out or pumpellyite-prehnite-out" 

This isograd band defines the boundary between very-Iow and low
grade metamorphism; it is graphically shown in Figure 7-2. 

If a relatively high amount of trivalent iron is present in the rock 
system, an optically negative epidote, instead of optically positive cli
nozoisite, will have been formed. Here, proof that one of the above 
reactions has taken place can only be given by the observation of the 
disappearance of the minerals lawsonite, pumpellyite, and prehnite in 
rocks of appropriate chemical compositions. 

The Division of Low-Grade Metamorphism 

In low-grade metamorphism, i.e., from the beginning of the 
greenschist facies, the mineral zoisite is stable in contrast to rocks ofthe 
very-Iow grade. Chlorite, actinolite, white mica, iron-rich epidote, and 
others are not distinctive; they are already present in rocks of very-Iow 
grade. However, due to the formation of zoisite or of non-Fe-rich epi
dote, i.e., clinozoisite, a very characteristic assemblage of minerals is 
typical oflow-grade metamorphie rocks: 

chlorite + zoisite/clinozoisite ± actinolite ± quartz 

This assemblage, which always has been considered typical for the 
greenschist facies, persists over a range of increasing temperature. It is 
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observed (together with other minerals) in metamorphic rocks that have 
originated from a great variety ofrocks, such as basalts and tuffs, marls, 
certain pelites, and graywackes. 

Remember that we are not interested in the many different complete 
sets of mineral parageneses when applying the classification of meta
morphic grade; rather, we only have to make sure that in the area under 
investigation rocks are found that have primary chlorite + zoisite/clino
zoisite as a mineral assemblage with mutual contacts (paragenesis of 
contacting minerals). This is all that is necessary in order to decide 
whether the rocks are low-grade or very-Iow-grade. 

Within the large temperature range of the low-grade metamorphic 
division, a number of definite isograds can be identified, as will be shown 
in later chapters. 

The Change from Low-Grade to Medium-Grade 
Metamorphism 

Now we face the problem of where to mark the higher temperature 
boundary of the low-grade metamorphic division against the medium
grade division. In following the procedure of defining the limits of our 
divisions of metamorphic grade in accordance with some of the Eskola 
facies, we are now concerned with the changes that take place when the 
greenschist facies is being left and the amphibolite facies is entered. We 
look for mineralogical changes that characterize the beginning of the 
amphibolite facies; these changes should preferably occur within a large 
pressure range. At the same time we are looking for mineral parageneses 
of low-grade metamorphism (greenschist facies) which disappear at 
medium-grade (amphibolite facies). 

Different authors have defined the beginning of the amphibolite 
facies in different ways. Eskola (1939) established an additional (albite-) 
epidote-amphibolite facies between greenschist facies and amphibolite 
facies by the first appearance of oligoclase-andesine instead of albite. 
Turner and Verhoogen, in 1960, extended the original greenschist facies 
to include the albite-epidote-amphibolite facies of Eskola; thus this 
extended greenschist facies immediately adjoins the amphibolite facies. 
And this boundary, in following Eskola (1920), has been defined by 
Turner and Verhoogen (1%0) as the "sudden change in composition of 
plagiodase associated with epidote, from albite AnO-7 to oligoclase or 
andesine An15-30' This is microscopically recognizable and makes a con
venient point at which to draw the high temperature boundary of the 
greenschist facies." 

With this easily detectable change, other mineral changes were 
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believed to occur concomitantly, namely, the first appearance of stau
rolite in appropriate pelitic rocks and the disappearance of chloritoid and 
of Mg-poor chlorite whenever quartz and muscovite are present. How
ever, it is now well known that invariably in basic rocks the "jump" 
from albite to oligoc1ase occurs in any terrain of progressive regional 
metamorphism at somewhat lower temperature before staurolite appears 
and when chlorite + quartz + muscovite and chloritoid still exist in 
appropriate rocks ofthe same metamorphic grade. Staurolite sets in, and 
the assemblage Mg-poor chlorite + muscovite + quartz and chloritoid 
disappears when, in basic rocks of the same metamorphic grade, the 
plagioc1ase, coexisting with hornblende, already has experienced its 
compositional "jump" at probably a 20° to 30°C lower temperature 
(Wenk and Keller, 1969, Streck, 1969). 

Very likely, Eskola (1920) chose the plagioc1ase "jump" as the 
boundary definition because of rather limited petrographic information; 
in any case, it was accepted by Turner and Verhoogen (1960) and by 
Wenk and Keller (1969). The latter authors use the first appearance of 
plagioc1ase An17 coexisting with hornblende to designate the beginning 
of the amphibolite facies. Much detailed work has shown that the com
position An17 rather than AniS limits the compositional break between 
oligoc1ase and albite in metamorphic rocks. The two feldspar phases 
may coexist over a temperature range which is due to a miscibility gap 
analogous to that encountered in peristerites (Steck, 1976). 

Wenk and Keller (1969) have shown that in the Central Alps of 
Switzerland the first appearance of adefinite plagioc1ase composition, 
such as An17- 20 or Allao or Anso, etc., coexisting with hornblende, is 
suited to characterize an isograd. In this way, a large range of metamor
phic conditions can be subdivided. However, such isograds are not weIl 
defined and are, therefore, oflittle value. 

The point relevant to our discussion is whether the beginning of the 
amphibolite facies, or rather the beginning of our medium-grade of meta
morphism, should be defined by the break between albite and oligoc1ase, 
i.e., by the first appearance of plagioc1ase An17' or at somewhat higher 
temperature by the first appearance of staurolite andlor of cordierite, 
and by the disappearance of chlorite in the presence of muscovite and 
quartz and the breakdown of chloritoid. Turner (1968) now seems to 
favor not the plagioc1ase break but the appearance of an An-richer pla
gioc1ase, andesine existing with hornblende, and the formation of stau
rolite to designate the beginning ofthe amphibolite facies proper. Wink
ler, in 1965 and 1967, did not choose a specific composition of 
plagioc1ase to characterize the beginning of the amphibolite facies, but 
defined the beginning of that facies by the disappearance of chloritoid 
and of Mg-poor chlorite in the presence of muscovite and quartz. by the 
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first appearance of staurolite, and-applicable only if pressures ranged 
from very low to about medium-the first appearance of cordierite 
(without almandine garnet!)4 at the expense of chlorite, quartz, and mus
covite in metapelites and metagraywackes. I still prefer these criteria, 
mainly for the following reasons: 

Experimental research has shown that temperatures of the first for
mation of both cordierite and staurolite are not too dependent on H20 
pressure. The most common reactions producing these minerals are very 
probably the following: 

{chlorite + muscovite + quartz} = 

{cordierite + biotite + Al2Si05 + H20} 

This reaction has been investigated from both sides. The equilibrium 
data obtained by Hirschberg and Winkler (1968) are as follows: 

505° ± 10°C at 500 bars H20 pressure 
515° ± 10°C at 1000 bars H20 pressure 
525° ± 10°C at 2000 bars H20 pressure 
555° ± 10°C at 4000 bars H20 pressure 

Astonishingly enough, these data are valid within the ± 10°C range for 
a very large MgO/MgO + FeO ratio, varying in the experiments from 
0.6-0.2.5 

In order to form staurolite, chlorite containing an appreciable 
amount of ferrous iron is needed: 

{chlorite + muscovite} = {staurolite + biotite + quartz + H20} 

The data for this reaction, as ascertained by Hoschek (1969) with 
reversed runs in a system where the MgO/MgO + FeO ratio was 0.4, are 

540° ± 15°C at 4000 bars H20 pressure 
565° ± 15°C at 7000 bars H20 pressure 

In the two reactions chlorite together with quartz and/or muscovite is 
used. Since muscovite (or rather phengite) and quartz are gene rally plen
tiful in metapelites, all chlorite is consumed at this stage of metamor-

4This holds only if eompositions are not extremely Fe rieh; if they are, almandine 
may form at low pressures and at these temperatures. 

5These P-T data are also valid up to about 3 kb if no FeH at all is present; at higher 
pressures, however, the temperature of equilibrium inereases more rapidly with pressure 
in the Fe-free system, as Seifert (1970) has shown. 
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phism, provided the chlorite was relatively Fe-rich. If, however, in less 
common cases, a metapelite has MgO/MgO + FeO approaching 0.5 or 
more, the chlorite will not be used up by the reaction; rather, a relatively 
Mg-rich chlorite that has been formed in the reaction will coexist 
together with staurolite, muscovite, and quartz over a considerable tem
perature range. (See Chapter 14.) 

The above reaction may also involve almandine gamet, as Carmi
chael (1970) has deduced from petrographie observations: 

{chlorite + muscovite + almandine} = 
{staurolite + biotite + quartz + water} 

If chloritoid is also present in a low-grade metapelite it may react with 
andalusite or kyanite according to the following equation, also investi
gated by Hoschek (1967): 

{chloritoid + andalusite or kyanite} = 

{staurolite + quartz + H20} 

This happens at 545° ± 20°C between 4000 and 8000 bars H20 pressure. 
Richardson (1968), who also investigated this re action in a system 

completely devoid ofMg, furnished the following identical data valid for 
O2 fugacity controlled by the magnetite-fayalite-quartz buffer: 

520° ± 10°C at 2 kb H20 pressure 
540° ± 20°C at 5 kb H20 pressure 

If no Al2SiOs mineral is present, chloritoid will produce staurolite if the 
pressure is high enough to alIow the formation of almandine: 

{chloritoid + quartz} = {staurolite + almandine + H20} 

Calculations by Ganguly (1969) indicate that this reaction, relative to the 
preceding one, occurs at only slightly (perhaps 15° to 30°C) higher tem
peratures above possibly 4 kb. 

From his investigation on chloritoid stability, Ganguly concludes 
that "transformations of chloritoid to staurolite can be achieved through 
several different reactions, depending on the bulk composition and the 
prevailing oxygen fugacities. It is, however, interesting to note that all 
these reactions are squeezed iP,to a rather narrow temperature interval. 
Chloritoid-staurolite transformations should thus be regarded as poten
tial indicators of the metamorphie grade, even in the absence of adequate 
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data regarding the oxygen fugacities of the assemblages." If it is further 
taken into consideration that staurolite will be most commonly formed 
not from chloritoid but from Fe-rich chlorite + muscovite, and that this 
re action occurs in the same narrow range of P, T conditions as the dif
ferent transformations of chloritoid to staurolite, then it is obvious that 
not only the chloritoid-staurolite transformations but also the appear
ance of staurolite (without an established relationship to chloritoid) is 
well suited as an indicator of metamorphie grade. The various reactions 
can be grouped under one isograd band "staurolite-in"; this has practi
cally almost the same significance as a reaction-isograd. 

The various reactions leading to 

Breakdown of Fe-rich chlorite in the presence of muscovite 
Breakdown of chloritoid 
Formation of cordierite (without almandine) in the presence of 

biotite 
Formation of staurolite 

all take place within a small temperature range. The P,T conditions are: 

Fonnation of 
Cordierite, °C 

505 ± 10 
515 ± 10 
525 ± 10 
555 ± 10 

H20 Pressure, bars 

500 
1000 
2000 
4000 
7000 

Fonnation of 
Staurolite, °C 

520 ± 10 
540 ± 15 
565 ± 15 

This small temperature range of about ± 20°C makes it easy to under
stand why in petrographie work the mineralogical changes summarized 
above have been commonly observed in many different metamorphic 
terrains to constitute a distinct change in the grade of metamorphism. 

A few years ago it was still believed that those mineral changes 
coincide with the change from albite to oligoc1ase-andesine [compare the 
steps from the so-called quartz-albite-epidote-almandine subfacies ofthe 
greenschist facies to the staurolite-almandine subfacies of the amphibo
lite facies in Turner and Verhoogen (1960)]. Since it is known that the 
change in plagioc1ase composition in basic rocks takes place at some
what lower temperatures than the entry of staurolite and cordierite and 
the other pertinent reactions in pelitic rocks, adecision had to be made 
as to which of the two alternatives should be chosen to define the limit 
between greenschist and amphibolite facies. Winkler (1965/1967) 
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decided in favor of the various changes in the metapelites, not the single 
change in plagioclase composition. Many petrographers have done the 
saine; others have not. 

Recent experimental studies support the choice of reactions in pel
itic rocks as the boundary between the low-grade and medium-grade 
metamorphism. For these reactions, the P,T conditions are known 
within narrow limits, whereas a similar calibration for the albite/oligo
clase jump is not available. Nevertheless, tbis jump in the plagioc1ase 
composition ofmetamorphosed basalts, etc., marks an important meta
morphic feature within the temperature range of low-grade 
metamorphism. 

Summing up, the boundary between the low-grade and medium
grade division of metamorphism is defined by the band of various reac
tion-isograds: 

1. cordierite-in (without almandine)/chlorite-out if muscovite is 
present 

2. staurolite-in I Fe-rich chlorite-out if muscovite is present 
3. staurolite-in I chloritoid-out 

Tbis implies 

Formation of cordierite (without almandine) 
Formation of staurolite 
Disappearance of chloritoid 
Disappearance of Fe-rich chlorite in the presence of muscovite. 

In tbis connection, several comments are pertinent: A number of 
cases are known where staurolite and chloritoid coexist, probably witbin 
a narrow temperature range. Such a transition zone, if present, also 
marks the boundary between the two metamorpbic grades. Similarly, 
cases are known where staurolite occurs together with primary chlorite 
and muscovite within a sma1l temperature range. Thus, e.g., Frey (1969) 
lists 57 different mineral parageneses of the staurolite zone of the Luk
manier area. Sixteen of these have staurolite and 4 out of the 16 still 
contain chloritoid, wbile only 2 out of the 16 rocks still contain chlorite 
+ muscovite. It should be remarked that these seemingly aberrant sam
pIes occur on the staurolite reaction-isograd. It is wen understood from 
the solid solution character of the involved minerals that under such 
circumstances chlorite + muscovite and/or chloritoid can still exist 
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together with staurolite over a limited temperature range, while at 
slightly increased metamorphic degree, no chloritoid and no primary Fe
rich chlorite in contact with muscovite are observed. On the other hand, 
at the lower temperature side of the staurolite isograd, chloritoid andJor 
chlorite + muscovite (phengite) are invariably present in rocks ofappro
priate chemical composition. 

The band of reaction-isograds "staurolite-in" and the reaction
isograd "cordierite-in" occurring in metapelites define the beginning of 
the medium-grade division of metamorphism for all rocks, whatever 
their composition, accompanying these metapelites. The experimental 
data relating to these reactions are similar and they seem to practically 
coincide in the field when pressure is low enough to permit the formation 
of iron-bearing cordierite. The range of T,P conditions is shown in Fig
ure 7-2, together with data on other metamorphic grades. 

If areaction leading to the formation of a new mineral or mineral 
association has a univariant equilibrium, a locality on the respective 
reaction-isograd in the field represents the P, T conditions of one definite 
(although still unknown) point on the univariant equi1ibrium curve. How
ever, when minerals of the solid solution type are involved-chlorite, 
chloritoid, staurolite, cordierite, etc.-the equi1ibrium of the reaction 
cannot be merely univariant; it must be at least divariant. This means 
that in the plane withPH20 and T as coordinates the univariant equi1ib
rium line must be replaced by a divariant band. The width of such a 
divariant band may be quite small or rather broad. In the case of the 
various reactions forming staurolite or cordierite + biotite, the band of 
equilibrium conditions for the range of bulk compositions met with in 
common rock types is narrow. According to the experimental data given 
earlier, it is ± 10° to ± 20°C at a given H20 pressure. Within this limit 
the various "staurolite-in" reaction-isograds and-in the same or differ
ent rocks-the "cordierite-in" (without almandine) reaction-isograds 
define the change from low-grade to medium-grade metamorphism. 

Practical Determination of the Boundary 

The practical determination ofthe boundary between low-grade and 
medium-grade only involves a few difficulties. In some rocks staurolite 
and cordierite cannot form because of an inappropriate bulk composi
tion. Metapelites from the low-grade consisting mainly of phengite 
("muscovite"), quartz, and chlorite ± chloritoid are best suited to show 
the change from low to medium-grade. The positive indicators, namely, 
the first appearance of cordierite andJor staurolite, are the most valuable. 
The negative indicator "chloritoid-out" can, of course, only be used if 
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phyllites in the low-grade terrain have this mineral; it is then likely that 
rocks of the same bulk composition continue into the area of medium
grade metamorphism. The other negative indicator, "no chlorite touch
ing muscovite," is potentially much more useful. This is because pelitic 
rocks, graywackes, and most igneous rocks of low metamorphic grade 
contain chlorite + muscovite. Thus, muscovite + chlorite is present in 
very many low-grade rocks. This assemblage disappears in medium
grade rocks ifthe chlorite is not too rich in Mg (see Chapter 14). Chlorite 
not in contact with muscovite may persist to considerably higher 
temperatures. 

It must be remembered that the assemblage muscovite (phengite) 
+ chlorite is not restricted to the low-grade division but is present in 
many rocks ofthe very-Iow-grade. However, the formation of zoisite or 
c1inozoisite characterizes the beginning of low-grade metamorphism and 
the assemblage zoisite/clinozoisite + chlorite + muscovite is diagnostic 
for the complete temperature range of low-grade metamorphism. 

U nfortunately, chlorite is easily formed as a secondary alteration 
product from biotite or hornblende, especially in rocks that have been 
subjected to postmetamorphic deformation and fracturing. As long as 
merely partial alteration of the host mineral into chlorite can be micro
scopically observed, the secondary nature of the chlorite can be estab
lished; however, there are many cases where the distinction between 
primary and secondary chlorite is difficult indeed. Therefore, there is the 
possibility that chlorite may be a postmetamorphic alteration product in 
medium- or high-grade metamorphic rocks. In such cases the presence 
of (secondary) chlorite in association with muscovite has, of course, no 
diagnostic meaning. Other criteria, such as the composition of plagio
c1ase in basic rocks, the presence of diopside, forsterite, grossularite, 
etc., are indicators ofmedium- and high-grade metamorphism, although 
they do not determine the low-grade to medium-grade boundary. This 
will be discussed later. 

The Change from Medium-Grade to High-Grade 
Metamorphism 

Cordierite is stable throughout the temperature range of medium
grade metamorphism and even persists to higher temperatures. At low 
pressures staurolite, in the presence of quartz and muscovite, disappears 
before the upper limit of medium-grade is reached. On the other hand, 
at medium and high press ures, the stability of staurolite extends into 
high-grade metamorphism. Therefore, no reaction involving staurolite or 
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cordierite can be used to characterize the upper limit of medium-grade 
metamorphism. Another criterion is required. It is again from worldwide 
petrographic observation that we choose the breakdown of muscovite in 
the presence of quartz and plagioclase to define the change from 
medium-grade to high-grade metamorphism. 

This is a very typical change, observed at very low pressures in 
homfelses ofthe innermost contact rone of gabbros, etc., as weIl as at 
allother pressures ranging from low to very high in schists and gneisses. 
It is of petrogenetic significance that the migmatic areas which aIl over 
the world are situated in the highest temperature terrain of regional 
metamorphism, as a rule, do not show primary muscovite in contact 
with quartz and plagioclase. Therefore, migmatites are properly assigned 
to the division of high-grade metamorphism. 

Petrographically, the breakdown of muscovite in the presence of 
quartz and plagioclase is not only expressed by the negative criterion of 
the absence of muscovite; there are positive criteria as weIl. This is very 
fortunate because the postmetamorphic formation of muscovite as a sec
ondary alteration product may otherwise cause complication. Therefore, 
it is of great diagnostic value that very typical new mineral parageneses 
are formed by the breakdown of muscovite: 

K feldspar + Al2Si05 mineral (andalusite, sillimanite, or kyanite) 
K feldspar + cordierite 

K feldspar + almandine-rich gamet 

High-grade metamorphism is thus characterized by the isograd "K feld
spar + Al2Si05." As in the case ofthe" staurolite-in" isograd band, the 
isograd band abbreviated as "K feldspar + AI2Si05" stands for a num
ber of adjacent reaction-isograds. 

At high-grade a number of reactions have to be taken into account 
that lead to the disappearance of muscovite in the presence of quartz. 
They depend on (a) pressure and (b) absence of or very low partial pres
sure of H20; this is significant in granulite terrains. 

The relationships are more complicated than expected. Experimen
tal investigation of the relevant four-component system K20-AI20 3-

Si02-H20 by Storre and Karotke (1972) has shown that at medium and 
high H20 pressure, the assemblage muscovite + quartz is stable up to a 
much higher temperature than previously thought. However, this is valid 
only ijplagioclase is absent (as in the above system). 

Figure 7-3 shows the complete set ofunivariant equilibrium curves 
ofreactions (1) to (6), which all meet in an invariant point I 1 : 
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Fig. 7-3 Reactions involving muscovite and quartz. Beginning of melting in 
the system albite-K feldspar-quartz-water also shown by heavy line. Or stands 
for K feldspar. [After Storre (1972) and Storre and Karotke (1971, 1972)]. Exten
sion of some of these reactions to 30 kb has been studied by Huang and Wyllie 
(1974). 

muscovite + quartz = K feldspar + Al2SiOs + H2ü (1) 
muscovite + quartz + H20 = liquid + sillimanite (2) 
muscovite + quartz + K feldspar + H20 = liquid6 (3) 
muscovite + quartz = liquid + K feldspar + sillimanite (4) 

(Note: no gaseous H2ü is present here.) 
K feldspar + Al2Siüs + H2ü = liquid + muscovite (5) 

(Note: no quartz is present here.) 
K feldspar + quartz + sillimanite + H2 ü = liquid6 (6) 

(Note: no muscovite is present here.) 

Figure 7-3 shows that the maximum stability of the assemblage musco
vite + quartz is limited by reactions (1) and (2); if no H2ü is present, 

"Tbe equilibrium conditions ofreactions (3) and (6) are so elose to those ofthe eutec
tic conditions in the system K feldspar + quartz + water (Lambert et al., 1969) that graph
ical distinction cannot be made. 
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reaction (4) takes place instead of (2). Thus, muscovite + quartz may 
persist to very high temperatures of metamorphism. Only rare cases of 
such occurrences are known; they are muscovite-bearing quartzites 
devoid of plagioc1ase. 

If H20 pressure is smaller than ca. 3.5 kb, the breakdown of mus
covite in the presence of quartz takes place according to reaction (1); 
relevant temperatures are 580°C at 1 kb and 6600C at 3 kb. Reaction (1) 
defines the beginning 0/ high-grade metamorphism as long as H 20 pres
sure does not exceed 3.5 kb. At higher pressures, however, muscovite 
commonly does not disappear by any ofthese reactions. It is because of 
the common additional presence of plagioc1ase that muscovite, accom
panied by quartz, plagioc1ase ± biotite ± K feldspar, is completely dis
solved in a melt formed by anatexis of gneiss (see Chapter 18 on ana
texis); this takes place at minimal temperatures of 660° at 3.5 kb and 
615°C at 10 kb, i.e., at temperatures wen below those ofreactions (2) to 
(6), as weIl as of (1) when pressures exceed 3.5 kb. During the process 
of anatexis, muscovite furnishes A12SiOs (sillimanite or kyanite) and K 
feldspar component, which, together with the components ofpreviously 
crystalline quartz and plagioc1ase (and K feldspar, ifpresent), constitute 
the anatectic melt. Muscovite disappears in the presence of quartz and 
plagioc1ase; therefore anatexis in gneiss defines the beginning 0/ high
grade metamorphism if H 20 pressures are larger than about 3.5 kb. 

The process of anatexis in gneiss can be given as foIlows: 

{muscovite + quartz + plagioc1ase + H20} = 
Anatectic melt consisting ofthe components ofK feldspar, Ab
rieher plagioc1ase, and quartz 
Plus somewhat An-richer plagioc1ase or quartz, depending on 
their amounts previously present in the gneiss 
Plus A12SiOs , plus H20 dissolved in the melt 

Biotite, present in most rocks, also participates in anatectic melting, 
yielding K feldspar component for the melt and additional cordierite 
and/or almandine-gamet. 

As is generally the case in prograde metamorphic reactions, the 
above re action is not reversed during subsequent crystallization of the 
anatectic melt. It crystallizes to an assemblage of K feldspar , quartz, 
and plagioc1ase, but muscovite is not formed again. This may be due to 
the local separation ofthe remaining solids, inc1uding Al2SiOs, from the 
melt, or to a process allowing water, which is liberated during crystalli
zation, to escape from the small volumes of crystallizing melt. 

This disappearance of muscovite takes place according to the fol
lowing reactions in which albite stands for plagioc1ase: 
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museovite + quartz + albite + H20 = liquid + Al2SiOs (a) 
museovite + quartz + albite + K feldspar + H20 = liquid (b) 

These two reaetions ean proeeed oniy at H20 pressures greater than ca. 
3.5 kb. The equilibrium eonditions for reaetion (a), determined by Storre 
and Karotke (1971), are also shown in Figure 7-3; those for reaetion (b) 
are, within the limits of experimental determination, the same as the 
eonditions for the beginning of melting in the system albite + K feldspar 
+ quartz + H20 (Tuttle and Bowen 1958; Merrill et al. 1970). This 
eurve, shown as a heavy line in Figure 7-3, determines at water pres
sures greater than 3.5 kb the upper stability of museovite in the presenee 
ofplagioc1ase, quartz, K feldspar, and H20. When K feldspar is laeking, 
the eurve of reaetion (a) applies; it lies at only slightly higher tempera
tures. When the composition of the plagioc1ase is oligoc1ase instead of 
albite, temperatures for the beginning of melting are 10° to 15°C higher. 

The resulting band 0/ eonditions /or the beginning 0/ anateetie 
melting in museovite-bearing gneisses is taken to represent the begin
ning 0/ high-grade metamorphism whenever H20 pressure is greater 
than about 3.5 kb. However, at lower pressures reaetion eurve (1) in 
Figure 7-3 (broadened to a narrow band) defines the boundary between 
medium and high grade, i.e., reaetion museovite + quartz = K feldspar 
+ Al2SiOs + H20. Here no melt is formed, and plagioc1ase is not a 
neeessary reaetant. However, plagioc1ase as weIl as biotite are eom
monly present, and then they will take part in the reaetion. 

The reactions to eonsider in the pressure range below 3.5 kb are the 
foIlowing eases and eombinations thereof: 

1 museovite + 1 quartz = 1 K feldspar + 1 Al2SiOs + H20 (a) 

6 museovite + 2 biotite + 15 quartz (b) 
= 8 K feldspar + 3 eordierite + 8 H20 

At higher pressures than (b), or when biotite is very rieh in Fe,7 re action 
(e) takes place 

2 museovite + 2 biotite + 1 quartz 
= 4 K feldspar + 1 almandine + 4 Al2SiOs + 4 H20 (e) 

{museovite + quartz + Na-rieh plagioelase} = {N a-bearing 
alkali feldspar + Na-poorer plagioc1ase + Al2SiOl (d) 
+ H 20} 

7This is to be expected from the experiments by Hsu and Bumham (1969), who syn
thesized almandine gamet at 2 kb when Fe/(Mg + FE) was larger than about 0.8. 
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In most common gneisses, combinations ofreactions (a) or (b) with (d) 
have occurred, as well those of (a) with (b). Reaction (a) and reactions 
(b) + (d) + (a) have been experimentally investigated. Reaction 

{muscovite + quartz} = {K feldspar + Al2SiOs + H20} (a) 

has been studied by several authors. The data obtained by Althaus et al. 
(1970) are given in Table 7-1. In comparison with the tabulated data, 
those given by Evans (1965) and by ChatteIjee and Johannes (1974) are 
lower by 20°C, while the data obtained by Day (1973) are higher by 10-
20°C. Therefore, the values given in Table 7-1 for reaction (a) can be 
taken as mean values. 

Reaction (b) combined with (d) and (a) has been studied by Haack 
(unpublished). In order to use compositions that really occur in nature 
two different illite-rich clays were experimentally metamorphosed in the 
range of 500 to 4000 bars to the assemblage quartz-muscovite-biotite
cordierite-plagioclase ± AI2SiOs. The main chemical differences 
between the two sampies are that the ratios of Ca/Na and K/Na are 
somewhat higher in No. 1 than in No. 2. 

Table 7-1 compiles the data for reaction (a) and reaction (b) com
bined with (d) and (a), No. 1 and No. 2: 

Table 7-1 Breakdown of muscovite in the presence of 
quartz Ctemperatures ± 10°C). 

H 2ü Pressure, Reaction Ca) Reactions (b) + Cd) + Ca), oe 
bars ms + qtz, oe No. 1 No.2 

1000 
2000 
3000 
4000 

580 
620 
655 
680 

Same 
as 

re action 
Ca) 

560 
600 
635 
670 

It is somewhat unexpected that reaction (a) in the simple system takes 
place at practically the same conditions as No. I in the more complex 
system. On the other hand, this is very fortunate; the small range of 
values of 20° to 10°C between No. 1 and No. 2 will probably be repre
sentative for many natural cases. In Figure 7-2, showing the boundaries 
of all four metamorphie grades, the limit between medium and high 
grade is outlined first by the band along reaction (1) muscovite + quartz 
= K feldspar + Al2SiOs + H20, and second by the stippled band for the 
beginning of anatexis in gneisses. The limiting band has a kink; from 
abaut 3.5 to 10 kb it runs between 680° and 620°C, i.e., in the range 650° 
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± 30°C, and from 3.5 to 2 kb, again between 680° and 620°C, while at 1 
kb the temperature limit is at 580° ± 10°C. 

In high-grade metamorphic rocks no primary muscovite exists with 
quartz and plagioc1ase. However, in the absence ofplagioc1ase, musco
vite + quartz are stable at high-grade metamorphism when pressures 
exceed 4kb. 

Granulite-High-Grade; Regional Hypersthene Zone 

The different reactions leading to the dlsappearance of muscovite in 
the presence of quartz ± feldspars at the beginning of high-grade meta
morphism take place under water pressure [except reaction (4) of Figure 
7-3]. The data in Figure 7-3 are valid for the condition that H20 pressure 
equals total pressure. It is now well known, however, that certain rocks 
have been subjected to the special condition of water pressure being 
considerably less than total pressure, such as in the formation of ec1o
gites and granulites. While ec10gites may originate within an extremely 
large temperature range, granulites occur only in high-grade terrains. All 
granulites lack primary muscovite. This, however, is neither due to 
anatexis nor to a temperature exceeding the equilibrium conditions of 
the other reactions given in Figure 7-3. The absence of muscovite in 
granulites must be discussed under the special condition of water pres
sure being very low or absent. 

The point to be stressed here is that two different cases of high
grade metamorphism must be distinguished: 

1. High-grade with water pressure approximately equal to load 
pressure 

2. High-grade with water pressure very small or nonexistent and 
load pressure medium to high 

Granulites form under condition (2). Since the most diagnostic mineral 
in granulites is hypersthene, it is suggested to designate granulite high
grade metamorphism as such or rather as "regional hypersthene zone" 
(see Chapter 16). 

Pressure Divisions of the Metamorphie Grades 

The P, T fields ofvarious metamorphic grades are bounded by reac
tions which are predominantly temperature dependent and only slightly 
or moderately inftuenced by pressure. All four metamorphic grades as 
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defined here and shown in Figure 7-2 comprise, within a certain temper
ature range, the total pressure range existing within the earth's crust. 
This pressure range can be subdivided by means of pressure-sensitive 
mineral reactions. 

At very-low-grade the zeolite laumontite 8 is stable oniy at H20 
pressures lower than about 3 kb; at higher pressures lawsonite is the 
equivalent Ca,Al silicate. At pressures estimated as 5 kb at 200°C and 7 
kb at 350°C, glaucophane will form, which, together with lawsonite and/ 
or pumpel1yite, constitute a prominent assemblage in mafic metamorphie 
rocks ofvery-Iow grade. At pressures still higher by approximately 2 kb, 
jadeitic pyroxene is formed instead of or together with albite in meta
morphic graywackes at very-Iow grade and part of the low-grade meta
morphic conditions. 

These changes are outlined in Figure 7-4 by the reaction line "lau
montite-outJIawsonite + quartz-in," by the estimated first appearance of 
glaucophane in common mafic rocks, and by the band of probable con
ditions for reactions involving the transformation of albite into jadeitic 
pyroxene + quartz (details are given later). 

8 At somewhat higher temperatures, wairakite replaces laumontite. 
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Fig. 7-4 Metamorphic grades and their pressure divisions indicated by spe-
cial minerals. 
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This suggests the following Jour press ure divisions oJ very-low
grade metamorphism: 

p [lawsonite]-very-low-grade 1 [laumontite]-very-low-grade8 

[glaucophane + lawsonite]-very-low-grade 
Uadeite + quartz]-very-low-grade 

More detailed divisions can be made which later will be discussed in 
connection with the various metamorphic zones ofvery-low-grade meta
morphism, but these four divisions suffice as a useful grid for fieldwork. 

It is important to note that prehnite, with or without pumpellyite 
(which is commonly found in very-low-grade rocks formed under low 
pressures, i.e., the prehnite-pumpellyite facies of Coombs), is by no 
means restricted to low pressure and therefore must not be used as pres
sure indicator (see Chapter 12). 

In low-grade metamorphism both the low and high temperature 
ranges require different pressure indicators. Glaucophane remains stable 
in the low temperature range of low-grade metamorphism, but at these 
conditions is accompanied by zoisite/c1inozoisite, not by lawsonite (!). 
This association indicates low-grade and high pressures. Still higher 
pressures are needed to form jadeitic pyroxene + quartz. Thus, within 
the lower temperature range oJ low-grade metamorphism, two divisions 
may be distinguished: 

low-grade (without addition, no glaucophane) 
[glaucophane + clinozoisite]-low-grade 
The latter is equivalent to the "glaucophanitic 
greenschist facies" ofthe early editions. 

Within the higher temperature range oJ low-grade metamorphism, the 
following divisions can be made: 

low-grade (without addition, no almandine) 
[almandine]-low-grade 
If andalusite or kyanite is present, this may 
be stated as well. 

The pressure that must be exceeded to form almandine depends very 
much on rock composition, especially on the ratio Fe2+/(Mg + FeH); 
the lower this value the greater the pressure required. It is estimated 
from experimental results (discussed later) that in common rocks the 
pressure must exceed about 4 kb when almandine is formed at temper
atures of about 500°C. 
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The [almandine]-low-grade division has its continuation in medium
and high-grade metamorphism. 

Within the temperature range ofmedium-grade, the foHowing divi
sions can be distinguished with increasing pressure (see Figure 7-4): 

p ! [cordierite]-medium-grade9 

[almandine] -medium-grade9 

The species of Al2SiOs (andalusite, kyanite, or sillimanite) may serve as 
pressure indicators. Andalusite, the low pressure polymorph of Al2SiOs, 
occurs in areas of [cordierite]-medium-grade10 and as weH in some area 
of [almandine]-medium-grade. Only when pressures are slightly higher 
is the boundary andalusite/kyanite or the boundary andalusite/sillimanite 
surpassed, and kyanite or sillimanite, respectively, is the typical Al2SiOs 
species. Thus, the following rather elaborate divisions within the 
medium-grade can be made; their approximate areas in the P, T planes 
are shown in Figure 7-4: 

[cordierite + andalusite]-medium-grade 
[almandine + andalusite]-medium-grade 
[almandine + sillimanite]-medium-grade 
[almandine + kyanite]-medium-grade 

Judging from the results of world wide mapping, andalusite-bearing 
regional metamorphic terrains are much more widespread than the 
regions which have been metamorphosed under higher pressures 
[Zwart, quoted by Miyashiro (1972)]. 

At high-grade the same approximate divisions can be made as at 
the medium-grade, but in addition a third, intermediate division must be 
taken into account (see Chapter 14). Thus, the foHowing three high-grade 
divisions are distinguished: 

1 [cordierite]-high-grade 
P [cordierite-almandine] -high-grade 

[almandine]-high-grade 

As in medium-grade, more detailed subdivisions can be made in high
grade with the help ofthe occurrence of andalusite, kyanite, or silliman
ite, respectively, but precautions have to be taken. This will be pointed 
out brieflyon the following pages. 

9Rarely, an intermediate division, i.e., [cordierite-alrnandine]-medium-grade, can be 
recognized; see Chapter 14. 

IOVery rare cases have been described where kyanite (instead of andalusite) occurs 
together with cordierite, i.e., with Mg-rich cordierite (see Wenk, 1968). Special chemical 
composition may be the reason for this exceptional assemblage. 
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Summary of the coarse grid of metamorphie grades and their predominantly 

[laumonite]-or 
[ wairakite]-very-low
grade 
[lawsonite ]-very-low
grade 

[glaucophane
lawsonite ]-very-low
grade 
[jadeite-quartz] -
very-low-grade 

pressure dependent divisions. 
low-grade [cordierite]-

[almandine]
low-grade 

[glaucophane
clinozoisite]
low-grade 

medium-grade 

[ cordierite
almandine]
medium-grade 

[almandine]
medium-grade 

Problems with the AI2SiOs Species 

[cordierite]
high-grade 

[ cordierite
almandine]
high-grade 

[almandine]
high-grade 

The species of Al2SiOs can be used as relative pressure indicators, 
but evaluation of petrographic observations requires special care 
because of some problems concerning their stability relations and reac
tion kinetics. 

Let us consider first the P,T data ofthe stability fields ofandalusite, 
kyanite, and sillimanite: Much work has been done to determine the 
three phase boundaries andalusite/kyanite, sillimanite/kyanite, and 
andalusite/sillimanite, and the resulting tripie point where the three 
curves meet. Contrary to experimental investigation of other reactions, 
the results on Al2SiOs are almost as variable as the number of laborato
ries working on the problem. It is not yet certain where the true phase 
boundaries lie. 

Brown and Fyfe (1971) give the reasons for these difficulties: "Near 
equilibrium the ilS ofthe andalusite/sillimanite re action is only about 0.3 
cal mol- l deg- l • This means that ifwe wish to know the phase boundary 
with a certainty of at least ± 50°C we must also use procedures which 
will give a free energy with an accuracy of ± 15 cal mol-I. From kyanite 
reactions where ilS is about 2 cal mol- l deg- l , again ilG must be known 
within limits of at least ± 100 cal mol-I. These are trivial quantities when 
it is noted that the lattice energies of the three polymorphs are near 5 x 
105 cal mol-I. It is clear when these requirements are considered that 
small effects, strain energy, surface energy, impurity factors, will be crit
ical in such a system." According to these considerations, finely ground 
powders of the minerals should not be used in the experiments (as is 
conventionally done); large crystals should be used instead to determine 
their solubilities at different P, T conditions. 

This theoretically most promising approach has been carried out by 
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Brown and Fyfe (1971), but their results cannot be reconciled with many 
geologie and petrogenetic considerations. The authors found that the 
andalusite-kyanite phase boundary lies at 1 kb and 400° ± 40°C, at 2 kb 
and 470° ± 40°C, and at 3 kb and 535° ± 40"C. If kyanite would form at 
such conditions, especially at such low pressures within low- and 
medium-grade metamorphism, it should be present in rather shallow 
contact metarnorphic aureoles; furthermore, it should commonly accom
pany cordierite in medium-grade rocks; this, however, is not the case. 

Two sets of results based on conventional investigations of the 
Al2SiOs minerals are consistent with the grid of other metamorphic reac
tions found in nature and determined in the laboratories: They were 
determined by Richardson et al. (1968, 1969) and by Althaus (1967, 
1969a,b). The two sets ofthe boundaries kyanite/sillimanite and kyanite/ 
andalusite are shown in Figure 7-4, while only the andalusite/sillimanite 
boundary of Althaus is given. 

The andalusite/sillimanite boundary as published by Althaus takes 
into account WeHl's (1966) data at low pressures. Only this position of 
the andalusite/sillirnanite boundary is in agreement with the common 
observation of the andalusite to sillirnanite transition in high-grade rocks 
formed at low and very low pressures. On the other hand, if the bound
ary as given by Richardson et al. were valid, sillimanite could not be 
present in the inner contact metamorphie zone of high-level plutons. 
Surprisingly enough, the position of the andalusite/sillirnanite boundary 
as given by Richardson et al. is most commonly cited in the literature, 
although its incompatibility with observations in nature was pointed out 
long ago by Winkler (1974, p. 91). 

Instead of accepting either one of the two sets of phase boundaries, 
i.e., the andalusite/kyanite and the kyanite/sillimanite boundary of Fig
ure 7-4, it seems preferable to choose the band between these lines as 
representing conditions for the corresponding phase transformation. 
This is supported by Althaus (1969a,b), who found that as little as 0.5% 
F~Oa substituting for AlzOa in sillirnanite markedly raises the pressure 
necessary to transform it to kyanite, in comparison to Fe-free silliman
ite. Further evidence bearing on this point has been obtained by Karotke 
and Storre (1971). The three minerals may, therefore, coexist within a 
P,T field rether than at a tripie point; the center of the area is approxi
mately at 600°C and 6 kb. 

The tripie point proposed by Holdaway (1971) is situated at about 
500°C and 4 kb. Consequently, the stability field ofandalusite is reduced 
in comparison to the phase diagrams given by the other authors. On the 
other hand, sillirnanite is stable within a much larger P,T area. This 
would mean that sillimanite should form even before the beginning of 
medium-grade at about 4 kb and also within the lower temperature range 
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of medium-grade metamorphism at pressures of 3-5 kb. However, 
observations in nature do not support these inferences. Furthermore, 
Holdaway's andalusite/sillimanite boundary at low pressures, like the 
one given by Richardson et al. (1969), is inconsistent with observations 
in high-level contact metamorphic aureoles. 

Attainment of equilibrium in metamorphism has been established in 
very many cases. And equilibrium is generally assumed among Al2SiOs 
minerals as weIl. Indeed, it is weH known that with increasing tempera
ture, andalusite-bearing rocks are followed by sillimanite-bearing rocks 
in the field, and the analogous sequence from kyanite- to sillimanite
bearing rocks is also weH known. However, in many instances andalu
site or kyanite or both are found together with sillimanite, often of the 
fibrolitic type (see, e.g., Pitcher, 1965). In some cases, this may be indic
ative of the triple-point area or of a phase boundary band, but in other 
terrains the possibility of disequilibrium must be considered. Persis
tence of andalusite and kyanite into the stability fields of each other and 
of sillimanite seems to be possible. It may be assumed that andalusite, 
kyanite, and 'Sillimanite each form within their own stability fields first. 
Suppose now that P,T conditions change, as in polyphase metamor
phism; new mineral reactions may take place, again forming Al2SiOs. If 
such new reactions occur, that Al2SiOs species is formed which is stable 
under the new P,T condition. It may weH be of a different kind than that 
formed earlier. This earlier formed, different Al2SiOs species may, after 
the change in P,T conditions, pers ist metastably outside its stability 
field, without signs oftransformation, together with the other now stable 
Al2SiOs mineral. It is suggested that this point should be seriously taken 
into account when making petrogenetic interpretations. 

This situation may be briefly illustrated: In the eastem and north
eastem part of the Central Alps in Switzerland, kyanite (at higher tem
peratures with sillimanite) is present, although the other metamorphic 
mineral assemblages indicate apressure of less than 2 kb during the 
latest phase of metamorphism. In order to explain this, Winkter (1970) 
has suggested that in a first phase of metamorphism the formation of 
kyanite took place at rather high pressure, but during the same meta
morphic period, quick tilting, uplift, and erosion lowered the pressure 
without significant loss in temperature and coexisting fluid. Therefore, 
all mineral parageneses that had formed in the first phase reacted again 
in the second lower pressure phase to adjust themselves to the new P, T 
conditions. However, kyanite did not invert to andalusite (or, in the 
higher temperature area, to sillimanite) because sluggish reaction rates 
prevented the change to the stable modification. The same may be 
observed in polymetamorphic areas which have undergone two or more 
metamorphic events. But metastable persistence seems to occur only 
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under special circumstances which are not yet known, because complete 
inversion of andalusite to kyanite, and vice versa, is so weIl known from 
other areas that Chinner (1966) regards this as generally true. 

Although a knowledge of the distribution of Al2SiOs minerals in the 
field is valuable, petrogenetic conclusions must be drawn with great 
care, taking into account the possible metastable persistence of the 
Al2SiOs minerals. They may appreciably limit the petrogenetic signifi
cance of the Al2SiOs minerals. Interpretation of phase relations merely 
in terms of experimental phase boundaries, including the P, T conditions 
of the tripIe point, will be misleading. The observed Al2SiOs minerals 
must be considered within the context of other petrogenetic data. 
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Chapter8 

General Characteristics of Metamorphie 
Terrains 

Metamorphie Zones in Contact Aureoles 

Contact metamorphism is due to a temperature rise in rocks adja
cent to magmatic intrusions of local extent which penetrate relatively 
shallow and cold regions of the crust. The majority of magmatic intrus
tions are of granitic composition. The most frequent depth (distance 
from the earth's surface at the time ofsolidification) ofgranitic intrusions 
was estimated by Schneiderhöhn (1961) to be 3 to 8 km, corresponding 
to a load pressure of 800 to 2100 bars. There are, of course, intrusions 
which solidified at greater or shallower depth; a depth of 1 km corre
sponds to a load pressure of250 bars. 

When a magma intrudes into cold er regions, the adjacent rocks are 
heated. If the heat content of the intruded magma is high, i.e., if the 
volume of the intrusion is not too small, there will be a temperature rise 
in the bordering country rock which lasts long enough to cause mineral 
reactions. The rocks adjacent to small dikes and sills are not metamor
phosed (only baked), whereas larger bodies ofplutonic rocks give rise to 
a contact aureole of metamorphic rocks. Several zones of increasing 
temperature are recognized in contact aureoles. 

Contact metamorphic aureoles are best observed when unmetamor
phosed, very-Iow-grade, or low-grade metamorphic rocks are over
printed by contact metamorphism. On the other hand, rocks previously 
subjected to medium-grade or high-grade metamorphism commonly will 
not show signs of contact metamorphic overprinting because the mineral 
assemblages are stable (or persistent) at contact metamorphic 
conditions. 

An example of shallow contact metamorphism investigated by Mel
son (1966) is shown in Figure 8-1. A granite has intruded into previously 
unmetamorphosed country rock of sedimentary origin. Contact meta-
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Fig. 8-1 Part of contact aureole around a granite intrusion (after Melson, 
1966). 

morphism has taken place and various metamorphie zones have been 
mapped based on transformations in dolomitic calcite-quartz beds. Pro
gressing from the unmetarnorphosed country rock toward the granite, 
the first metamorphic zone, here designated as the tremolite zone, is 
encountered where dolomite + quartz react to form tremolite + calcite. 
This is, in the case ofthe investigated terrain, only a narrow zone, ob vi
ously corresponding to only a small range of temperature. The tremolite 
zone is succeeded by a zone marked by the formation of diopside from 
the reaction of tremolite + calcite + quartz where the three minerals 
have been in contact. (The various reactions possible in siliceous dolo
mites will be fully treated in a later chapter.) The diopside zone is much 
broader than the tremolite zone. The map, however, gives an exagger
ated impression because the intrusion dips under the investigated terrain 
as can be seen in the cross section of Figure 8-1. The diopside zone in 
which calcite + quartz also coexist is succeeded by the highest temper
ature inner contact zone where the latter two minerals have reacted to 
form wollastonite; diopside persists in this zone. Thus, the progression 
ofthe metamorphic zones, i.e., the tremolite, diospide, and wollastonite 
zones in this case, indicates increasing temperature from the country 
rock to the granite contact. In rocks of different chemical composition, 
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zones will, of course, be characterized by different mineralogical 
changes. Thus, shales that have been metamorphosed within the aureole 
of a shallow pluton will commonly exhibit a progressive sequence of 
zones, which are mineralogically characterized as follows: 

1. White mica (mostly phengite) + chlorite + quartz 
2. White mica + biotite + chlorite + quartz ± andalusite 
3. Cordierite ± staurolite + muscovite + biotite + quartz ± 

andalusite 
4. Cordierite + K feldspar + quartz + biotite ± andalusite or/and 

sillimanite 

The diagnostic mineral assemblages are italic. Albite in No. 1 and 2 and 
anorthite-containing plagioc1ase in No. 3 and 4 will generally also be 
present. 

If the country rock has previously been metamorphosed at low
grade, the sequence will not commence with No. 1 but with No. 2 or 
even 3. Rocks No. 1 and 2 commonly occur as spotted slates or schists 
with chlorite and miea constituting the spots. Rocks No. 3 and 4 are 
commonly nonschistose, fine-grained rocks of granoblastic fabric; they 
are so-called homfelses. Rock No. 3 represents medium-grade meta
morphism, while No. 4 is typieal of high-grade because of the absence 
ofprimary muscovite in the stated assemblage. 

The zone in direct contact with the intrusion is, of course, marked 
by the greatest rise in temperature. Away from the intrusion, there are 
zones characterized by lower temperatures. The rock volume is heated 
up and, therefore, the extent ofthe varlous zones ofthe contact aureole 
depends on the heat content, i.e., on the size ofthe intrusion. The tem
perature rise of the country rock depends on the temperature of the 
intruded magma. The temperature of granitic magma intrusions is gen
erally 700° to 800°C; of syenitie magma, about 900°C; and of gabbroic 
magma, about 1200°C; thus, gabbroic magma is considerably hotter than 
granitic magma. 

On the basis of reasonable assumptions approximating natural con
ditions, Jaeger (1957) has calculated the temperatures in rocks adjacent 
to an intrusion having the shape ofan infinite sheet ofthickness D, i.e., 
having the shape of large dikes or sills. As a first approximation, elon
gated plutonic intrusions may be treated as vertical dikes. Jaeger's cal
culations take into account the heat liberated on crystallization of the 
magma. They are based on the assumption that the heating of the coun
try rock by the intrusion is due entirely to conductivity and that the 
heating by a transfer of volatile constituents can be neglected. Some of 
the results are summarlzed below. 

A deep-seated gabbroic intrusion which is emplaced at a liquidus 
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temperature of 1200°C and solidus temperature of 1050°C causes, at the 
contact, a rise in temperature of 727"C + Tc, where Tc is the temperature 
of the country rock prior to intrusion of the magma. The temperature 
rise is, of course, lower in rocks some distance away from the contact. 
If a thickness D = 1000 m be assumed, a temperature of 625°C + Tc, 
which almost equals the maximum possible temperature, is attained at 
the distance equal to 1/10 D = 100 m from the contact after several 
thousand years. This temperature is maintained for aperiod of about 
10,000 years and then lowers gradually. At a distance equal to 2/10 D = 
200 m, a temperature of 550°C + Tc is attained and is effective during 
the same length oftime (though it takes longer to heat this more remote 
country rock). At a distance equal to 1/2 D = 500 m, the highest tem
perature reached is only 410°C + Tc if the temperature of the intrusion 
is 1200°C. 

In general, it is conc1uded that at the immediate contact the temper
ature of the country rock is somewhat greater than 60% of the intrusion 
temperature + Tc and that at a distance equal to 1/10 ofthe thickness of 
the intrusion, the temperature of the country rock is about 50% of the 
intrusion temperature + Tc. At greater distances, the temperatures are 
lower, so that at a distance equal to 1/2 ofthe thickness ofthe intrusion 
the temperature ofthe country rock is increased by only 1/3 ofthe intru
sion temperature. Considering magmas of different temperatures 
intruded at a depth of 5 to 6 km where the temperature prior to intrusion 
(Tc) was 1500C, the temperatures of the country rock as given in Table 
8-1 may be calculated. These temperatures remain effective for an 

Table 8-1 

Temperature eC) at various distances 

Temperature of Temperature from the contact expressed in fractions 

the at the of the thickness (D) of the intrusion 

intrusion, °c contact,OC 1I1OD 21lOD 1I2D 

Gabbroic 
magma 725} 625} 550} 410} 
1200 + 150 875 +150 775 +150 700 +150 560 

Syenitic 
Magma 560} 470} 41O} 300} 
900 +150 710 +150 620 +150 560 +150 450 

Granitic 
Magma 51O} 420} 365} 270} 
800 + 150 660 + 150 570 +150 515 +150 420 

700 460} 370}520 320}470 235} 
+ 150 610 +150 +150 + 150 385 
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Fig. 8-2' Heating of the country rock adjacent to various intrusions at a 
depth of 5 to 6 and 1.2 km, respectively. Distance from the contact is given in 
fractions of D. D = thickness ofthe sheet-like intrusion. TN same as Tc. 

appreciable length oftime. Ifthe magma penetrates to a shallower depth 
and solidifies, e.g., at a depth of2 km, the temperatures are about 90°C 
lower than those stated in the table, because at this depth the tempera
ture ofthe country rock prior to intrusion (Tc) was only 60°C instead of 
150°C. 

The maximum temperatures attained at two different depths of 
intrusion in rocks adjacent to igneous bodies of various temperatures 
and at different distances from the intrusion are shown in Figure 8-2. 
The distances from the contact are expressed in fractions of the thick
ness D of the magmatic body. At a depth of 5 to 6 km the load pressure 
is 1500 bars. At this pressure the beginning of medium-grade meta
morphism is marked by the temperature range of 510° to 530°C and the 
beginning of high-grade by the range of 580° to 600°C (see Figure 7-2). 
At a shallower depth of 1.2 km, where the load pressure is 300 bars, the 
corresponding temperature ranges are about 490° to 510° and 540° to 
560°C, respectively. These temperature ranges are shown in Figure 8-2. 
It is apparent from the figure that: 

1. The width of the zone of each metamorphic grade is increased 
with (a) increasing temperature of the magma, (b) increasing 
thickness (or diameter) ofthe intrusion, and (c) increasing depth 
of intrusion. In particmar, it is seen that the zone of high-grade 
metamorphism is considerably less extensive around granite 
intrusions as compared with syenite, or even more so, with gab
bro intrusions: 



102 Petrogenesis of Metamorphic Rocks 

2. High-grade metamorphism is always associated with gabbroic 
intrusions. 

3. High-grade metamorphism is rarely developed in aureoles 
around granitic intrusions; generally the rocks indicate the higher 
temperature range ofmedium-grade metamorphism. 

The last observation also applies to where magma, having a temperature 
of 700"C, solidifies at a depth of 5 to 6 km or where magma, having a 
temperature of 800°C, intrudes to a depth of 1.2 km; at this depth the 
temperature ofthe country rock is only 35°C. In such a case, the country 
rock at the contact is only heated to 545°C. In spite of the low pressure 
of 300 bars at a depth of 1.2 km, this temperature is not sufficiently high 
to develop a zone of rocks of high-grade at the contact. ünly if the gra
nitic magma has an extremely high temperature of about 900°C at such 
shallow depth may the temperature in the immediate vicinity ofthe con
tact reach about 600°C, which is sufficiently high to form high-grade 
rocks. As stated earlier, these arguments hold only if the heating of the 
country rock is due solely to heat conduction. The period oftime during 
which the (nearly) maximum temperature of the country rock is sus
tained is proportional to the square ofthe thickness ofthe intrusion. The 
order of magnitude of the length of this period in years is given by the 
expression 0.01 D 2 : 

if D = 1 m, the period is 3 days 
if D = 10 m, the period is 1 year 
if D = 100 m, the period is 100 years 
if D = 1000 m, the period is 10,000 years 

In the case of intrusions several hundred to several thousand meters 
in thickness, the maximum temperature induced in the country rock will 
be maintained for very long periods of time. This means that reactions 
which are possible have sufficient time to proceed to completion, and 
equilibrium between adjacent minerals is established. 

Metamorphie Zones in Regional Metamorphism 

Unlike contact metamorphism, regional metamorphism is not a 
localized phenomenon; it is, as the name suggests, of regional extent. 
With the occasional exception of occurrences of very-Iow-grade meta
morphism, the different types of regional metamorphism are confined to 
areas of mountain building, so that the term "regional dynamothermal 
metamorphism" is often used. The view is held that metamorphism as 
wen as orogenesis ought to be regarded as due to "one and the same 
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process. "1 The cause for both of them must be an additional supply of 
thermal energy at specific regions ofthe earth, presumably derived from 
great depths within the mantle. Based on his detailed investigations of 
plagioclases as index minerals of metamorphism in the Central Alps, 
Wenk (1962) pictures the presence of "thermal domes" during meta
morphism in orogenie belts. "We cannot regard these thermal highs as 
independent phenomena, they are genetically connected to orogenesis." 
It is therefore "the thermal energy surging from the depths that imparts 
to the rock masses their special character," i.e., brings about rock meta
morphism. On the other hand, Niggli (1970) holds the view that in the 
case of the Central Alps, the increase of temperature in regions of 
medium- and high-grade metamorphism was caused by great subsidence 
caused by the load of a large pile of nappes. Generally, this may be 
another possibility in those cases where high temperatures (and low tem
peratures as weIl) together with high press ures have been attained; how
ever, when high temperature metamorphism has taken place at only 
moderate pressures this model does not seem to be applicable. 

In principle, regional metamorphism is not very different from con
tact metamorphism, both of them requiring a supply of thermal energy. 
In contact metamorphism, the original source of heat is small and now 
exposed as a plutonic mass, whereas in regional metamorphism, it is 
essentially larger, more deep-seated, and not visible. 

The pressures operating during contact metamorphism generally 
range between 200 to 2000 bars. The effective pressure ofregional meta
morphism may also amount to 2000 bars but usually it is higher, often 
markedly higher. Whereas only confining pressure is acting during con
tact metamorphism, in the case ofregional metamorphism it is generally 
supplemented by directed pressure. In contradistinction to the nearly 
isotropic, well-crystallized fabric of the hornfelses of contact meta
morphism, regional metamorphic rocks bearing platy or prismatic min
erals, like micas, chlorite, or amphibole, therefore exhibit strong 
schistosity. 

Barrow (1893, 1912) recognized that during the metamorphism of 
pelitic sediments (clays and shales) certain newly formed minerals 
appear in adefinite sequence with increasing metamorphic grade; these 
minerals were designated as index minerals. His concept has been fur
ther elaborated most of all by Tilley (1925) and Harker (1932, 1939). The 
following succession of index minerals with increasing metamorphic 
grade can be distinguished in many metamorphie terrains: 

chlorite ~ biotite ~ almandine-garnet ~ 
staurolite ~ kyanite ~ sillimanite 

'Very many workers have come to this conclusion; see, e .g., Bearth (1962). 
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Scottish Highlands 

The metamorphic zones characterized by these index minerals are 
especially weIl developed on a regional scale in the Scottish Highlands. 
The zone boundaries have been displaced by the postmetamorphic Great 
GIen fault. By reversing the movement along this fault, Kennedy (1948) 
reconstructed the original continuous boundaries (Figure 8-3). 

The development of migmatites and the occurrence of magmatic 
intrusions within the kyanite and sillimanite zones are very typical. In 
fact, Kennedy (1949) considers these to be the cause for the temperature 
rise, which in turn was responsible for metamorphism. However, it 
seems more probable that the intrusions and migmatites as weIl as tl:J.e 
process of metamorphism are the results of a temperature rise in 
response to a geophysical process. In high-grade metamorphism condi
tions are established which may lead to the generation of granitic melts. 

Fig. 8-3 Metamorphic zones in the Grampian Highlands, Scotland (after 
Kennedy, 1948). The narrow staurolite zone has been omitted; lack of appropri
ate rock eompositions has limited the geographie extent of the staurolite zone. 
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Northern Michigan 

A succession of zones very similar to that in the Grampian High
lands, except for a kyanite zone, has been observed in Michigan and 
Wisconsin by James (1955). Part ofhis map has been reproduced in Fig
ure 8-4. This occurrence is extremely interesting. Four "thermal 
domes" reaching high-grade metamorphism (sillimanite zone) in the cen
ter have developed in a crystalline complex of generally low grade 
(chlorite zone). The succession of zones-sillimanite, staurolite, garnet, 
biotite-reftects decreasing temperature. The area of the largest 
"dome" is approximately 75 by 55 km. The four "thermal domes" rep
resent four independent centers ofregional metamorphism; the two dos
est ones are only 45 km apart and their respective biotite isograds are 
separated by only 4 km. In agreement with James, one can very well 
imagine that each of the remarkably steep thermal gradients causing the 
four thermal highs resulted from magmatic intrusions concealed below 
the surface. 

[:J Biotit. ron. 

EI G~,n~t Ion. 

~ sr.urolit. Ion,. 

HIIIIIIIJ SjlUm.nit. zone 

Fig. 8-4 "Themal domes" of metamorphism in northem Michigan (after 
James, 1955). 
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New England 

In New England and adjacent areas the zones distinguished by 
Thompson and Norton (1968) are similar. The sequence of the zones 
developed in pelitic rocks is 

Chlorite ) 
Biotite in low-grade 
Almandine-gamet 
Staurolite with kyanite } in medium-grade 
Sillimanite (with muscovite + quartz) 
Sillimanite + K feldspar (without muscovite) in high-grade 

In the east and northeast part of New England the exposed part of the 
crnst has been metamorphosed at lower pressure; consequently, anda
lusite instead ofkyanite has formed. Therefore, in that large area a stau
rolite + andalusite zone is present instead of a staurolite + kyanite zone. 

While in previous and subsequent examples, the metamorphic 
zones have been established after all major tectonic deformations, this 
was definitely not the case in the Appalachians ofNew England, partic
ularly not in its southwestern part: The main period of regional meta
morphism overlapped two or more major stages of deformation, and suc
cessive nappes carried successively higher grade rocks westward over 
lower grade rocks. Thus, there are higher grade rocks at higher tectonic 
levels that are complely surrounded by lower grade rocks at lower tec
tonic levels. This, in fact, is a complete overturning of an isogradic sur
face (Thompson and Norton, 1968). It is obvious that wherever syntec
tonic development ofmetamorphic zones has taken place, interpretation 
ofthe sequence ofisograds in terms oftemperature and pressure may be 
very complicated. 

Bosost, Spain 

A very different succession of metamorphic zones is developed 
when the pressure is relatively low. An example of low pressure meta
morphism in a small area of the central Pyrenees near Bosost has been 
studied by Zwart (1962). The sequence ofthe zones in pelitic rocks is as 
follows: 

Biotite in low grade 
Staurolite-andalusite-cordierite 1 
Sillimanite-cordierite, with muscovite + in medium-grade 
quartz but not stable staurolite 
Sillimanite + K feldspar (without } 
muscovite + quartz). in high-grade 
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The latter zone typical of high-grade metamorphism is not present 
in the Bosost area itself because temperature has not risen high enough, 
but it is well known from other localities in the Pryenees. 

A number of granite and pegmatite intrusions (up to 1000 by 300 m 
in size) were emplaced, particularly du ring the late period of metamor
phism. This emplacement is essentially restricted to the area of highest 
temperature rise; in Bosost this is the sillimante-cordierite zone. The 
metamorphie zones suggest a small thermal dome (approximately 12 km 
in diameter) with a granite core below the present erosion surface. Zwart 
comes to the general conclusion that the features of the Bosost meta
morphic area are best explained as a result of a heat front ascending 
independently of stratigraphy or structure; metamorphie zones usually 
cut across structural and stratigraphie boundaries. Although the period 
of metamorphism is contemporary with the Hercynian folding, it has 
been demonstrated that in detail the metamorphie reactions have little 
direct relation to the various folding phases. 

Swiss Central Alps 

The metamorphie zones distinguished in any one terrain depend, of 
course, on the range oftemperature, prevailing pressure, and bulk com
position of the rocks, i.e., on the reactions taking place at the given 
conditions. In order to map different zones it is necessary that rock co m
positions allowing the formation of diagnostic mineral parageneses be 
sufficiently common in the field. This is not always the case. For 
instance, in the Swiss Central Alps an almandine-gamet zone cannot be 
mapped because appropriate rock compositions are lacking in wide
spread regions. On the other hand, siliceous dolomite beds occur distrib
uted throughout the region which made it possible to map a tremolite + 
calcite isograd and a diopside + calcite isograd. Figure 8-5 shows the 
isograds and metamorphic zones: chloritoid, staurolite, tremolite + cal
cite, diopside + calcite. Furthermore, Wenk (1962) mapped zones based 
on ranges of plagioclase composition in carbonate-bearing pelitic rocks, 
the so-called Bündner Schiefer, which contain plagioclase coexisting 
with calcite. These zones, also shown in Figure 8-5 and taken from the 
publication by Wenk in Jäger et al. (1967), are superimposed on the 
isograds. For further information see Frey et al. (1976). 

Paired Metamorphie Belts 

During the last 20 to 25 years, many metamorphic terrains have 
been studied in detail. Miyashiro (1961) made the significant discovery 
that in certain regions two parallel belts of contrasting metamorphie fea-
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tures extend for several hundred kilometers; these have been called 
paired metamorphic belts. They are especially well developed in parts of 
the circum-Pacific region, such as Japan (see Figure 8-6), Celebes, New 
Zealand, Chile, and California. Using Miyashiro's nomenc1ature, a pair 
ofmetamorphic belts is composed of (a) a high pressure type and (b) a 
low pressure type, although the two belts may contain some areas ofthe 
medium pressure type. In our nomenclature (a) comprises [glaucophane 
+ lawsonite] and Uadeite + quartz]-very-Iow-grade, which may grade 
into [glaucophane + c1inozoisite]-low-grade, while (b), the low pressure 
type of Miyashiro, comprises andalusite-bearing rocks, which com-

QL __ ~ __ -L __ ~ __ ~~' km 

{ 
HIDAKA METAMOR. BELT 

KAMUIKOTN METAMOR. BEL T 

PERMIAN-JURASSIC PAIR 

[ 
HIDA METAMOR. BELT (LOW' P) 

SANGUN METAMOR. BELl (flIGH'P) 

(LOW'P) -~!I-I'O" 

RYOKE METAMOR. BELT (LOW·P) } JURASSIC
CRETACEOUS 

SANBAGAWA METAMOR . BELT (H IGH'P) PAI R 

Fig.8-6 Three pairs of metamorphic belts in Japan (from Miyashiro, 1972). 
[Note: Kamuikotan is the correct spelling] 
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monly correspond to low-grade (without almandine), [cordierite]
medium-grade, and [cordierite]-high-grade. 

Quoting from Miyashiro (1972): 

The high-pressure belt is usually on the oceanic side of the low-pressure belt. The 
paired metamorphie beUs were ascribed to the underthrusting of an ocean floor 
along a Benioff zone beneath island arcs and continental margins. The high-pressure 
(Iow temperature ) belt was regarded as corresponding to the zone of a trench (ocean 
trench), which shows very low heat flow values, and the low-pressure belt to a zone 
of isJand-arc vo1canism with high heat flow. 

These ideas are in agreement with the hypothesis of platetectonics, 
which undertakes to explain worldwide relationships between meta
morphism, magmatism, and orogeny (cf. Miyashiro, 1973). 
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Chapter 9 

Metamorphic Reactions in Carbonate Rocks 

General Considerations 

The metamorphism of quartz-bearing carbonate rocks provides 
interesting examples of metamorphie reactions. The occurrence of sili
ceous dolomites and siliceous dolomitic limestones is very widespread, 
whereas that of magnesite-bearing sediments is much rarer. 

Eskola (1922) and later Bowen (1940) made a systematic study of 
the sequence of reactions occurring in carbonate rocks at some given 
CO2 pressure in response to rising temperature. The foHowing minerals, 
weH known from progressive metamorphism, are formed: tremolite, for
sterite, diopside, woHastonite, periclase (brucite), monticellite, äker
manite, spurrite, mervinite, lamite, and others. To this sequence Tilley 
(1948) added tale as the mineral forming at even lower temperature than 
tremolite. In constrast to previous views, it has recently been estab
lished that the formation of tale is rather common in the metamorphism 
of siliceous dolomite. 

Metamorphie reactions of siliceous carbonates liberate CO2, but 
since water is present in the rock before metamorphism, one cannot 
regard CO2 pressure and temperature as the only factors in metamor
phism. Besides temperature, the total fluid pressure (being the sum of 
the partial pressures of CO2 and H20) and the ratio of the two partial 
pressures (or the mole fraction of either CO2 or H20) have to be taken 
into account. Therefore, in most reactions involving carbonates the equi
librium is (at least) bivariant. This is true even if H20 is absent in the 
reaction equation, because H20 always is a constituent ofthe fluid phase 
present in metasediments. 

In the supercritical state the two components H20 and CO2 consti
tute one single fluid phase; they are miscible in al1 proportions. The 
application of bivariant equilibria to natural parageneses is more compli
cated than that of univariant equilibria. However, carbonate rocks are 
widespread and many metamorphic mineral assemblages are petrogenet-
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ically significant and, therefore, deserve a detailed treatment. This is 
made possible by recent progress in the experimental investigation of 
metamorphic reactions in rocks composed of dolomite, quartz, and 
either calcite or magnesite. 

Any bivariant equilibrium involving the two volatile components 
CO2 and H20 is represented by a surface which is situated in a volume 
with the three perpendicular axes of temperature, mole fraction of COz 
(designated as X cO z)' and total fluid pressure (designated as P I)' In a 
bivariant equilibrium a mineral association is not restricted at a given 
value of P, to a unique temperature but exists over a range of tempera
tui'es-any specific temperature depending on the compositionXcoz of 
the fluid phase. Figure 9-1 shows schematically the equilibrium planes of 
three different reactions-A, B, and C. In this figure, abcd is an isobaric 
section. Such sections at constant fluid pressure have temperature as 
ordinate and X cO z as abscissa. This method, introduced by Greenwood 
(1961, 1962), is very useful in representing equilibrium conditions. 

Cl. 
E 
~ 

t 

0.0 0.25 0.50 
H20 CO2 
- mole fraction Xco2 

Fig.9-1 Equilibrium planes of three reactions A, B, and ein temperature, 
fluid pressure, and mole fraction space. abcd is an isobaric section. (From Metz, 
1970). 
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The shape of an isobaric equilibrium curve depends on the nature 
ofthe reaction. If one gas species is a reactant and the other is a product, 
the equilibrium curve has a point of inflection (ease A). If both gas spe
cies are produets, the equilibrium curve has a maximum (ease B). If only 
one gas species, either CO2 or H20, is involved in the reaction, the equi
librium temperature inereases with its increasing mole fraction (ease C; 
CO2 is produeed and H20 is not used in the reaetion. These relation
ships, theoreticaHy analyzed by Greenwood (1962, 1967b) , are of fun
damental importanee in understanding the metamorphism of carbonates. 
The student is, therefore, advised to study these papers. 

Metamorphism of Siliceous Dolomitic Limestones 

Roeks eonsisting of quartz, dolomite, and either calcite or magne
site remain unaffected at very-Iow-grade metamorphism; however, at 
low grade (at temperatures not weH defined and therefore generally not 
eoinciding with the beginning of that grade) some minerals begin to 
react, and at higher metamorphie grade numerous reactions oceur in 
rocks of this eomposition. In this section we are concemed only with the 
formation of tale, tremolite, diopside, and forsterite and with the result
ing mineral parageneses. The formation of monticellite, äkermanite, 
merwinite, and others taking plaee at higher temperatures and very low 
pressures is discussed in a later seetion. The formation of wollastonite 
will also be eonsidered further on. 

In dolomite, tale, tremolite, and diopside some FeH may replace 
Mg in solid solution, but iron-free varieties are common as weH. Exten
sive experimental and theoretieal studies involving the iron-free minerals 
have been carried out. These minerals and their various assemblages 
may be graphieally represented in the CaO-MgO-Si02 eomposition tri
angle (see p. 34, Figure 5-4). 

Previously it was assumed that only a few reaetions are necessary 
to describe the metamorphie transformations of silieeous dolomitic lime
stones. However, Turner (1968) presents a larger number, and Metz and 
Trommsdorff (1968) give a eomplete list of reactions involving the min
erals quartz, dolomite, calcite, tale, tremolite, diopside, and forsterite. 
As established by Metz (1976), reactions (9), (10), and (12) of the fifteen 
reactions listed are metastable. Therefore, only twelve reactions have to 
be taken into account, and two of these, i.e., reactions (5) and (15), 
occur only in rocks which contain magnesite together with quartz and 
dolomite prior to metamorphism. 
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3 dolomite + 4 quartz + 1 H20 = 1 talc 
+ 3 calcite + 3 CO2 (1) 

5 talc + 6 calcite + 4 quartz = 3 tremolite 
+ 6 CO2 + 2 H 20 (2) 

2 talc + 3 calcite = 1 tremolite + 1 dolomite 
+ 1 CO2 + 1 H 20 (3) 

5 dolomite + 8 quartz + 1 H20 = 1 tremolite 
+ 3 calcite + 7 CO2 (4) 

2 dolomite + 1 talc + 4 quartz = 1 tremolite + 4 CO2 (5) 
1 tremolite + 3 calcite + 2 quartz = 5 diopside 

+ 3 CO2 + 1 H 20 (6) 
1 tremolite + 3 calcite = 1 dolomite + 4 diopside 

+ 1 CO2 + 1 H20 (7) 
1 dolomite + 2 quartz = 1 diopside + 2 CO2 (8) 
1 talc + 5 dolomite = 4 forsterite + 5 calcite 

+5C02+1H~ ~) 
11 talc + 10 calcite = 5 tremolite + 4 forsterite 

+ 10 CO2 + 6 H20 (10) 
1 tremolite + 11 dolomite = 8 forsterite + 13 calcite 

+ 9 CO2 + 1 H20 (11) 
13 talc + 10 dolomite = 5 tremolite + 12 forsterite 

+ 20 CO2 + 8 H20 (12) 
3 tremolite + 5 calcite = 11 diopside + 2 forsterite 

+ 5 CO2 + 3 H20 (13) 
1 diopside + 3 dolomite = 2 forsterite + 4 calcite + 2 CO2 (14) 
4 tremolite + 5 dolomite = 13 diopside + 6 forsterite 

+ 10 CO2 + 4 H20 (15) 

Reactions involving dolomite and calcite are not written exactly because 
the solid solution between calcite and dolomite has not been taken into 
account (see footnote 2 on next page). In reality, the calcite is not CaC03 

and the dolomite is not CaMg(C03h; in calcite some Ca is replaced by 
Mg (magnesian calcite) and dolomite contains somewhat more Ca than 
indicated by its ideal formula (calcian dolomite). At a given equilibrium 
temperature, the compositions of dolomite and calcite are determined by 
a solvus curve (Goldsmith and Newton, 1969). This curve has been suc
cessfully used to determine the temperature of metamorphism, e.g., by 
Hutcheon and Moore (1973), Puhan (1976), and Bickle and Powe11 
(1977). However, the validity of the calcite-dolomite geothermometer 
has been questioned by Garde (1977). Obviously, certain precautions 
have to be observed which are not yet fully known. 

In each reaction listed above a11 four solid phases and the gas phase 
are composed of five components: CaO, MgO, Si02, CO2, and H20. 
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Although H20 is not shown as a component of the phases in reactions 
(8) and (14), it will commonly be a constituent of the fluid phase present 
during metamorphism and therefore has to be included as a component 
in all 15 cases. It follows from the phase rule 

varianee = eomponents + 2 - phases 

that a system of five phases and five components has a variance of 2; 
i.e., all ofthe 15 reaction equilibria are bivariant.1 

In P,-Xco2 -T space the equilibrium conditions are represented by a 
surface for each reaction. At Pt = const., each equilibrium is repre
sented by a curve. For a constant fluid pressure, Figure 9-2 schemati
cally shows the equilibrium curves in the T-XC02 plane. [A quantitative 
diagram for Pr = 1 kb shown in the previous editions will be revised 
(personal communication from Metz and Puhan, 1978) and is therefore 
omitted here.] Figure 9-3 gives a schematic drawing in P,-XC02 -T space. 

Figure 9-2 shows that the first reaction in a rock consisting of dolo
mite and quartz (with or without calcite) and containing interstitial water 
will lead to the formation oftalc + calcite,2 according to equation (1): 

3 CaMg(C03)2 + 4 Si02 + 1 H20 = 

1 Mg3[(OH)z!'Si40 lO] + 3 CaC0 3 + 3 CO 2 

For this re action H20 is required and CO2 is liberated; therefore, X cO 2 

will increase with rising temperature until all dolomite or quartz has been 
used up. If dolomite and quartz are abundant, with rising temperature 
and steadily increasingXco2 , the state ofthe isobaric invariant point (I) 
will be reached. 

It is evident from the experimental data that tale deserves special 
attention as the first mineral to form during the metamorphism of sili
ceous dolomitic limestones. This is valid as long as theXC02 value within 
the rock is smaller than that of the isobaric point at the given fluid pres
sure. If, on the other hand, a very highXc02 was previously generated 
by another reaction, such as 

IAlthough in reaction (8) the number of phases is only four instead of five, the vari
ance is still 2. This is because the number of components is less by one as weil. (CaO . 
MgO) has to be counted as one component because dolomite and diopside have the same 
CaO/MgO ratio. Cao and MgO are not independent variables. 

2The calcite experimentally formed (and occurring in nature as weil) contains a few 
percent of MgC03 in solid solution. This has not been taken into account in the written 
equation. However, Gordon and Greenwood (1970) considered the effect of solid solution 
on the equilibrium of reaction in detail. A more general treatment of crabonate solid solu
tion effects on equilibria in siliceous carbonate rocks is given by Skippen (1971, 1974), by 
Skippen and Hutcheon (1974), and by Metz (1977). 
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Fig. 9-2 Schematic isobaric T -XC02 diagram for reactions (1) through (15). 
Arabic numbers refer to reactions. Roman numbers are isobaric invariant points. 
The numbers are those given by Metz and Trommsdorff (1968). Reactions 9, 10, 
and 12, and isobaric invariant point III do not exist stably; therefore, they are not 
shown here. [Diagram from Käse and Metz (1979).] 

3 dolomite + 1 K feldspar + 1 H20 = 
1 phlogopite + 3 calcite + 3 CO2 

reaction (1) eannot proeeed; reaction (4) takes place instead and no tale 
is formed. 

The expeeted eommon appearanee oftale is apparently not substan
tiated by petrographie observation. Tremolite is generally regarded as 
the first silicate mineral formed. However, sinee experimental petrology 
has shown that tale may form at eonsiderably lower temperatures than 
tremolite, the parageneses 
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Fig.9-3 Schematic P,-T-XC02 diagram for reactions (1) through (14). (By 
kind permission ofD. Puhan and P. Metz, 1978.) 

tale + calcite + dolomite 
tale + calcite + quartz 

(la) 
(lb) 

have been recorded more frequently. These assemblages are easily over
looked because tale may be mistaken for white mica in thin seetion if no 
special eare in mineral determination is exercised. 

Tale as the first regional metamorphie product formed according to 
reaction (1) has been observed by GtIitard (1966) and Steck (1969), in a 
large area of the Damara Belt in Southwest Africa by Puhan and Hoffer 
(1973), and in the Central Alps by Trommsdorff (1972). Careful Iilicro
seopic investigation even documented the equiIibrium paragenesis of 
reaction (1): 

tale + calcite + dolomite + quartz (1) 

All four minerals were observed in mutual eontact, thus indieating the 
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existence of equilibrium. Of course, the gas phase present at the time of 
reaction has since disappeared. 

It is readily seen that the equilibrium paragenesis talc + calcite + 
dolomite + quartz may be found over a large areal extent because it is 
stable at P, = 5 kb over a temperature range of about 100°C and a cor
responding range of X co• (see curve 1 in Figure 9-5); the same is also 
true for lower pressures, as shown by the experimental work of Metz 
and Puhan (1970, 1971). Therefore, because of bivariance, this re action 
equilibrium does not indicate unique P-T conditions. However, wher
ever it is found in the field, it may provide a guide to occurrences of the 
petrogenetically significant paragenesis of the isobaric invariant point (i). 
Starting from the assemblage of reaction (1), the invariant point (I) can 
only be reached in a direction of increasing T andX cO 2 by buffering the 
fluid phase (see Greenwood, 1975). The assemblage of the invariant 
point 

(I) tremolite + talc + calcite + dolomite + quartz 

has been observed by Jansen et al. (1978) in Naxos, by Puhan and Hof
fer (1973) at severallocalities in the Damara Belt, and by Trommsdorff 
(1972) in the Central Alps. In these field studies, a knowledge of experi
mentally and theoretically determined phase relations was of great help 
in looking for relevant assemblages. 

An isobaric invariant point is generated by the intersection of two 
isobaric univariant curves. For instance, in Figure 9-2 reactions (1) and 
(2) intersect at point (I). The equilibrium assemblages of reactions (1) 
and (2) coexist at point (I). Reaction (2) is one of several reactions lead
ing to the formation of tremolite: 

5 Ta + 6 Cc + 4 Q = 3 Tr + 6 CO2 + 2 H20 (2) 
5 MBa [(OH)2/S401O] + 6 CaC03 + 4 Si02 = 

3 C~Mg5[(OH)JSi8022] + 6 CO2 + 2 H20 

As shown in Figure 9-2, re action (2) may proceed within a very large 
range of X cO 2 values and it covers a temperature range similar to that of 
reaction (1). The following parageneses are produced by re action (2), 
which is rare because of compositional restrictions: 

Tr + Ta + Cc 
Tr + Q + Cc 

(2a) 
(2b) 

Paragenesis Tr + Ta + Q is not possible in metamorphosed siliceous 
dolomitic limestones and siliceous dolomites. Magnesite is required as a 
constituent in the original rocks to form this paragenesis. 
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The stability fields of these parageneses, as weil as most others to 
be discussed later, depend on X co. and very markedly on PI as weil. 
Therefore, it is advisable to document whenever possible not only the 
reactants or the products but also the paragenesis corresponding to a 
specific reaction equilibrium. In the case of re action (2) tbis paragenesis 
is 

Tr + Ta + Ce + Q (2) 

A really valuable indicator of metamorphic conditions is the paragenesis 
ofthe isobaric invariant point (1), where re action curves (1) and (2) aml/ 
or (4) intersect, giving rise to the paragenesis 

(I) Tr + Ta + Ce + Do + Q 

As mentioned previously, this assemblage has been found in nature. 
Puhan and Metz (1973) have determined experimentally the X co. 

and T conditions of point (1) at various PI; however, the data may 
require further refinement because the authors used natural tremolite 
wbich contained some fluorine (personal communication, 1978). For 
petrogenetic considerations, the relationship between PI and T is of par
ticular interest because it may be possible to estimate either one from 
other observations and thus determine the other variable; e.g., it may 
be possible, by means of the calcite-dolomite geothermometer, to deter
mine the metamorphic temperature independently. 

Discussion of Reaction-Isograds 

It is appropriate at tbis stage to apply the concept of petrogeneti
cally significant and nonsignificant reaction-isograds to the preceding 
phase relations. In PrT-Xco• space, the assemblage (1) is represented 
by a uni varia nt curve and the assemblages (1) and (2) are represented by 
bivariant surfaces. In the field, occurrences of assemblage (I) will con
stitute a reaction-isograd Une. This is true, in general, of univariant equi
libria. However, assemblages constituting bivariant equilibria are stable 
over a T range at any given PI [e.g., re action (1)]. Consequently, occur
rences of abivariant assemblage do not lie along a reaction-isograd line 
but are stable witbin a re action-iso grad area. In tbis case the appearance 
of assemblage (1) is of no petrogenetic significance because the reaction 
temperature, at any given Pj, depends strongly on the composition of 
the fluid phase. This composition may vary from one locality to another. 

The equilibrium conditions of re action (2) are quite similar to those 
ofreaction (1), as can be seen from Figure 9-5. Therefore, even the equi
librium paragenesis Ta + Ce + Q + Tr of re action (2) characterizes a 
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reaction-isograd area or band rather than a line. Neither the first appear
anee nor the areal distribution of paragenesis (2) in the field is of mueh 
petrogenetie signifieanee. This is true for the bivariant equilibrium para
geneses of most reactions to be diseussed later. However, a few para
geneses ofbivariant re action equilibria are known whieh do provide sig
nifieant petrogenetie information. An example is reaetion (8) whieh takes 
place only within a restrieted range ofXC02 and within a very small tem
perature range. Equilibrium data for re action (8) are available only at 
fluid pressures of 1 and 2 kb (Slaughter et al., 1975). Another favorable 
ease is re action (14) whieh at 5 kb fluid pressure takes plaee within a 
temperature range of only 35°C in response to ehanges in the mole frae
tion of CO2• As shown in Figure 9-4, a deerease of fluid pressure makes 
the temperature range eonsiderably smaller, aeeording to data by Käse 
and Metz (1979). Therefore, the equilibrium paragenesis ofreaction (14), 
i.e., Fo + Ce + Di + Do, eould weH serve as a reaetion-isograd in the 
field. 

Clearly, it is always petrogenetieaHy signifieant to seareh for the 
parageneses of the isobarie invariant points shown in Figures 9-2 and-
9-5: 

(I) Ta + Ce + Tr + Do + Q 
(II) Tr + Ce + Di + Do + Q 
(IV) Fo + Ce + Tr + Di + Do 

Up to 5 kb pressure, the positions of (IV) are known (Käse and Metz, 
1979). Its PrT values are shown graphieally in Figure 9-4, together with 
the stability field ofthe paragenesis ofreaetion (14). Compared with the 
boundaries of metamorphie grades, it is interesting to note that the 
parageneses of (IV) and (14) will be found in the field in two different 
settings: 

a. At fluid pressures below about 3.5 to 4 kb, parageneses (IV) and 
(14) will be found somewhat befare the boundary between 
medium- and high-grade metamorphism, as deteeted in meta
pelites and graywaekes, 

b. At fluid pressures above about 4 kb, the parageneses (IV) and 
(14) oeeur after high-grade metamorphism has eommeneed. 

Other Reactions 

Compared with the sehematic diagram of Figure 9-2, Figure 9-5 
shows in a more quantitative way the various reactions taking plaee in 
rocks derived from silieeous dolomitic limestones and silieeous dolo-
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Fig. 9-4 Pr T data for the paragenesis of the isobaric invariant point (IV) 
and for the stability range of the bivariant equilibrium paragenesis (14). 

mites. Although much work has been done by various authors, differ
ences in the results call for caution until these differences have been 
resolved.1 Therefore, the positions of the isobaric curves in Figure 9-5 
are shown mainly by broken lines, indicating uncertainty. Only the 
curves of reaction (11) by Metz (1976) and reaction (14) by Käse and 
Metz (1979) are believed to be reliable for a fluid pressure of 5 kb. 

We shall refer to Figure 9-5 in the following short discussion of 
reactions (3) to (14). 

Reaction 
2 Ta + 3 Ce = 1 Tr + 1 Do + 1 CO2 + 1 H20 (3) 

takes place only when quartz is absent due to the fact that al1 quartz has 
been consumed in re action (2) or (1). The equilibrium data of (3) seem 10 
be very elose to reaction (2) (personal communication of Puhan and 
Metz, 1978). 

IThe following studies, in addition to papers cited in this chapter, are relevant: Gor
don and Greenwood (1970), Skippen (1971, 1974), Slaughter et af. 1975). 
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Reaction 
5 Do + 8 Q + 1 H20 = 1 Tr + 3 Cc + 7 CO2 (4) 

is represented by the important assemblage 

Do + Q + Tr + Cc (4) 

Reaction 
2 Do + 1 Ta + 4 Q = 1 Tr + 4 CO2 (5) 

is represented by the assemblage 

Do + Q + Tr + Ta (5) 

However, this assemblage is possible only if the original rock consisted 
ofmagnesite + dolomite + quartz, i.e., did not contain calcite. 

Reaction 
1 Do + 2 Q = 1 Di + 2 CO2 (8) 

is represented by the diopside-bearing assemblage 

Do+Q+Di (8) 

As mentioned before, this paragenesis is petrogenetically significant. 
Finally, the assemblage of the isobaric invariant point (Il) is char

acterized by the following assemblage of five minerals: 

(Il) Do + Q + Di + Cc + Tr 

This paragenesis (Il) will be very significant as soon as equilibrium data 
become available at various fluid pressures. The isobaric univariant lines 
of reactions (4), (8), (6), and (7) radiate from the isobaric invariant point 
(Il). Reaction (6), in addition to re action (8), is believed to be of great 
importance in the first formation of diopside. 

1 Tr + 3 Cc + 2 Q = 5 Di + 3 CO2 + 1 H20 (6) 
1 C~Mg,[(OH)2/Si8022] + 3 CaCOa + 2 Si02 = 

5 CaMgSi20 6 + 3 CO2 + 1 H20 

The equilibrium paragenesis of this reaction is 

Di + Tr + Cc + Q (6) 
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In isobaric T-Xcoz seetions, the equilibrium eurve of reaction (6) passes 
through a very flat maximum at X coz = 0.75. Therefore, at values of 
X cOz > 0.4, the isobarie equilibrium temperature ehanges very little. 
Paragenesis (6) may therefore be of petrogenetie signifieanee. 

Reaction (7) is 

1 Tr + 3 Ce = 4 Di + 1 Do + 1 CO2 + 1 H20 (7) 

Its equilibrium paragenesis 

Di + Tr + Ce + Do (7) 

is distinet from paragenesis (6) by the absence of quartz and the presenee 
of dolomite instead. The isobarie equilibrium line of re action (7) runs 
between the two isobarie invariant points (11) and (IV) as seen in Figure 
9-5. Depending on fluid eomposition, isobarie equilibrium temperatures 
vary eonsiderably. 

The first formation of forsterite in metamorphosed silieeous dolo
mites takes place at relatively high temperatures aceording to reactions 
(11) and (14). Reaction (11) is the following: 

1 Tr + 11 Do = 8 Fo + 13 Ce + 9 CO2 + 1 H20 (11) 
1 Ca2Mgs[(OH)JSis022] + 11 CaMg(C02)2 = 

8 Mg2Si04 + 13 CaCOa + 9 CO2 + 1 H20 

The equilibrium paragenesis is 

Fo + Ce + Tr + Do (11) 

Reaction (11) has been investigated by Metz (1967, 1976) at 1, 3, and 5 
kb fluid pressure. Disregarding fluid eompositions of less thanXcoz = 
0.2, the range of the equilibrium temperature is about 50°C at 1 kb, 40°C 
at 3 kb, and only 30°C at 5 kb. Therefore, paragenesis (11) may be of 
some petrogenetie value. However, the following eommon paragenesis 
(14) is mueh more significant: 

Reaetion 
1 Di + 3 Do = 2 Fo + 4 Ce + 2 CO2 

Paragenesis Fo + Di + Do + Ce 
(14) 
(14) 

Reaction (14) has been investigated at 1, 3, and 5 kb fluid pressure by 
Käse and Metz (1979). The small temperature stability range of para-
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Fig. 9-5 Isobaric T-X CO 2 diagram at 5 kb fluid pressure for reactions in 
siliceous dolomites. Curve (11) from Metz (1976), curve (14) and position of (IV) 
from Käse and Metz (1979); other approximate data from Metz and Puhan (1978, 
personal communication). 
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genesis (14), at various fluid pressures, has been pointed out before and 
is shown in Figure 9-4. 

The importance of the paragenesis of the isobaric invariant point 
(IV) was also pointed out earlier and demonstrated in Figure 9-4, i.e., 
the paragenesis 

Fo + Di + Tr + Do + Cc (IV) 

Reaction (13) extends from point (IV), as shown in Figure 9-5: 

3 Tr + 5 Cc = 11 Di + 2 Fo + 5 CO2 + 3 H20 (13) 
Paragenesis Fo + Di + Tr + Cc (13) 

At temperatures above reactions (13) and (14) the three-mineral 
paragenesis 

Di + Fo + Cc 

is stable over a large range of temperature and rock composition. In 
addition to equilibrium parageneses (13), (14), and (11), Trommsdorff 
(1972) has discovered the four-mineral parageneses of the reaction equi
libria (2), (6), (3), (4), (8), and (7), shown in Figures 9-2 and 9-5 and in 
the table given earlier. This shows the importance of experimental work 
as astimulus to field studies. 

Concluding Remarks 

In this section on the metamorphism of siliceous dolomitic lime
stones, some points of general significance have emerged: 

1. Dolomite in sedimentary rocks is an important reactant only if 
quartz is present as weH in the original rock. 

2. Dolomite present in excess over the amount required for various 
reactions persists into high-grade regional metamorphism. Dolo
mite dissociates into MgO + CO2 + CaCOa only at the high tem
peratures and low pressures of contact metamorphism. IfXco2 
is elose to zero, dolomite + water will react to form brucite + 
CO2 + CaCOa (Figure 9-6). 

3. The presence of calcite in siliceous dolomitic sediments is not 
necessary in any of the reactions. Rather, all the calcite taking 
part in the reactions discussed here has been produced in pre
vious reactions starting with dolomite + quartz only. 

4. Similar to dolomite, any calcite present in excess over the 
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Fig. 9-6 Isobaric equilibrium curves of various metamorphic reactions. 
X co. is the mole fraction of CO2 in the fluid phase which consists of CO2 + H20. 
The fluid pressure P fis 1 kb, except where indicated otherwise. 

amount necessary for the various reactions persists into high
grade regional metamorphism. Eventually, quartz + calcite may 
react to form wollastonite under conditions discussed in the fol
lowing section. 

5. Similar considerations apply to magnesite (MgCO:J when pres
ent in excess amounts in siliceous dolomitic sediments. How
ever, this is a very special case because the magnesite that is 
present in a siliceous dolomite commonly is completely con
sumed in metamorphic reactions. Reactions (5) and (15) can take 
place only if some magnesite is present as an additional constit
uent in siliceous dolomites. These parageneses are very rare 
compared to those resulting from metamorphism of siliceous 
dolomite having calcite (instead of magnesite) as an additional 
constituent. 

Influence of FeO The numerical data given in this chapter refer to 
minerals composed only of the components CaO-MgO-Si02-C02- H20; 
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i.e., minerals devoid of FeO. Partial replacement of Mg by FeH in dolo
mite is, however, common and tbis will influence the equilibrium data. 
Tbis has to be investigated in each specific case and work on this prob
lem would be highly desirable. Calculations by Thompson (1975) indi
cate that the equilibrium temperature of reactions occurring in siliceous 
dolomites may change by only 10-20°C ifthe FeO component is present 
in commoniy observed concentrations. 

Influence 0' AI20 a Al20 a in metamorpbic siliceous dolomites (as 
weIl as in ultramafic rocks) gives rise to the formation of clinochlore, a 
MgAl-chlorite. In the absence of quartz, tbis chlorite will persist to high 
temperatures. Thus the paragenesis forsterite + calcite + dolomite + 
clinochlore has been recorded from medium- and even high-grade rocks 
(amphibolite facies, sillimanite zone) of the Central Alps by Tromms
dorff (1966) and Trommsdorff and Schwander (1969). If potassium is 
present, phlogopite is formed instead of clinochlore (see below). 

At high temperatures of metamorphism and probably at rather low 
pressures, clinochlore may be partially replaced by MgAl-spinel. This is 
a common constituent of the brocite marbles, the so-called predazzites, 
ofthe Bergell Alps. In these rocks forsterite may occur, and clinochlore 
[together with clinohumite, Mg(OH,F)2 . 4 Mg2Si04 and chondrodite, 
Mg(OH,F)2 . 2 Mg2Si04] is less common than the spinel (Trommsdorff 
and Schwander, 1969). 

In metamorphosed siliceous carbonate rocks, some other Al-bear
ing minerals may occur in widely distributed but small amounts. These 
minerals are biotite (instead of phlogopite), muscovite, plagioclase, and 
(at medium-and high-grade) scapolite. The latter two minerals may coex
ist; however, replacement ofplagioclase by scapolite has been observed 
very often. 

It should be realized in this context that two of the several scapolite 
end members may be written as 

i.e., as a combination of CaCOa-component with anortbite- or albite
component, respectively. Although scapolite in metamorpbic rocks is 
generally viewed as secondary, after plagioclase, it may be a stable reac
tion product formed from plagioclase and calcite (and/or CaSOJ at 
higher metamorphic temperatures. Tbis is strongly suggested by the 
experimental work of Newton and Goldsmith (1976) and of Orville 
(1975). Also, the stable coexistence of scapolite and plagioclase is shown 
by Goldsmith and Newton (1977). 

The following phlogopite producing reaction has been investigated 
experimentally by Puhan and Johannes (1974) at 1 kb, and at higher pres
sures by Puhan (1978): 
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3 dolomite + 1 K feldspar + 1 H20 = 
1 phlogopite + 3 calcite + 3 CO2 

At any given X C02 and P" this reaction takes place at a temperature 
about 20-10°C lower than the talc producing reaction (1). The isobaric 
equilibrium curve of the phlogopite producing reaction runs approxi
mately parallel to that ofreaction (1); see Figure 9-5. This makes it clear 
that the equilibrium paragenesis 

Do + K spar + Phlog + Cc 

is not a suitable temperature indicator at a given fluid pressure. 
At higher temperature, the following reaction takes place: 

5 phlogopite + 6 calcite + 24 quartz = 

3 tremolite + 5 K feldspar + 2 H20 + 6 CO2 

This bivariant reaction has been investigated by Hoschek (1973) and by 
Hewitt (1975). 

Formation of Wollastonite 

The carbonates dolomite and magnesite react whenever quartz is 
present at low-grade metamorphism. This is not true ofcalcite, the most 
widespread carbonate. As shown in Figure 9-7, much higher tempera
tures are needed for calcite to react with quartz; therefore, calcite + 
quartz are constituents of very many mineral parageneses from very
low-to high-grade. Even at the highest temperatures attained in regional 
metamorphism, calcite + quartz are generally stable. They only react 
when either the CO2-rich fluid phase is considerably diluted by H20 or 
the pressure of the CO2-rich fluid is low as in shallow contact 
metamorphism. 

The reaction 

calcite + quartz = wollastonite + CO2 

CaC03 + Si02 = CaSi03 + CO2 

typically takes place in the higher temperature ranges of shallow contact 
metamorphism. In regional metamorphism, wollastonite is formed only 
in exceptional cases where water from surrounding rocks was intro
duced into thin layers of carbonate rocks and diluted the CO2 concentra
tion of the fluid phase. These conclusions are based on the following 
experimental results. 
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The reaction for the formation of wollastonite as written above is 
univariant. However, since water is present in the pore fluid of the 
rocks, this reaction is bivariant in nature. The reaction represents an 
equilibrium involving the four components CaO, Si02, CO2, and H20, 
which constitute the four phases calcite, quartz, wollastonite, and vapor; 
therefore, there are two degrees offreedom. At any given fluid pressure, 
the equilibrium temperature increases with increasingXc02 • Greenwood 
(1967a) has determined the isobaric equilibrium curve at a fluid pressure 
of 1000 and 2000 bars. The data listed in Table 9-1 are shown graphically 
in Figure 9-6, p.126. At lower fluid pressures, the equilibrium curve lies 
at lower temperatures. 

In Figure 9-7 the dependence of the equilibrium temperature on the 
fluid pressure P f is shown for various constant compositions of the fluid 
phase (constantXc02 ). Figure 9-7 and the two corresponding curves in 
Figure 9-6 provide a c1ear illustration of abivariant equilibrium. It is 
apparent that the reaction of wollastonite formation is not a suitable tem
perature indicator if nothing is known about the composition of the fluid 
phase. In an attempt to estimate the composition of the fluid phase, 
petrographical observations are used. 

Wollastonite is never found in rocks metamorphosed at relatively 
low temperatures of 400° to 500°C, not even in contact metamorphic 
rocks formed at shallow depths corresponding to pressures of only a few 
hundred bars. This fact indicates that the X co 2 of the fluid present during 
metamorphism is never very small; presumably it is always rather large. 
It is probably correct that at the same given pressure, the temperature 
of wollastonite formation in nature is perhaps 10° to 30°C lower than the 
corresponding equilibrium temperature at X cO 2 = 1.0. Accordingly, the 
formation ofwollastonite in contact aureoles surrounding shallow-seated 
intrusions at a depth of 2 km (500 bars) takes place at about 600°C. In 
the case of deeper intrusions at 4 km (1000 bars), these temperatures 
would be about 650° to 670°C and, at depths of 7 to 8 km (2000 bars), the 
temperatures would exceed 700°C. In regional metamorphism, where 
higher pressures of several kilo bars prevail, even temperatures of 700° 

Table 9-1 

Temperature, oe 
XC02 Pt = 1000 bars Pt = 2000 bars 

0.25 580 610 
0.50 630 670 
0.75 660 715 
1.0 670 730 
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Fig. 9-7 Formation of wollastonite. Dependence of equilibrium tempera
tures on the fluid pressure P f for various constant compositions of the fluid phase 
(const. X C02 )' The diagram is based on experimental data taken from Greenwood 
(1967) and Harker and Tuttle (1956). Note: The curve designatedXc02 = 0 is 
incorrectly labelIed; it should be labelIed partial pressure of CO2 = 1 atm. 

to 800°C are not high enough to allow the formation of wollastonite. 
Therefore, it is not surprising that wollastonite is not found in rocks 
formed even at the highest temperature of regional metamorphism; cal
cite and quartz remain a stable association. Only few examples of the 
occurrence of wollastonite in such rocks are known (Misch, 1964; 
Trommsdroff, 1968). In these cases layers of wollastonite-bearing rocks 
only a few centimeters thick are intercalated with other metamorphic 
rocks. In such thin layers, a dilution of the CO2 liberated by the wollas
tonite re action by water entering from surrounding rocks must have 
been possible. In this exceptional case the fluid phase in the calcsilicate 
rocks at the time of metamorphism had a low X co • . On the other hand, 
the general absence of wollastonite indicates that this strong dilution of 
CO2 does not take place if the original intercalctions of siliceous lime
stones have a greater thickness. 
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The reaction of wollastonite formation is bivariant and will proceed 
within a certain range oftemperature. Thus, the equilibrium assemblage 

wollastonite + calcite + quartz 

is expected to have an areal distribution forming a reaction-isograd band 
or area rather than a line. This distribution has, in fact, been recorded 
by Trommsdorff (1968) in the western BergeIl Alps. 

In the discussion of the metamorphism of siliceous dolomitic lime
stones, wollastonite formation was not mentioned. However, in Figure 
9-2 the re action curve of wollastonite formation will be situated at tem
peratures markedly above those of reactions (13) and (14). At such con
ditions, the previous paragenesis 

diopside + calcite + quartz 

will be replaced, depending on bulk compositions, by 

either diopside + wollastonite + calcite 
or diopside + wollastonite + quartz 

Also, the paragenesis stable along the isobaric equilibrium curve of the 
reaction wollastonite = calcite + quartz may be encountered. 

diopside + wollastonite + calcite + quartz 

The curves of dissociation of magnesite and dolomite are also 
shown in Figure 9-6, valid for P f = 1 kb. Their dissociation requires 
even higher temperatures than that of calcite + quartz. 

The curve for the re action 

magnesite = periclase + CO2 
MgCOa MgO CO2 

has been calculated as weIl as experimentally determined by Johannes 
and Metz (1968). After metamorphism, the periclase that forms is easily 
altered to brucite, Mg(OH)2' by circulating water. Therefore, most bru
cite marbles do not contain periclase. 

The curve of dissociation of magnesite shown in Figure 9-6 is only 
significant in the metamorphism of rare deposits of pure magnesite or 
pure magnesite + dolomite. The introduction of CO2 into serpentinites 
produces magnesite + quartz, and in the presence of quartz, magnesite 
will react and disappear at temperatures much lower than those of the 
dissociation of magnesite and of the formation of wollastonite. Periclase 
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and brucite may also fonn at low temperatures by reactions other than 
the dissociation of magnesite. This will be discussed in Chapter 11 deal
ing with the metamorphism ofultramafic rocks. 

At a temperature somewhat higher than that of the dissociation of 
magnesite, the following reaction takes place: 

dolomite = periclase + calcite + CO2 

CaMg(C03)2 = MgO + CaC03 + CO2 

Based on experimental data at X co. = 1.0 determined by Harker and 
Tuttle (1955), Metz (personal communication) has calculated the equilib
rium curve shown in Figure 9-6. It is evident that dolomite is stable to 
the highest temperatures of regional metamorphism unless the CO2-rich 
fluid phase has been considerably diluted. Thus, either pure dolomite or 
the assemblage calcite + dolomite ± forsterite will be stable at high 
temperatures. The assemblage calcite + dolomite + forsterite has been 
fonned in high-grade equivalents of dolomites which originally contained 
only a small amount of quartz. 

The idea that dolomite is not stable in higher grade rocks is wrong. 
However, its presence or absence depends strongly on the nature of the 
associated minerals. 

Dolomite will be decomposed to periclase + calcite in the innennost 
aureoles of hot intrusions and in xenoliths engulfed by such magmas. In 
shallow contact metamorphism the decomposition of dolomite to peri
clase + calcite becomes more probable at lower Pt. AtXco• = 1.0, the 
dissociation temperature is 820°C at 1000 bars, 760°C at 500 bars, and 
only about 700°C at 250 bars (corresponding to a depth of about 1 km). 

The dissociation of dolomite can take place at appreciably lower 
temperatures only if X co• of the fluid phase is very smalI, i.e., if some 
mechanism has been effective locally in diluting the liberated CO2 with 
H20. In this case, phase relations shown in Figure 9-6 at very low values 
of X co. are valid. Here, the curves of dissociation of dolomite and mag
nesite are tenninated by line (a) at about 600°C (1 kb). This line indicates 
the transition 

brucite = periclase + H20 (a) 

At temperatures below line (a) brudte is stable, and curves (b) and (c) 
refer to the following reactions: 

dolomite + H20 = brucite + calcite + H20 
magnesite + H20 = brudte + CO2 

(b) 
(c) 
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However, dilution of CO2-rich fluid by H20 seems to be a rare case 
restricted to narrow bands. The formation of parageneses which require 
a high X CO 2 during metamorphism of siliceous dolomites suggests that 
the formation of woIlastonite and the dissociation of dolomite into peri
clase + calcite commonly take place at high X cO 2 as weIl. Therefore, 
intrusions that produced the assemblage periclase (or brucite pseudo
morphs) + calcite in their contact zones must have risen to shallow 
depth where the fluid pressure was very low. Thus, it is apparent that 
wollastonite and the assemblage periclase + calcite cannot commonly 
occur in regionally metamorphosed rocks formed at greater pressures. 
This demonstrates how differences in the value of P f may significantly 
determine the mineral assemblages produced by metamorphism. 

Metamorphism of Carbonates at Very High Temperatures 
and Very Low Pressures 

Special circumstances of very high temperature contact meta
morphism may give rise to Ca and Ca-Mg silicates not yet mentioned. 
Such special conditions exist if, at very shallow depth, carbonate rocks 
are engulfed by magma or are heated at the immediate contact to a very 
high temperature. These conditions, different from those of the normal 
high-grade contact zone (K feldspar-cordierite-homfels zone) are typical 
ofthe so-called sanidinite facies. 

Apart form the term "facies," the designation "sanidinite facies" is 
poorly chosen. Although it is true that the occurrence of sanidine in 
homfelses is an indication of high temperatures and rather rapid cooling, 
other minerals than sanidine are more typical of this type of contact 
metamorphism developed in the subvolcanic environment of intrusions 
and characterized by very high temperatures and very low pressures. 
The temperature range can be further subdivided on the bases of mineral 
assemblages. Fyfe et al. (1958) proposed a division into (a) monticellite
melilite subfacies and (b) lamite-merwinite-spurrite subfacies. On the 
other hand, Sobolev (cited in Reverdatto, 1964) drops the name "sani
dinite facies" and recognizes (a) the monticellite-melilite facies and (b) 
the spurrite-merwinite facies. After substituting the term zone for facies, 
we shall partly follow these authors' proposal and use the designation 

monticellite-melilite zone. (a) 

For the higher temperature zone a new designation is suggested by 
recent experiments: 

tilleyite/spurrite zone. (b) 
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In this zone (b) the association calcite + wollastonite is no longer stable; 
it is replaced by calcite + tilleyite or calcite + spurrite, depending on 
the relative amounts of wollastonite and calcite originally present. 

It should be realized, however, that different sequences of zones 
can be distinguished according to various reactions taking place in wol
lastonite-bearing marbles. Experiments in such rocks have been carried 
out at high temperatures and very low CO2 pressures (X CO2 = 1.0) by 
Tuttle and Harker (1957), Harker (1959), and Zharikov and Shmulovich 
(1969). Starting out with the assemblage wollastonite + calcite, a number 
of minerals will form under the specific conditions considered here 
which are not ordinarily realized in metamorphism. The minerals con
sisting of components CaO, Si02 , and CO2 are 

Tilleyite 
Spurrite 
Rankinite 
Larnite 

Cas[(C03)JSi20 7] 

Cas[CO:/(Si04)2] 
Ca3(Si20 7) 

ß-Ca2Si04 

The following reactions lead to the formation ofthese minerals: 

3 calcite + 2 wollastonite = 1 tilleyite + CO2 

1 tilleyite = 1 spurrite + CO2 

1 tilleyite + 4 wollastonite = 3 rankinite + 2 CO2 ; 

only at CO2 pressures greater than 150 bars. 
1 spurrite + 4 wollastonite = 3 rankinite + CO2 ; 

only at CO2 pressures smaller than 150 bars. 
1 spurrite + 1 rankinite = 4larnite + CO2 

(1) 
(2) 

(3) 

(4) 

(5) 

When the fluid phase consists of CO2 only, all raction equilibria are uni
variant. The equilibrium curves as given by Zharikov and Shmulovich 
(1969) are shown in Figure 9-8. The mineral parageneses stable in the 
fields between curves are also indicated; any two minerals may coexist 
if they are adjacent on the composition line calcite-wollastonite. It 
should be noted that reaction curves (2), (3), and (4) intersect at an invar
iant point (double circ1e) at about 900°C and at a CO2 pressure of about 
150 bars. The invariant point is characterized by the paragenesis tilleyite 
+ spurrite + rankinite + wollastonite. 

The assemblage formed is dependent on re action sequence and on 
bulk composition. The infiuence of bulk composition is very pro
nounced. When the ratio CaO:Si02 of the rock is smaller than 1.5 or 
larger than 2.5, the succession of parageneses with increasing tempera
ture is simple: 
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Fig. 9-8 P C02 - T diagram at very high temperatures of the system CaO
Si02-C02 in the composition range between calcite and wollastonite. 

CaO:Si02 < 1.5 - Calcite + wollastonite 
Calcite + tilleyite 
Calcite + spurrite 

CaO:Si02 > 2.5 - Calcite + wollastonite 
W ollastonite + tilleyite 
(Wollastonite + spurrite) 
W ollastonite + rankinite 

Only if the CaO:Si02 ratio of a rock is between 1.5 (the composition of 
rankinite) and 2.5 (the composition of tilleyite and spurrite), can para
geneses fonn like 

Spurrite + rankinite 
Spurrite + lamite or 
Lamite + rankinite 

Reactions discussed so far do not involve Mg-bearing minerals. How
ever, medium temperature metamorphism of siliceous dolomitic time-
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stones will produce diopside and/or forsterite coexisting with calcite. At 
very high temperatures and low pressures, reactions among these min
erals lead to the formation of the following Mg-bearing minerals: 

Monticellite CaMgSiO 4 

Äkermanite Ca2Mg(Si20 7) 
Melilite Ca2(Mg, Al)(Si, Al)207 
Merwinite Ca3Mg(SiOJ2 

These minerals, except merwinite, are formed within the stability field 
of wollastonite + calcite, i.e., at conditions above curve (1) in Figure 
9-8. 

Monticellite may be formed by at least two reactions: 

1 diopside + 1 forsterite + 2 calcite = 3 monticellite + 2 CO2 (6) 
1 CaMgSi20 s + 1 Mg2Si04 + 2 CaC03 = 3 CaMgSi04 + 2 CO2 

1 calcite + 1 forsterite = 1 monticellite + 1 peric1ase + 1 CO2 
1 CaC03 + 1 Mg2Si04 = 1 CaMgSi04 + 1 MgO + 1 CO2 

(7) 

For both reactions the equilibrium temperatures for various values of 
p co., atXco• = 1, have been determined by Walter (1963). The two 
equilibrium curves, uni variant at X co. = 1, practically coincide. They 
show the same great dependence on CO2 pressure as the curves in Fig
ure 9-8. At the very low value of P co. = 100 bars, the equilibrium tem
perature is already as high as 725°C. It may be conc1uded that at temper
atures realized in nature, monticellite can form only at very low CO2 
pressures of, at most, a few hundred bars. The same is true of the for
mation of the other minerals. For example, akermanite may be formed 
according to the following reaction: 

1 calcite + 1 diopside = 1 akermanite + 1 CO2 (8) 

According to Walter (1965), the equilibrium conditions ofthis reaction at 
X co. = 1.0 are the same as those ofreactions (6) and (7). Other reactions 
leading to the formation of monticellite or akermanite are also given by 
Walter (1963). 

At a given CO2 pressure, appreciably higher temperatures are 
required for the formation of merwinite. The following reaction takes 
place when the stability field of the assemblage calcite + wollastonite 
has been surpassed and spurrite has formed: 
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2 monticellite + 1 spurrite = 2 merwinite + 1 calcite (9) 

The occurrence of merwinite alone does not permit an evaluation of tem
perature and pressure; rather, the assemblage merwinite + calcite is sig
nificant because this indicates that reaction (9) has proceeded to the 
right. According to the data ofWalter (1965), the coexistence ofmerwin
ite + calcite indicates that the temperature of 820°C has been exceeded 
and that the CO2 pressure was below 50 bars. However, tbis result may 
be somewhat different when it is realized that merwinite mayas weIl 
have been formed by the foIlowing reaction (10): 

akermanite + calcite = merwinite + CO2 (10) 

In rocks with excess calcite, the assemblage merwinite + calcite, which 
is also formed by reaction (9), will be present after re action (10) has 
taken place. 

Reaction (10) as weIl as reactions (8), (7), and (6) have been experi
mentally investigated by Zharikov and Bulatov (1977) at 1 kb fluid pres
sure and at a mole fraction of CO2 smaIler than 0.4. From their results, 
the equilibrium temperature at 1 kb fluid pressure and at X co. = 0.1 is 

for reaction (6) : 755°C 
for reaction (8) : 790°C 
for reaction (7) : 875°C 
for reaction (10): 890°C 

Note that at a very low mole fraction of CO2, re action (7) takes place at 
much bigher temperature than reaction (6), in contrast to the situation at 
X co. = 1.0 which was discussed above. 

Contact metamorphism taking place at very shallow depth and at 
very high temperatures is ~ very unusual and rare phenomenon. Such 
metamorpbism may be accompanied as, e.g., at Crestmore, by intensive 
metasomatism, and gases forced into the country rock may greatly 
increase the heating effect of the intrusion. 
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Chapter 10 

Metamorphism of Marls 

Marls constitute a group of sedimentary rocks with a very large 
range of composition. The clay constituents, predominantly dioctahedral 
micas (illite, phengite, muscovite), kaolinite, chlorite, and quartz, are 
mixed with calcite and/or dolomite in varying proportions. The chemical 
composition of such rocks can be expressed only by a very complex 
system: K20-CaO-Al20 a-MgO-FeO-Si02-C02- H20, and commonly 
NazO. The approach to an understanding of such a complex system 
involves the study of simpler subsystems. The system CaO-Al20 a-Si02-

CO2- H20 has been investigated in some detail. 
Thompson (1971) has made a theoretical study of reactions at tem

peratures of very-Iow-grade metamorphism. Minerals such as laumon
tite, lawsonite, prehnite, kaolinite, quartz, and calcite are stable. The 
CaAl silicates are generally derived from the alteration of mafic rocks 
and not from marls. However, metamorphism of marls could produce 
laumontite (or, at pressures above 3 kb, lawsonite) according to the 
re action 

kaolinite + calcite + 2 quartz + 2 H20 = laumontite + CO2 

and, at higher temperature, prehnite, according to the reaction 

laumontite + calcite = prehnite + quartz + 3 H20 + CO2 

The CaAl-minerals laumontite, prehnite, and lawsonite are stable only if 
the CO2 content ofthe fluid phase does not exceed 1% (see Chapter 12). 
The assemblage lawsonite + quartz + dolomite, together with chlorite, 
phengite, and paragonite, has been found as a product of metamor
phosed marI in southwestern Crete by Seidel and Okrusch (1976). 

The following minerals may be present in marls subjected to very
low-grade metamorphism: pyrophyllite, paragonite, mixed-Iayer parag
onite/muscovite and phengite, in addition to quartz, calcite, and/or dolo-
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mite (Frey, 1978). These metamorphites contain graphite which proba
bly drastically reduced the activity of water in favour of CH4 in the fluid 
phase; see Figure 3-2. Reduction of water activity shifts the lower sta
bility of pyrophyllite to lower temperatures than those shown in Figure 
14-1, curve 1. This effect may account for the presence of pyrophyllite 
in very-Iow-grade rocks. 

Chlorite, paragonite, and phengite/muscovite, in addition to quartz 
~d calcite, pers ist to higher grades. However, new minerals like chlor
itoid, margarite, and zoisite/clinozoisite are formed by low-grade meta
morphism of marls. 

In marls which originally contained an aluminum-rich clay constit
uent (kaolinite), margarite CaAI2[(OH)JAl20 1o] will form at low-grade 
metamorphism (greenschist facies). This mineral was considered rare 
except in metamorphic emery deposits. However, Frey and Niggli 
(1972) and Frey (1978) recently discovered, by systematic x-ray diffrac
tion studies of metamorphosed marly black shales, that margarite is an 
important rock-forming mineral and may even constitute the dominant 
sheet silicate. It is safe to predict that mineral identification by x-ray 
diffraction supplemented by microscopic work will prove margarite to 
be common in low-grade metamorphic areas. The stability of margarite 
in various mineral assemblages will be reviewed further on in this 
chapter. 

The Ca-free mineral chloritoid occurs in low-grade metamorphic 
marls if chlorite together with kaolinite or pyrophyllite were present at 
an earlier stage. Also during low-grade metamorphism, chloritoid in 
metamarls reacts with calcite and quartz to produce chlorite and zoisite 
or margarite (Frey, 1978). 

The CO2-free system CaO-Al20 a-Si02-H20 at high pressures and 
temperatures has been studied by Boettcher (1970), and the same system 
with CO2 as an additional component has been investigated by Stoffe 
(1970), Kerrick (1970), Gordon and Greenwood (1971), and Storre and 
Nitsch (1972). The minerals in this system are graphically represented in 
Figure 10-1. From the data given by these authors an isobaric equilib
rium diagram at P f = 2 kb has been compiled which excludes margarite 
(Figure 10-2). 

A selection of mineral assemblages is also shown in Figure 10-2. 
These will not be reviewed in detail. However, the stability of zoisite 
and grossularite and the assemblage wollastonite + anorthite are of spe
cial interest. 

The appearance of zoisite (or iron-poor epidote, i.e., clinozoisite) 
characterizes the beginning of low-grade metamorphism. Zoisite is 
formed between 350° and 400°C by reactions, some of which are given 
in Chapter 7 (see Figure 7-2). Subsequently, zoisite is a member ofmany 
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Fig. 10-1 The composition of minerals in the system CaO-Al20 3-Si02-C02-

H20. 

parageneses in a temperature range of about 200°C. The stability field of 
zoisite is different, depending on whether quartz is absent or present: 

In the absence 0/ quartz, the stability field of zoisite is restricted by 
reaction (9) with respect to X cOs : 

2 zoisite + 1 CO2 = 3 anorthite + 1 calcite + 1 H20 (9) 

and by reaction (10) with respect to temperature: 

6 zoisite = 6 anorthite + 2 grossularite + 1 corundum + 1 H20 (10) 

In the presence 0/ quartz, the existence of zoisite is restricted fur
ther with respect to temperature by re action (8): 

4 zoisite + 1 quartz = 1 grossularite + 5 anorthite + 2H20 (8) 

and with respect to X cOs by reaction (9) which is also valid in the pres
ence of quartz. The isobaric invariant points (Im and (IV) in Figure 10-
2 are produced by the intersection of curves (8) and (9) and of (10) and 
(9), respectively. The corresponding mineral assemblages deserve spe
cial attention in fieldwork. Puhan (personal communication) found 
paragenesis (nI) in his work in South West Africa. The Pr T dependency 
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Fig. 10-2 Isobaric (P, = 2 kb) phase relations in the system CaO-A120 a-
Si02-H20-C02 to 800°C. Reactions involving margarite are excluded. The para
geneses are represented in the subtriangle Cc-An-Q, which is shown in Fig. 10-
1. (Compiled by Storre and Nitsch, 1972.) 

This figure takes into account all available experimental data; it differs from 
figures previously given by Storre (1970, Fig. 4 and 5) mainly in the following 
aspects pointed out by Gordon and Greenwood (1971): The formation of gros
sularite + quartz at low temperatures is due to the decomposition of prehnite; 
reaction (14) takes the place of areaction which now is realized to be metastable. 
Consequently, the former isobaric invariant point (11) has been changed to (11*). 

of(11I) and (IV) is shown in Figure 10-3 (Storre, 1973, unpublished). The 
parageneses are: 

(111) Zo + Gr + Qz + An + Ce 
(IV) Zo + Gr + Co + An + Ce 

In most rocks anorthite is present as a component of plagioclase. This 
reduction of the anorthite activity will displace the curves of Figure 10-3 
to lower temperatures. The magnitude of this effect is still unknown. 
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Fig. 10·3 Equilibrium conditions of mineral assemblages stable at isobaric 
invariant points (Ill), (IV), and (I) of Figure 10-2. 

The stability of grossularite is restrieted by the following reactions: 

1 Pr + 1 Ce = 1 Gr + 1 H 20 + 1 CO2 (15) 
2 Zo + 5 Ce + 3 Q = 3 Gr + 5 CO2 + 1 H20 (6) 

5 Pr = 2 Zo + 2 Gr + 3 Q + 4 H20 (14) 

From approximately 400°C at 2 kb, grossularite is stable in the presenee 
of quartz to about 600°C. At higher temperatures, quartz and grossularite 
react: 

1 Gr + 1 Q = 2 Wo + 1 An (1) 

This re action stabilizes the assemblage wollastonite + anorthite. 
The wollastonite + anorthite assemblage has been reported in low 

pressure and high temperature eontact metamorphism and in special 
eases of regional metamorphism. It may be rewarding to seareh for the 
isobaric invariant paragenesis (I) Gr + Q + Wo + An + Ce (see Figure 
10-3). In the absence of quartz, grossularite oeeurs in various assem
blages to very high temperatures [875°C at 2 kb (after Boettcher, 1970)]. 
With respeet to X C02 , the stability of grossularite is limited by reaction 
(6) and the following: 

1 Gr + 2 CO2 = 1 An + 2 Ce + 1 Q 
1 Gr + 1 CO2 = 1 An + 1 Ce + 1 Wo 

(3) 
(4) 
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Previously, it was not known that zoisite and grossularite + quartz are 
restricted to fluid compositions of low CO2 content. 1 Whenever wollas
tonite is associated with these minerals, it has been formed at lowXco2 
values and consequently at much lower temperatures than in massive 
beds of siliceous calcite marbles where X cO 2 was large. The formation of 
wollastonite at low X cO 2 takes place only in thin calcareous layers 
embedded with pelitic rocks, ifwater from the pelitic rocks has lowered 
X cO 2 in the calcareous layers. Such occurrences have been observed by 
Misch (1964) in the northwest Himalayas, and Gordon and Greenwood 
(1971) pointed out that the zonal sequence of calc-silicate assemblages, 
described by Misch, can be understood on the basis of phase relations 
in the system CaO-AI203-Si02-C02-H20. 

The calc-silicate assemblages are embedded with crystaIline schists 
and comprise a roughly circular area with a radius of about 20 km. The 
associated schists contain kyanite in zones 4 and 3 and sillimanite in the 
higher temperature zones 2 and 1. All zones represent medium-grade 
metamorphism (amphibolite facies), but the inner core of zone 1 extends 
into high-grade metamorphism. This indicates a total pressure of about 
6 to 7 kb and a temperature of about 650°C in the core of zone 1. 

Aphase diagram at that total pressure is not yet available. How
ever, the sequence of parageneses is probably the same as at 2 kb (Fig
ure 10-2). The temperatures at 6 kb will of course be higher2 by approx
imately 150°C, but the temperature differences between reactions will be 
almost the same as at 2 kb. 

Gordon and Greenwood (1971) present an evaluation of metamor
phic conditions under which the calc-silicate assemblages of the north
west Himalayas were formed. Figure 10-2, valid for 2 kb, is not suitable 
for a quantitative evaluation of conditions at very much higher pressure. 
However, it serves to demonstrate an important point: The petrogenetic 
significance of parageneses may be very different. Some parageneses 
may indicate the temperature and some may indicate the composition of 
the fluid phase, but others do not reflect definite metamorphic condi
tions, i.e., they are of no petrogenetic significance. As an illustration, 
mineral assemblages from the northwest Himalayas will be interpreted 
on the basis ofphase relations shown in Figure 10-2 as ifthey had been 
formed at 2 kb. 

The sequence of zones from low to high temperatures is in the order 
4 to 1: 

'Grossularite without quartz is also restricted to low xco• values at P f = 2 kb, but at 
high pressure grossularite extends to !arger X co. values (Gordon and Greenwood, 1971). 

2See Boettcher, 1970. 
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Zone 4: Paragenesis Zo + Ce + Q; this is possible to the right of 
curve (6) and left of(9). 
Evaluation: Temperature below 500°C at 2 kb; X CO 2 very 
low (sma1ler than 0.02 at 2 kb). 

Zone 3: Paragenesis An + Ce + Q; this is possible to the right of 
curve (9) and below (3). 
Evaluation: Both temperature and X C02 undefined over a 
wide range. 
Paragenesis Gr + Ce + Q; this is possible only in the nar
row range between curves (2) and (3) or (6), respectively. 
Evaluation: Temperature undefined over a wide range 
from 400° to 600°C at 2 kb; X C02 very low or low (between 
0.02 and 0.2 at 2 kb). 

Zone 2: Paragenesis Gr + Ce + Wo; this is possible above curve 
(2) and left of (4). 
Evaluation: Temperature and X CO 2 undefined over a wide 
range. 
Paragenesis: Gr + An + Q; this is possible below curve (1) 
and above (8) and (3). 
Evaluation: Temperature ranges from 500 to 600°C at 2 kb; 
X C02 very low or low (between 0.02 and 0.2 at 2 kb). 

Zone 1: Paragenesis Wo + An + Q; this is possible above curves 
(1) and (2). 
Evaluation: Temperature greater than 600°C at 2 kb; X C02 

undefined over a wide range. 

Although the temperatures indicated by any one paragenesis lie within a 
wide range, the whole sequence of parageneses clearly gives the infor
mation that the four zones extend over a temperature range from less 
than 500° to greater than 600°C (at apressure of 2 kb). 

Ca, AI Mlea Margarite 3 

Margarite has a higher Al20 a content than zoisite and anorthite (see 
Figure 10-1). It occurs in low-grade calcareous metapelitic rocks in 
which kaolinite or a bauxite mineral was an original constituent. Accord-

aperhaps margarite is more frequent than is supposed. It is very difficult to distinguish 
between margarite and muscovite in thin seetions, especially when these two phases occur 
together. On the basis ofthe strong x-ray interference lines at d = 2.51 and 1.48 A, it can 
be easily identified from powder x-ray diffraction patterns. Most analysed margarites show 
that a considerable amount of the paragonite component is present in solid solution. 
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ing to observations by Frey and Niggli (1972), margarite may be associ
ated with muscovite, paragonite, chlorite, chloritoid, quartz, graphite, 
calcite, and dolomite. Assemblages in the higher temperature part of 
low-grade metamorphism inc1ude muscovite, biotite, chlorite, clino
zoisite, plagioc1ase (oligoc1ase-andesine), gamet, quartz, graphite, cal
cite, and dolomite. From petrographic observations it has been con
c1uded that margarite is formed first at approximately the beginning of 
low-grade metamorphism (i.e., greenschist facies) by the following reac
tion (Frey, 1978): 

{pyrophyllite + calcite ± paragonite} = 

{margarite + quartz + H20 + CO2} 

The conditions for equilibrium are not yet known. However, experi
ments to determine the upper stability of margarite in the CO2-free sys
tem have been carried out by ChatteJjee (1971, 1974), Velde (1971), and 
Storre and Nitsch (1972). Nitsch and Storre (1972) have studied that part 
of the CO2-bearing system CaO-Al20 3-H20-C02 in which margarite 
plays a role. From their work it is evident that margarite, like zoisite, 
can form only in the presence of a water-rich fluid. When the CO2 con
tent of the fluid exceeds a certain value (depending on total pressure and 
temperature), margarite breaks down to calcite, Al2SiOs and H20. On 
the other hand, when at a given relatively low X CO 2 ' temperature sur
passes a certain (pressure dependent) limit, margarite breaks down to 
anorthite and an Al-rich phase; thus, the anorthite content ofplagioc1ase 
increases abruptly. 

Commonly, margarite occurs in quartz-bearing phyllites and low
grade micaschists. Therefore, the stability of the association margarite 
+ quartz is of petrogenetic significance. At P f larger than about 2 kb, the 
upper limit of margarite + quartz is governed by the following re action: 

1 margarite + 1 quartz = 
1 anorthite + 1 kyanite-andalusite + 1 H20 (a) 

According to experimental determinations by Storre and Nitsch (1974) 
the equilibrium conditions ofthis reaction, atXco2 = 0, are 

515 ± 25°C at 4 kb H20 pressure 
545 ± 15°C at 5 kb H20 pressure 
590 ± 10°C at 7 kb H20 pressure 
650 ± 10°C at 9 kb H20 pressure 

This demonstrates a very strong influence of pressure on the stability of 
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margarite + quartz and indicates that this association (and even more so 
margarite without quartz) is expected to occur not only in low-grade 
(greenschist facies) rocks but also in medium-grade rocks subjected to 
high pressures. 

At pressures less than about 2 kb, the following reaction (b) takes 
place instead of re action (a): 

1 margarite + 4 quartz = 1 anorthite + 1 pyrophyllite (b) 

At pressures greater than approx. 9 kb, re action (c) occurs: 

4 margarite + 3 quartz = 2 zoisite + 5 kyanite + 3 H20 • (c) 

Reaction (c) is of special interest because it provides apressure indica
tor: Wherever zoisite + kyanite are observed in stable association, the 
total pressure must have exceeded 9 kb (Storre and Nitsch, 1974). 

Reactions (a) and (c) are graphically shown in Figure 15-3 as curve 
(8) and above 9 kb, as its continuation having a different slope. 4 

Plagioclase + Calcite Assemblages 

The assemblage plagioclase + calcite may occur in an interlayered 
sequence of rocks of diverse composition, e.g., calcite-hearing pelites 
(Bündnerschiefer of the Swiss Alps), calc-silicate rocks, and siliceous 
marbles. Wenk (1962) has followed such rocks through a pro grade 
succession of metamorphic zones in the Swiss Alps in order to test 
whether the anorthite content of plagioclase increases with increasing 
temperature of metamorphism. It would be ideal to have rocks with 
identical bulk composition that could be followed into higher grades. 
However, in practice this restriction is too severe, and Wenk chose 
rocks which had at least similar (not always identical) mineral 
associations. 

Wenk found that the "anorthite content of plagioclase associated 
with calcite is almost uniform in a given region but varies from area to 

4'fhe data are valid for a naturally occurring margarite which contains 23 mole percent 
paragonite component. Pure CaAl2[(OH)JAl~i201O] is unknown in rocks; the component 
NaAl2[(OH)JAlSi30 1o] amounts to 10 to 50% with an average of about 30%. Reaction (a), 
i.e., curve (8) in Figure 15-3, is shifted toward slightly lower temperatures ifthe reaction 
involves pure margarite and, above 9 kb, the curve of reaction (c) would show a more 
pronounced negative slope. Thus, depending on the variable composition of margarite, 
reaction (a) represents a narrow reaction-isograd band, whereas reaction (c) takes place 
within a larger temperature range. 
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area depending on the grade of metamorphism. " Omitting some excep
tions, the anorthite content increases with increasing temperature. He 
further observed that the plagioclase composition changes abruptly 
rather than continuously. He divided the Swiss Alps into metamorphic 
zones (Figure 8-5) based on ranges ofplagioclase composition, i.e., 0 to 
5, 10 to 30, 30 to 70, 70 to 85, 85 to 100% anorthite component. 

The stepwise increase of anorthite content in plagioclase must be 
due to aseries of distinct reactions which produce anorthite component 
with rising temperature. Examples of such reactions are shown in Figure 
10-2. However, it is also evident from this phase diagram that a number 
of other reactions also form anorthite component in response to an 
increase of X C02 at constant temperature and Pf • If X C02 is different in 
nearby layers of identical bulk composition, different plagioclase com
positions must be expected, although Pfand T have been the same. 

It is obvious that the observed increase of anorthite content in pla
gioclase with rising temperature is a complex phenomenon and that the 
"exceptions" des erve special attention. Of course, the stepwise change 
of anorthite content in plagioclase can take place only in those parts of 
a rock where appropriate reactants are available, while in the other areas 
plagioclase composition remains unchanged. Therefore, in composition
ally nonhomogeneous rocks, different plagioclase compositions may be 
expected to lie side by side even in the area of a thin section. 

Further experimental and theoretical work is needed for a rigorous 
correlation between plagioclase composition and metamorphic temper
ature in a complex rock system. To do this, it is essential to keep as 
many variables constant as possible. Compositions of plagioclase either 
from the same paragenesis or from several parageneses related by simple 
reactions must be compared. 

This complex problem is being investigated by Orville (personal 
communication), who has pointed out that in metamorphism of marls 
the following assemblage may be an indicator of metamorphic tempera
ture and fluid composition: 

plagioclase + calcite + quartz + zoisite + muscovite + K felds par 

As an approximation this paragenesis may be represented in the Na02-
free system K20-CaO-AI203-Si02-H20-C02. A preliminary study by 
Johannes and Orville (1972) deals with equilibria in this system at 7 kb. 

More recently, Hewitt (1973) investigated the following reaction, 
which is relevant to the problem: 

1 muscovite + 1 calcite + 2 quartz = 

1 K feldspar + 1 anorthite + 1 CO2 + 1 H20 



150 Petrogenesis of Metamorphic Rocks 

At constant fluid pressure the equilibrium temperature has a maximum 
value at CO2:H20 = 1:1, i.e., at X C02 = 0.5. Under this condition the 
equilibrium data are: 

475 ± 20°C at 2 kb 
533 ± 7°C at 4 kb 
559 ± 9°C at 5 kb 
584 ± 4°C at 6 kb 
606 ± 5°C at 7 kb 

Hewitt also showed that, at 6 kb fluid pressure, the isobaric univariant 
equilibrium curve T-X cO 2 is symmetrical about X CO 2 = 0.5 with points 

for 570°C at X C02 = 0.22 ± 0.33 and 0.78 ± 0.05 
for 555°C at X C02 = 0.11 ± 0.02 and 0.88 ± 0.02 

It would be useful to know the T-X CO 2 data in the range of low X CO 2 

values at different fluid pressures. This would enable the determination 
of isobaric invariant points such as those which arise from the intersec
tion of the above equilibrium curve with that of the previously men
tioned reaction (9): 

2 zoisite + 1 CO2 = 1 calcite + 3 anorthite + 1 H20 

The T-Pf curve of the isobaric invariant point would represent the con
ditions of formation of the assemblage 

zoisite + K felds par + anorthite + muscovite + calcite + quartz 

which occurs in metamorphic marly rocks. However, the plagioclase is 
rarely anorthite. The effect of an addition of albite component to anor
thite is to progressively decrease somewhat the equilibrium temperature. 

Other assemblages found in metamorphosed marls have been stud
ied by Frey and Orville (1974). They payed particular attention to the 
variation of plagioclase composition in response to metamorphic grade. 
Most of the assemblages included plagioclase, calcite, and mar
garite. They arrived at an understanding of the following surprising pe
trographie observations: 

(a) Due to the presence of margarite, the first-appearing plagioclase 
in the lower temperature part of low-grade metamorphism is not 
albite as expected but has a composition of approximately An3o' 
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(b) Plagioclase in most assemblages, among others in the margarite
bearing assemblage 

margarite + zoisite + quartz + calcite + plagioclase, 

becomes richer in An content with increasing temperature. 
However, this is not so with the following paragonite- and mar
garite-bearing parageneses: 

margarite + paragonite + quartz + calcite + plagioclase 

and 

margarite + paragonite + quartz + zoisite + plagioclase 

In these associations the An conte nt remains constant with increasing 
temperature. This has been observed in low-grade and in the lower tem
perature range of medium-grade metamorphism. 

The assemblage margarite + plagioclase is stable to a temperature 
somewhat higher than that of the boundary between low-grade and 
medium-grade metamorphism. However, its stability is drastically lim
ited when the water pressure exceeds about 7-9 kb. At such pressures, 
the following reaction takes place (Franz and Althaus, 1977): 

plagioclase + margarite + H20 = paragonite + zoisite + quartz 

The high pressure assemblage paragonite + zoisite + quartz has been 
observed in low-grade terrains where glaucophane occurs in neighboring 
rocks of appropriate composition. This paragenesis is expected to be 
stable, at high pressures, in medium-grade rocks as weIl. 

Vesuvianite 

Vesuvianite (also called idocrase) is apparently a rather rare mineral 
forrned in metamorphosed marls. Its complex composition may be rep
resented by the following forrnula in which some FeH replaces Mg and 
some F may replace OH: 
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Vesuvianite is weIl known as a constituent in calcium-rich metamor
phites of high level contact metamorphism, although this mineral is in no 
way restricted to contact metamorphism. Vesuvianite, together with 
diopside and/or grossularite, and vesuvianite + epidote, have been 
described from regional medium-grade (amphibolite facies) terrain by 
Tilley (1927) and by Trommsdorff (1968). Chatterjee (1962) demon
strated that it can also appear in low-grade metamorphism (greenschist 
facies) in the foUowing assemblages: vesuvianite + chlorite, vesuvianite 
+ actinolite/tremolite, and vesuvianite + epidote. This typically meta
morphic mineral thus possesses a very large stability range. 

Braitsch and Chatterjee (1963) suggested the following reactions in 
which vesuvianite takes part: 

5 vesuvianite + 4 epidote + 11 quartz = 
16 grossularite + 10 diopside + 12 H20 

3 vesuvianite + 2 tremolite + 7 quartz = 
16 diopside + 6 grossularite + 8 H20 

1 vesuvianite + 1 clinochlore + 8 quartz = 
3 anorthite + 7 diopside + 6 H20 

A systematic study of vesuvianite assemblages is not yet available. 

References 

Boettcher, A. L. 1970 J. Petrol. 11: 337-379. 
Braitsch, 0., and ChatteIjee, N. D. 1963. Contr. Mineral. Petrol. 9: 353-373. 
ChatteIjee, N. D. 1962. Contr. Mineral. Petrol. 8: 432-439. 
-- 1971. Naturwiss. 58: 147. 
-- 1974. Schweiz. Mineral. Petrog. Mitt. 54: 753-767. 
Franz, G., and Althaus, E. 1977. Neues Jahrb. Mineral. Abhand. 130: 159-167. 
Frey, M. 1974. Schweiz. Mineral. Petrog. Mitt. 54: 753-767. 
-- 1978. J. Petrol. 19: 95-135. 
Frey, M. and Niggli, E. 1972. Naturwiss. 59: 214-215. 
-- and Orville, Ph.M. 1974. Am. J. Sei. 274: 31-47. 
Gordon, T. M., and Greenwood, H. J. 1971. Am. Mineral. 56: 1674-1688. 
Hewitt, D. A: 1973. Am. Mineral 58: 785-791. 
Johannes, W., and Orville, P. M. 1972. Fortschr. Mineral. 50: 46-47. 
Kerrick, D. M. 1970. Geol. Soc. Am. Bull. 81: 2913-2938. 
Misch, P. 1964. Contr. Mineral. Petrol. 10: 315-356. 
Nitsch, K.-H and Storre, B. 1972. Fortschr. Mineral. 50, Beiheft 1: 71-73. 
Seidel, E., and Okrusch, M. 1976. Bull. Soc. Geol. France 18: 151-154. 
Storre, B. 1970. Contr. Mineral. Petrol. 29: 145-172. 



Metamorphism of Marls 

-- and K.-H. Nitsch. 1972. Contr. Mineral. Petrol. 35: 1-10. 
-- 1974. Contr. Mineral. Petrol. 43: 1-24. 
Thompson, A. B. 1971. Contr. Mineral. Petrol. 33: 145-161. 
Tilley, C. E. 1927. Geol. Mag. 64: 372-376. 

153 

Trommsdorff, V. 1968. Schweiz. Mineral. Petrog. Mitt. 48: 655-666, 828-829. 
Velde, B. 1971. Mineral. Mag. 38: 317-323. 
Wenk, E. 1962. Schweiz. Mineral. Petrog. Mitt. 42: 139-152. 



Chapter 11 

Metamorphism of Ultramafic Rocks: 
Systems MgO-Si02-C02-H20 and MgO

CaO-Si02- H20 

Two different rock types are predominantly composed of MgO and 
Si02: ultramafic rocks and the much rarer siliceous magnesite rocks. The 
major mineral constituents of ultramafic rocks are olivine, orthopyrox
ene, and/or clinopyroxene, and the MgO/FeO ratio of the rocks is very 
high. CaO is another component present in clinopyroxene. 

Metamorphism of ultramafic rocks requires the access of H20 and/ 
or CO2 • Particularly H20 is commonly available and the introduction of 
H20 converts ultramafic rocks into serpentinites, consisting mainly of 
antigorite or lizardite/chrysotile (varieties of serpentine), minor amounts 
oftalc, quartz, or brucite, and some magnetite. The transition from lizar
dite/chrysotile to antigorite in serpentinite rocks has been observed to 
take place in the Swiss Alps c10se to the upper limit of pumpellyite (Die
trich and Peters, 1971, i.e., c10se to the beginning of low-grade 
(greenschist facies) metamorphism. 

Access of H20 and CO2 to ultramafic rocks is demonstrated by the 
conversion of serpentinites to rocks consisting of tale + magnesite ± 
dolomite. Introduction of H20 and a small amount of CO2 often results 
in rims of talc + magnesite enc10sing serpentinite which previously 
formed by the introduction of H20 alone. Furthermore, there are rare 
cases where rocks consisting of magnesite + anthophyllite or of magne
site + enstatite (a rock called sagvandite) were formed from ultramafic 
rocks by introduction of a fluid having a high concentration of CO2 • 

Petrogenetic interpretations will be presented on the basis of experimen
tal work in the system MgO-Si02-C02-H20. Further on, the effects of 
components CaO and FeO will be considered. 

Experimental work prior to 1967 [reviewed in Turner (1968)] did 
not take into account the presence of CO2 in addition to H20. Recent 
work has investigated the influence of X cO 2 and is of more general sig-
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nificance. Here, phase relations in the system MgO-Si02-H20-C02 are 
based on the investigations ofGreenwood (1967) and Johannes (1969); in 
both papers earlier work by them and others are also taken into account. 

Minerals in the system MgO-Si02-H20-C02 are arranged in order of 
increasing ratio (Mg x l(0)/(MgO + Si02): 

Quartz (Q) 
Tale (Ta) 
Mg-anthophyllite (Antho) 
Mg7[ (0 H)2/ SiS0 22] 
Enstatite (En) 

0% MgO Serpentine (S) 60% MgO 
43 Forsterite (Fo) 67 
47 Brucite (B) ) 

Periclase (P) 100 
50 Magnesite (M) 

In the system Si02-MgO, the compositions of ultramafic rocks wiIllie 
between forsterite and enstatite because olivine and pyroxene are the 
predominant constituents. The presence of Ca-bearing clinopyroxene in 
addition to orthopyroxene makes it necessary to consider CaO as a com
ponent as weIl; this will be done later. 

Figure 11-1 indicates the results of serpentinization: If the ultra
mafic rock is a dunite it plots at Fo. If it consists of olivine and a small 
amount of pyroxene, its bulk composition plots between Fo and En to 
the right ofpoint S. On serpentinization, such a rock will yield a mixture 
of predominantly serpentine and some brucite. On the other hand, a rock 
consisting mainly of pyroxene and some olivine plots between Fo and 
En to the left of point S; in this case a lot of serpentine and some tale 
will be formed on serpentinization. Both types of serpentinite assem
blage may form in different layers of a compositionally layered ultra
mafic body. 

The bulk compositions of most serpentinites plot between MgO 60 
and 67%, i.e., between points S and Fo in Figure 11-1. Consequently, 
whenever serpentine is a reactant, the reaction products will be two min
erals-one to the right ofpoint S (forsterite, brucite, or magnesite) and 
the other to the left (enstatite, anthophyllite, or tale). Quartz is to be 
expected only at a temperature lower than that of the reaction 

1 serpentine + 2 quartz = 1 tale + 1 H20 

Q Ta Eil S Fo 

"'gO 

• B.P,'" 

Fig. 11-1 Graphical representation of the ratios SiO:z/MgO in the stated 
minerals. 
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The following reaetions have to be eonsidered: 

Reactions at extremely small values 0/ X co. : 

1 serpentine + 1 magnesite = 2 forsterite + 2 HzO + 1 COz (1) 
2 serpentine + 3 COz = 1 tale + 3 magnesite + 3 HzO (3) 

1 serpentine + 3 COz = 2 quartz + 3 magnesite + 2 HzO (5) 
1 serpentine + 1 brueite = 2 forsterite + 3 HzO (6) 

5 serpentine = 6 forsterite + 1 taIe + 9 HzO (7) 
1 serpentine + 2 quartz = 1 tale + 1 HzO (8) 
1 brueite + 1 COz = 1 magnesite + 1 HzO (19) 

1 brucite = 1 periclase + 1 HzO (20) 

Reactions within a large intermediate range 0/ X co• between the 
extremes: 

1 talc + 5 magnesite = 4 forsterite + 1 HzO + 5 COz (2) 
4 quartz + 3 magnesite + 1 HzO = 1 tale + 3 COz (4) 

9 tale + 4 forsterite = 5 anthophyllite + 4 HzÜ (9) 
1 anthophyllite + 1 forsterite = 9 enstatite + 1 HzO (10) 

7 taIe = 3 anthophyllite + 4 quartz + 4 HzO (11) 
1 anthophyllite = 7 enstatite + 1 quartz + 1 HzO (12) 

Reactions at extremely large values o/Xco.: 

1 anthophyllite + 9 magnesite = 8 forsterite + 1 HzO + 9 COz (13) 
2 tale + 1 magnesite = 1 anthophyllite + 1 HzO + 1 COz (14) 

lmagnesite + 8 quartz + 1 HzO = 1 anthophyllite + 7 COz (15) 
1 anthophyllite + 1 magnesite = 4 enstatite + 1 HzO + 1 COz (16) 

1 enstatite + 2 magnesite = 2 forsterite + 2 COz (17) 
2 magnesite + 2 quartz = 1 enstatite + 2 COz (18) 

The phase diagram for the system MgO-SiOz-HzO-COz at Pr = 2 
kb (Figure 11-2) shows the reasons for grouping reaetions aceording to 
the value ofXco •. A number ofreaetions take plaee only ifXC02 is very 
small. Especially serpentine-either alone or associated with another 
mineral-is stable only at very small values of X co •. Indeed, the pres
ence of serpentine in a roek is a very good indieator that the fluid phase 
present during roek alteration eontained very little COz or none at all; 
X co. must have been less than 10 mole pereent, otherwise serpentine 
would have been altered to magnesite + quartz [reaetion (5)] or to mag
nesite + tale [reaetion (3)]; see Figure 11-3. 

On the other hand, at very highXco., reactions (14) and (15) lead to 
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Ff = 2Kb 

(I) 2 Fo. 2 HzO • I cOz ... 15. IM 
(3) 25. 3COz .. I T<Z+3M.3HzO 
(5) 15. 3COz .... 20.3M.2HzO 
(6) 2 Fa. 3 HzO ... 15. I 8 
(7) 55 ... 6Fo.ITo.9HzO 
(8) 15.20 - ITa +lHZO 
(10) I Antho • IFo ... 9En .IHzO 
(71) 7 Ta __ 3 Antho.' 0 ., HzO 
(19) I 8.1 COz __ IM. I HzO 
(20) 18 ... , P. I HzO 

, , , I 

20 40 60 80 

~ mole fraction e02 

Fig. 11-2 Isobaric equilibrium curves of reactions (1) through (20) in the 
system MgO-Si02-H20-C02 (Johannes, 1969). 
Remark: The experimental data for reactions (6) and (7) have been obtained 
using chrysotile as the serpentine species; it is known now that antigorite is the 
stahle species at the experimental conditions. Using antigorite instead of chry
sotile gives rise to somewhat higher equilibrium temperatures (Evans et al., 
1976). 

the assemblage anthophyllite + magnesite and reactions (16) and (18) 
produce enstatite + magnesite (Figure 11-4). These assemblages are sta
ble within a temperature range of about 50°C at 2 kb. Therefore, these 
parageneses, which are petrographically weIl known, would not be suit
able as temperature indicators even if the dependence of the reactions 
On P, were known. However, reactions (17) and (13) depend very little 
on X C02 and would serve that purpose if their positions at various P, 
were known. 

Figure 11-2 shows that reactions (1), (3), and (5), occurring at low 
values of X C02 , and reactions (9), (10), (11), (12), (2), and (4), occurring 
within a large range ofXC02 , are stable over a large temperature range. 
On the other band, reactions (6), (7), and (8) and the isobaric invariant 
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500 
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~l Pr" 4 Kb 

200~ 
o OOS 0.10 0.15 0 

'l=2Kb 

o.os 0.10 

- mole fraction XC02 

0.15 0 0.05 0.10 0.15 

Fig. 11-3 Isobaric equilibrium curves of reactions occurring at very low 
X co. values (Johannes, 1969). 
Remark: Same as for Fig. 11-2. 
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(13) I Antho. 9,., • 8F"o.IHfJ .9COz 
(I'J 270.1,., .'Antho.IHzO.ICOz 
(I5J 7 ,.,.8Q.1 HzO - I Antho. 7COz 
(16) I Antho. I,., -, En. I HzO., COz 
(17) IEn.2,., -2Fo.2COz 
(18) 2,.,. 2Q • I En. 2 COZ 

Pr = 2Kb 
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-- mole fraction XC02 
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oe 
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Fig. 11-4 Isobaric equilibrillm cllrves of reactions occurring at large X C02 

vallles. Horizontally ruled: enstatite + magnesite; vertically ruled: anthophyllite 
+ magnesite (Johannes, 1969). 
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points, are valuable temperature indicators or indicators of P,ifthe tem
perature is known from other observations. In particular, the following 
parageneses are petrogenetically significant: 

(8) Serpentine + quartz + talc 
(8/3) Serpentine + quartz + talc + magnesite, invariant point very 

elose to (8) 
(6) Serpentine + brucite + forsterite (first possible appearance of 

forsterite !) 
(611) Serpentine + brucite + forsterite + magnesite, isobaric in

variant point very elose to (6) 
(7) Serpentine + forsterite + talc 
(7/3) Serpentine + forsterite + talc + magnesite, isobaric in-variant 

point; temperatures very elose to those of(7). 

Using chrysotile as the serpentine species, the conditions of reactions 
(6) and (7) have been determined by various authors. These data would 
be petrogenetically significant if they could be applied to nature. How
ever, this is not the case. In the following reactions it is not chrysotile 
but antigorite which is the stable serpentine species: 

1 antigorite + 1 brucite = 2 forsterite + 3 H20 (6) 
5 antigorite = 6 forsterite + 1 tale + 9 H20 (7) 

In discussing the reasons for this observation, Evans et al. (1976) point 
out that the lower stability boundary offorsterite, i.e., reaction (6), lies 
outside the stability field of chrysotile at most metamorphic pressures. 

Whereas the composition of chrysotile is elose to the ideal formula 
M&!Si20s(OH)4, antigorite is somewhat poorer in Mg and OH. Conse
quently, the transition from chrysotile to antigorite takes place by the 
following reaction (Evans et al., 1976): 

17 chrysotile = 17 antigorite + 3 brucite 

Calculated equilibrium conditions ofthis reaction suggest that chrysotile 
is not stable above approximately 300°C. However, field observations, 
cited in the above paper, elearly show that chrysotile persists metastably 
somewhat into the field of antigorite stability. Because of a small entropy 
change, the conversion ofchrysotile to antigprite is very sluggish. There
fore, it is very likely that in quartz-bearing serpentinites, at temperatures 
between 300 and 360°C, the following reaction (8) takes place, chrysotile 
being present as a metastable serpentine species: 

1 chrysotile + 2 quartz = 1 talc + 1 H20 (8) 
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Tbe equilibrium eurves of reaetions (7), (6), and (8) are shown in 
Figure 11-5. The data for (7) have been experimentally determined by 
Johannes (in Evans et al., 1976). The data for (6) have been ealeulated 
by Evans and sinee then also determined experimentally at high pressure 
by Johannes (personal eommunieation, 1977). The data for (8) have been 
dedueed by Johannes (1969) from other experimentally determined 
equilibria. 

The assoeiation ehrysotile + quartz and that ofthe reaetion equilib
rium of (8), namely ehrysotile + quartz + tale, are to be expeeted in 
very-Iow-grade metamorphism. Equilibrium paragenesis (6) is present in 
low-grade metamorphism where indeed the first appearanee of olivine 
has been observed by TrommsdorfI and Evans (1974) at small distance 
above the biotite isograd. Tbe same authors have observed paragenesis 
(7), i.e., the disappearanee ofantigorite at some distanee above the stau
rolite isograd, i.e., somewhat above the beginning of medium-grade 
metamorphism. From this it is obvious that serpentinites when situated 
in sueh a metamorphie terrain deserve eareful investigation. 

® S. 8 = 2 Fa .3H20 [S = antigorite] 

(j) 5S = 6Fa.Ta.9H20 [S= antigorite] 

® S.2Q= Ta.~O[S =chrysati/e] y 
7 I---+-l -+/ I 11 --+------i QI 5 8 Ta 8 ® (j) 
6 .....~. 1 V: 

o..~""5 I-----!--cp----!,---I · ~ ~~. -+---+---i 
" Fa ~ / ~ 

4 

vi 2 

3 1-----'1---, +---+ 

] -j 
300 400 500 600 700 

Fig. 11-5 Equilibrium curves of reactions (8), (6), and (7). The data for the 
stability ofthe three equilibrium parageneses are also valid if Xcoz is not exactly 
zero. Any two minerals adjacent to each other on the line Si02-MgO are stable 
in the fields between reaction curves; the minerals designated by letters may 
occur in metaserpentinites. Reaction (8) involves chrysotile and reactions (6) and 
(7) involve antigorite as the stable serpentine species. 
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If X co• is not known, mineral parageneses formed in serpentinites 
at higher temperatures do not eonstitute reliable (relative) temperature 
indieators, except those rare assemblages of reaetion equilibria (13) and 
(17). The many possible parageneses whieh may be formed by meta
morphism of serpentinites ean be dedueed easily from the various figures 
given in this ehapter. However, it should be stressed that only the ones 
diseussed in partieular are useful petrogenetie indieators. 

So far, most petrographie investigations have failed to eonsider the 
signifieanee of eertain three-mineral (or four-mineral) assemblages in the 
Ca-free system MgO-Si02-fluid. However, two-mineral parageneses in 
metarnorphosed ultrarnafie rocks have been reeorded. A sequenee of 
parageneses with inereasing temperature of metarnorphism has been 
published by Evans and Trommsdorff (1970): 

Tale or brucite + serpentine (species antigorite) 
Forsterite + serpentine (species antigorite) 
Forsterite + tale 
Anthophyllite + tale and anthophyllite + forsterite 
Enstatite + forsterite 

Instead of orthorhombic anthophyllite, the monoelinic Mg-rieh 
eummingtonite (magnesioeummingtonite) is often found as intergrown 
larnellae. Cummingtonite is believed to partially invert to anthophyllite 
during eooling (Rice et al., 1974). This sequenee agrees with the exper
imental results shown in Figures 11-2 and 11-5 and eomprises reactions 
(8), (6), (7), (9), and (10). Also, the observed geographical overlap, with 
increasing temperature, of paragenesis talc + serpentine, formed by 
reaetion (8), and paragenesis forsterite + serpentine, formed by reaction 
(6), is very weIl understood; it is due to the presence of different rock 
compositions in elose proximity. The assemblage tale + serpentine is 
unafIected by reaction (6), as shown in Figure 11-5. On the other hand, 
the assemblage forsterite + serpentine disappears with increasing tem
perature and its place is taken by the assemblage talc + forsterite; there 
is no overlap of assemblages beeause all serpentine is deeomposed by 
reaetion (7). Furthermore, Evans and Trommsdorff have observed that 
the first appearance of the association forsterite + talc oeeurs somewhat 
above the beginning of medium-grade metarnorpbism marked by the for
mation of staurolite in metapelitic rocks-in agreement with experimen
tal results; see Figure 15-2. At bigher temperatures the expected 
sequence of reaetions is the formation of anthophyllite + tale or forster
ite by reaetion (9), followed by the formation of enstatite + forsterite by 
reaction (10) (see Figure 11-7). 

It should be noted that the formation of enstatite in ultrarnafic rocks 
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from anthophyllite and forsterite takes place at an appreciably lower 
temperature than the breakdown of anthophyllite to enstatite + quartz 
[compare reactions (10) and (12) at the same X coz values]. Further
more, the first appearance of enstatite according to (10) perhaps takes 
place at lower temperature than the widespread first formation of ortho
pyroxene (mostly hypersthene) in metamorphic basic and acidic rocks 
(granulites) (to be discussed further on). These reactions are different 
from the ones in ultramafic rocks and therefore temperatures and para
geneses will be different. 

A sequence different from that observed by Evans and Tromms
dorf! may be inferred from Figure 11-2 if parts of a serpentinite body 
have been altered to quartz + magnesite at low temperatures by the 
addition of a fluid containing small amounts of CO2 • With increasing 
temperature, the sequence ofparageneses will be 

Quartz + magnesite 
Quartz + magnesite + talc [reaction (4)] 

Talc + magnesite 
Talc + magnesite + forsterite [reaction (2)] 

Forsterite + talc 
Forsterite + talc + anthophyllite [reaction (9)] 

Anthophyllite + forsterite or talc 
Anthophyllite + forsterite + enstatite [reaction (10)] 

Enstatite + forsterite 

Although such a sequence is expected to occur in some environments, it 
has not yet been documented. 

Presence of A120 3, CaO, and FeO 

So far, only parageneses in the system MgO-Si02-C02-H20 have 
been considered. If Al20 a and/or CaO are additional components of an 
ultramafic rock, additional minerals are encountered. 

The presence of AlzOa in serpentinites will commonly give rise to 
the formation of Mg-rich chlorite. It is stable into medium- and even 
high-grade metamorphism. At high temperature conditions Mg-chlorite 
typically occurs in association with enstatite and forsterite (and magne
tite) (Trommsdorff and Evans, 1969). Thus, contrary to some views, 
chlorite is not restrlcted to very-Iow-grade and low-grade metamor
phism. The stability of a mineral depends on the associated minerals. 
Thus, chlorite associated with muscovite reacts at the beginning of 
medium-grade metamorphism, commonly leading to the disappearance 
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of chlorite. On the other hand, chlorite may remain stable as a member 
of other assemblages to much higher temperatures. 

When, in rare cases, large amounts of Al20 a and MgO are available 
in spinel-bearing layers of ultramafic bodies, sapphirine Mg2A4SiOlO is 
formed in high-grade ultramafic rocks. Sapphirine, which contains very 
little FeO, may be associated with enstatite, spinei, pyrope, hornblende 
of the variety pargasite NaCazM~Al[(OH)z1AI2Sis022], anthophyllite 
(gedrite), diopside, bytownite, or phlogopite. Although sapphirine is sta
ble over a wide range of pressure and high temperature conditions,t its 
occurrence depends crucially upon the appropriate bulk composition; 
especially the MgO/FeO ratio must be high enough to stabilize sapphi
rine. This conc1usion is based on field and petrographie studies (Herd et 
al., 1969; Lensch, 1971) as weIl as on experimental work (Seifert, 1974). 
The latter author has also shown that the assemblage 

sapphirine + enstatite ± spinel 

is stable above about 3.5 kb water pressure when temperatures are in 
excess of 765°C. 

eaO as an additional component ofultramafic rocks will be consid
ered next. The main mineral constituent with CaO as a major component 
is diopsidic clinopyroxene. Therefore, bulk compositions of ultramafic 
rocks plot, in terms of CaO:MgO:Si02 ratios, in the area of the subtri
angle diopside (Di)-forsterite (Fo)-enstatite (En) within the CaO-MgO
Si02 composition triangie (see Figure 11-6). In the metamorphism of 
ultramafic rocks-in particular, serpentinites-two more minerals, diop
side and tremolite, have to be considered in addition to the minerals in 
the CaO-free system. All minerals of interest belong to the subsystem 
Si02-MgO-CaMgSi20 a (diopside); their compositions are plotted in Fig
ure 11-6. 

Two types ofmetamorphic processes have to be distinguished: 

1. By addition of CO2 to an H20-rich fluid, a previous serpentinite 
has been converted to a rock consisting of magnesite + quartz 
+ some dolomite. In this case, the series of reactions that were 
outlined earlier in the system CaO-MgO-Si02-C02-H20 is perti
nent, especially those at high values ofXC02 (Chapter 9). 

2. A serpentinite has been subjected to metamorphism without 
addition of CO2, which is proved by the very presence of serpen-

'Attention is drawn to the fact that the rare association sapphirine + quartz, which 
cannot form in metamorphic ultramafic rocks, has a much more restricted field of stability 
in granulite terrains. 
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Fig. 11-6 Minerals that may be fonned by metamorphism of serpentinites. 
Bulk compositions of ultramafic rocks plot in the stippled area. Possible mineral 
assemblages are shown in Figure 11-7. 

tine. In this case, magnesite and dolomite are not stable and 
X co• is negligible. This situation, withXc02 being zero or very 
small, has not been discussed in Chapter 9. It is of importance 
only in the metamorphism of ultramafic rocks and will, there
fore, be treated here. This review is based mainlyon publica
tions by Evans and Trommsdorff (1970) and by Trommsdorff 
and Evans (1972). 

In metamorphosed serpentintites, diopside forms at relatively low 
temperatures, in contrast to its appearance in the metamorphism of sili
ceous dolomites at rather high temperatures. In the absence of CO2 , 

diopside is stable together with serpentine (and brocite) at very-Iow
grade and low-grade metamorphism, and in association with other 
minerals it persists to higher temperatures. This is very similar to the 
behavior offorsterite which may form by reaction (6) at rather low tem
peratures. The parageneses 

diopside + serpentine + brucite, followed by 
diopside + serpentine + forsterite 

occur in the temperature range of very-low-grade to low-grade meta
morphism (see Figure 11-7). 

With increasing temperature, reaction (21) takes place: 

5 serpentine + 2 diopside = 1 tremolite + 6 forsterite + 9 H20 (21) 
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This is the only tremolite-producing reaction in metaserpentinites, and it 
first stabilizes tremolite at a high er temperature than diopside (!). 
Tremolite persists in various assemblages over a very large temperature 
range until reaction (22) takes place: 

1 tremolite + 1 forsterite = 5 enstatite + 2 diopside + 1 H20 (22) 

CaO as an additional component in serpentinites makes it necessary to 
consider only two new reactions, (21) and (22), in addition to the ones 
discussed previously. 

The sequence of reactions in prograde metamorphism of serpentin
ites in the absence of CO2 is shown in Figure 11-7. The possible mineral 
associations between reaction curves and the parageneses actually 
observed in metaserpentinites by Evans and Trommsdorff (1970) in the 
Central Alps are also shown; the four-mineral equilibrium paragenesis of 
the reactions (21) and (22) is also indicated. The data for reactions (8), 
(6), and (7) are the same as in Figure 11-5; reactions (21) and (22) were 
calculated by Evans and Trommsdorff (1970) and reactions (9) to (12) by 
Greenwood (1963). 

FeO as additio.nal component. Ferrous iron substitutes for Mg in 
crystal structures. In ultramafic rocks, the ratio of FeO to MgO is very 
small and becomes even sm aller through serpentinization because some 
oxidation causes the formation of magnetite. Little ferrous iron remains 
available for Mg substitution in the various minerals. The influence of 
the FeO component on equilibrium data is believed to be minimal. 
Trommsdorff and evans (1972, 1974) have determined by microprobe 
analyses of coexisting minerals the following order of preference for Fe 
relative to Mg: anthophyllite > olivine > antigorite > tremolite > diop
side > talc. Using these partitioning data, the authors deduced that shifts 
of equilibrium temperatures are less than 10°C. Only in the case of reac
tion (9) is the influence ofFe substitution somewhat larger. 
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Chapter 12 

Metamorphism of Mafic Rocks 

Basalts and pyroxene-andesites comprise by far the largest amount 
of mafic rocks and greatly predominate over their plutonic equivalents. 
Basalts and andesites are widespread in most geosynclines in the form 
of lava flows, pillow lavas, tuff layers, sills, and dykes. At least three 
fundamentally different cases of metamorphism of mafic igneous rocks 
must be distinguished: 

a. Water has had access to the rock. 
b. Water has not had access and load pressure was not very high. 
c. Water has not had access but load pressure was very high. 

In case (a) the metamorphic products, formed with decreasing tem
perature of metamorphism, are amphibolites, greenschists, and glau
cophane schists, lawsonite-albite-chlorite schists, or laumontite
prehnite-chlorite schists and similar rocks, depending on pressure and 
temperature (schistosity may be absent). In case (b) nothing happens; 
the mafic rock persists as it iso This is weIl documented by the existence 
of an unchanged inner part of gabbro plutons in metamorphic terrains. 
In case (c) eclogite is formed in a wide range oftemperature and mafic 
granulite is formed only at high temperatures. This will be discussed in 
later chapters. We are concerned here with case (a) where water has had 
access to originally anhydrous rock. 

Transformations Except Those of Very-Low-Grade 
Metamorphism at Low Pressures 

An investigation of 700 amphibolites, all derived from mafic rocks 
and distributed over an area of 5000 sq km in the Central Alps, was 
reported by Wenk and Keller (1969). This enabled a relationship to be 
established between the mineral composition of amphibolites and meta-
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morphic grade. All amphibolites have plagioclase + hornblende as major 
constituents, and in some rocks these two minerals account for 95% of 
the mineral content. Some quartz is always present and commonly some 
of the following minerals occur in various parageneses: biotite, alman
dine-gamet, sphene, rutile. Clinozoisite or epidote may be an important 
constituent as is chlorite in low-grade amphibolites. Diopsidic pyroxene 
may be formed in amphibolites at high temperatures. 

The authors have shown that the anorthite content of the plagio
clase in amphibolites increases with increasing temperature of meta
morphism. They were able to distinguish the following zones: 

Albite-amphibolites 
Oligoclase-amphibolites 
Andesine-amphibolites 
Labradorite-amphibolites 

Such zonal division, however, can be made only on a statistical 
basis; individual amphibolites may have a plagioclase composition out
side the range considered as typical for a given zone. Furthermore, when 
clinozoisite or epidote is a member of the plagioclase + hornblende + 
quartz paragenesis, the anorthite content is often higher than it is in their 
absence. This and other still unknown factors markedly inftuence the 
plagioclase composition. The extent of this inftuence is surprising in 
view of the rather narrow range of bulk compositions of basaltic-andes
itic rocks. Considerable work will be required before this can be fully 
understood. 

At present, the plagioclase composition of amphibolites does not 
fumish a reliable indicator of metamorphic grade, as had been expected. 
However, one feature seems to be reliable, namely, the sudden change 
from albite (An.;; 5) to oligoclase of about An17• This abrupt composi
tional change has also been observed in the association plagioclase + 
calcite (see Chapter 10). Wenk and Keller (1969) made the important 
observation that in the Central Alps the isograd plagioclase An17 + horn
blende (in amphibolites) practically coincides with the iso grad plagio
clase An17 + calcite (in metamorphosed marls, etc.). This isograd is 
observed within the gamet zone and at a somewhat lower temperature 
than the appearance of staurolite in metapelites . The abrupt change in 
plagioclase composition from Ans to An17 is universal and is estimated 
to lie 20° to 30°C below the boundary between low-grade and medium
grade metamorphism. It constitutes a readily detectable feature and is 
weIl suited to subdivide the temperature range of low-grade 
metamorphism. 

The main constituents ofbasalts and andesites are plagioclase (from 
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about An70 to An40 and clinopyroxene, commonly augite, with MgO 
dominating over FeO. In addition, some hypersthene and/or olivine may 
be present. Other than Si02, the main components are CaO, Na20, and 
Al20 S from plagioclase; CaO, MgO, FeO, and some Al20 3 from augite; 
and MgO and FeO from olivine and/or hypersthene. Basaltic rocks have 
significantly more Al20 S and CaO than ultramafic rocks; K20 is 
subordinate . 

After metamorphism, Na20 is a major component only in sodium 
amphibole (glaucophane or crossite) and in albite. Albite may occur as 
a mineral or as a component of plagioclase solid solution. Taking this 
into account, it is possible to omit Nap in a graphical representation of 
parageneses. Furthermore, since MgO-to-FeO ratios do not vary much 
in this group of rocks, these components may be united to (Mg,Fe)O. 
Therefore, as an approximation, the ACF diagram can be used to show 
a number of parageneses that form under different conditions of 
metamorphism. 

When reviewing the metamorphism of mafic rocks, it is interesting 
to start with the magmatic paragenesis of basaltic-andesitic rocks and to 
observe the metamorphic changes that take place at progressively lower 
temperatures of metamorphism. The following sequence of rocks is 
observed: 

a. Amphibolites 
b. Greenschists 
c. Pumpellyite- or lawsonite-glaucophane-bearing rocks and related 

lower pressure equivalents 

A wealth of petrographic information about such rocks is available. 
Of special interest are observations of progressive metamorphic changes 
along a geothermal gradient. For mafic metavolcanics formed at medium 
and high pressures, the publications of Wiseman (1934), van der Kamp 
(1970), Wenk and Keller (1969), Ernst et al. (1970), and Seki et al. 
(1969a) are major sources of information. 

The sequence of metamorphic changes, beginning with the basaltic
andesitic precursor, will be shown with ACF diagrams. Figure 12-1 gives 
the average composition ofthe commonest basalt type, tholeüte (square, 
after Wedepohl, 1967); the ruled area within the triangle plagioclase
augite-(hypersthene, olivine) indicates the common range ofbasalts and 
andesites. 

The main changes of basaltic-andesitic rocks during high-grade, 
medium grade, and the higher temperature part of low-grade meta
morphism, where amphibolites are formed, are: 
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Fig. 12-1 Basaltic-andesitic rocks; mean value of tholeiites indicated. Pla
gioclase commonly between An65 and An40• 

1. Fonnation of hornblende and some almandine gamet (ifpressure 
is high enough) mainly from clinopyroxene and from hyper
sthene, pigeonite, and/or olivine. 

2. Fonnation of less anorthite-rich plagioclase and commonly cli
nozoisite or epidote from that amount of anorthite component 
which was removed from plagioclase. With decreasing tempera
ture, the An content of plagioclase decreases and the amount of 
clinozoiste/epidote increases. 

3. In low-grade metamorphism, chlorite + quartz are additional 
constituents of oligoclase- and albite-amphibolites. At stilllower 
temperature, hornblende becomes unstable and decomposes to 
actinolite, chlorite, and clinozoisite/epidote. Thus, amphibolites 
are changed into greenschists in which albite is a major 
constituent. 

Figure 12-2 represents the labradoritelbytownite-amphibolites in 
which the composition of plagioclase, as compared to that of the original 
basaltic rock, has hardly changes; consequently, the amount of clino
zoisite/epidote is generally very small or nonexistent. However, at high 
temperatures and in the presence of water, hornblende is fonned at the 
expense of pyroxenes and olivine. These amphibolites persist to the 
highest temperatures of metamorphism in the earth's crost, provided 
that water is present. Depending on composition, some diopsidic pyrox
ene may be present instead of almandine-gamet. However, at lower tem-
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A 

minor: 

• sphene • quartz 
• biotite 

c Oi Ho F 

Fig. 12-2 Labradorite/bytownite-amphibolite. High-grade or higher tem
perature part of medium-grade and high-grade, depending on pressure. Little 
gamet is present and clinozoisite/epidote may be lacking. Besides hornblende, 
Ca-free amphibole (mostly cummingtonite) is a common additional constituent; 
this is not obvious from the diagram. 

peratures pyroxene is absent, as is shown in Figure 12-3 for the ande
sine- and oligoclase-amphibolites of medium-grade. 

A 

• sphene minor . 

• quartz 
• biotite 

c Ho F 

Fig. 12-3 Andesine- and oligoclase-amphibolite. Medium-grade. Garnet 
and clinozoisite/epidote may be lacking. Besides hornblende, Ca-free amphibole 
(mostly cummingtonite) is a common additional constituent; this is not obvious 
from the diagram. 
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Low-Grade 

The low-grade amphibolites are shown in Figure 12-4; here, either 
albite or oligoclase coexists with hornblende, clinozoisite/epidote, gar
net, quartz, and chlorite. The presence of chlorite in the paragenesis is 
diagnostic of low-grade. There are low-grade oligoclase-amphibolites 
with chlorite and medium-grade oligoclase-amphibolites without chlo
rite, i.e., oligoclase-amphibolites are stable on both sides of the low
grade-medium-grade metamorphic boundary. With decreasing temper
ature, oligoclase is replaced by albite (+ clinozoisite); the plagioclase 
"jump" is encountered and albite-amphibolites are produced. At still 
lower temperatures hornblende becomes unstable; amphibolites no 
longer exist since they are defined as metamorphic rocks consisting pre
dominantly of plagioclase and hornblende. The stability range of 
greenschists or greenstones has been reached. 

Figure 12-5 refers to greenschists derived from mafic volcanics and 
formed in the lower temperature part of the range of metamorphic con
ditions which have been defined as low-grade. Hornblende has given 
way to actinolite, chlorite, and clinozoisite/epidote; these minerals coex
ist with much albite and some quartz. biotite or stilpnomelane, a little 
muscovite (phengite), and calcite may also be present. Greenschists are 
also formed from pelitic rocks, but they are distinguished from those 
derived from mafic rocks by the relative amounts of minerals: green
schists derived from pelites have much more quartz and phengite, less 
chlorite, albite, and epidote, and generally no actinolite. 

Field observations suggest that actinolite changes to hornblende at 

+ much albite or 
Q{igoclase 

+ sphene 

A 

minor· 

+ quartz 
+ biotite 
t white m/ca 
t carbonate 

C '--------------> F 

Fig. 12-4 Albiteloligoclase-amphibolite = albiteloligoclase-hornblende
chlorite zone. Low-grade; higher temperature part. 
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+ much albite 

+ sphene 

c '---

A 

Ac 

minor: 
+ quartz 
t biotite or 

stilpnomelane 
t white mica 
t calcite 

Fig. 12-5 Albite-actinolite-chlorite zone. Low-grade; lower temperature 
part: mafic greenschist. 

about the same P, T conditions as for the appearance of almandine-gar
net in metapelitic rocks at medium and high pressures. No data concern
ing these complex metamorphic changes are available. At present, it is 
only possible to estimate from the sequence of various metamorphic 
changes in different metamorphic terrains that the change from actinolite 
to hornblende will probably take place at about 500°C, rising only 
slightly with increasing pressure. 

The distinction between hornblende and actinolite is easy only if 
iron-poor, colorless or pale-green actinolite has been formed, which con
trasts witb deeper-green hornblende. Only in such a case is it possible to 
separate an 

albite-hornblende-chlorite zone 

from an 

albite-actinolite-chlorite zone 

within the temperature range of low-grade metamorphism. 

Very-Low-Grade 

Mafic rocks ofvery-low metamorphie grade (roughly between 200° 
and 400°C) exhibit a great variety of mineral parageneses which are 
very sensitive to changes in temperature and pressure. In order to dem
onstrate this, the main differences between low-grade greenschists and 
various rocks of very-Iow-grade will be outlined briefly. 
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The typical assemblage of metabasaltic greenschists or greenstones 
is diagnostic of a specific metamorphic zone designated as 

albite + actinolite + chlorite + zoisite/clinozoisite (epidote) zone 

At lower temperatures zoisite/clinozoisite, in contrast to iron-rich epi
dote, is no longer stable. Consequently, clinozoisite or the iron-free cli
nozoisite component of epidote breaks down and forms new Ca-Al sili
cates like lawsonite or laumontite (at pressures below 3 kb) or the 
Ca-AI-Mg mineral pumpellyite. 

Pumpellyite may be formed by various reactions, of which the fol
lowing is probably common in a very large range (except at pressures 
lower than 2 to 3 kb): 

{clinozoisite + actinolite + H20} = 
{pumpellyite + chlorite + quartz} 

Lawsonite in metabasalts is probably formed by reactions mentioned 
earlier on p. 70, namely 

{zoisite/clinozoisite + chlorite + quartz + H20} = 
{lawsonite + Al-poorer chlorite} 

where chlorite supplies the required small amount of Al to form lawson
ite from clinozoisite/zoisite, and the chlorite after the re action will con
tain somewhat less Al. However, this suggestion still needs verification. 

Whenever CO2 is available in small amounts in a water-rich fluid, 
the following reaction leads to the formation of lawsonite: 

1 zoisite/clinozoisite + 1 CO2 + 5 H 20 = 
3 lawsonite + 1 calcite 

In mafic rocks of very-Iow metamorphic grade, pumpellyite or lawsonite 
or both are diagnostic; they are present instead of iron-poor, epidote, 
clinozoisite, or zoisite. At lower pressures prehnite Ca2[(OH):! 
Al2Si30 lO] occurs. At pressures below about 3 kb, laumontite is stable 
instead oflawsonite. Parageneses with these minerals will be considered 
on p. 179fT. 

The formation of lawsonite, laumontite, pumpellyite, and prehnite 
from low-grade rocks is mainly caused by a decrease of temperature, 
whereas other reactions are caused by increasing pressure. These reac
tions are formation of lawsonite instead of laumontite, transformation of 
calcite into aragonite, and formation of the Na-amphiboles glaucophane 
or crossite. Glaucophane or crossite may also be formed in the lower 
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temperature range of low-grade metamorphism, but the association with 
lawsonite and/or pumpellyite, instead of zoisite/clinozoisite, is diagnos
tic of very-low-grade metamorphism. 

Glaucophane/crossite is formed by areaction between chlorite and 
albite; actinolite may be an additional reactant: 

{chlorite + albite ± actinolite} = 

{glaucophane/crossite + HzO} 

A simplified equation, based on iron-free minerals, demonstrates the 
relationship between reactants and products: 

4 NaAISiaOs + Mg6[(OH)w'Si40 10] = 
albite chlorite 

2 NazMgaAlz[(OH)JSisOd + 2 HzO 
glaucophane 

If the pressure has been sufficiently high to allow the formation of glau
cophane, the amount of chlorite and albite in the metabasalts is greatly 
reduced or disappears entirely. Consequently, the rocks have a blue 
color. Generally, either chlorite or albite is used up completely in the 
reaction. Therefore, the following parageneses are common in very-Iow
grade mafic rocks within the lawsonite-glaucophane zone: 

Glaucophane/crossite + lawsonite and/or pumpellyite 
+ sphene + small amounts of albite or chlorite 
Some specimens may contain actinolite, and minor amourtts of 

white mica, stilpnomelane, quartz, calcite, or aragonite may be 
present. 

This is indicated in Figure 12-6. 
In addition to the reactions given above, more complex reactions 

leading to the formation of crossite have been suggested by Brown 
(1977) on the basis of petrographie studies: 

{epidote + actinolite + albite + chlorite + HzO} = 

{crossite + pumpellyite + quartz} 
{actinolite + hematite + albite + chlorite + HzO = 

{crossite + epidote + quartz } 
{epidote + chlorite + albite + quartz + HzO} = 

{lawsonite + crossite + paragonite} 

If the bulk composition of the rock was such that some albite 
remains after the formation of glaucophane, a complex re action may be 
possible, formingjadeite-bearing pyroxene + quartz. Only rarely and in 
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Fig. 12-6 Lawsonite/pumpellyite-glaucophane zone. Very-low-grade; high 
pressure. 

small amounts have Na pyroxenes been formed in metabasalts. Aergi
rine-augite (with only 10% jadeite component) has been recorded from 
Calabria by E. de Roever (1972) and green omphacite or acmite with 
only a moderate content of jadeite component has been reported from 
Califomia by Coleman and Clark (1968). These Na pyroxenes have less 
jadeite component than the jadeite pyroxenes which are typical of meta
graywackes formed at very high pressures and very-Iow-grade meta
morphism. It is necessary to make a clear distinction between Na pyrox
enes in metabasalts and jadeitic pyroxenes in graywackes, because the 
simple breakdown reaction of albite to jadeite + quartz is relevant only 
in metagraywackes where the ratio of albite-to-mafic minerals is very 
high. 

After the initial discovery of metamorphic aragonite by Coleman 
and Lee (1962) it has been reported from several places outside the 
American Pacific region-in Calabria (southem ltaly) by Hoffmann 
(1970) and E. de.Roever (1972) and in New Caledonia (island east of 
Australia) by Brothers (1970). These publications have contributed to 
the general knowledge about very-Iow-grade rocks. 

The PoT range in which the discussed glaucophane/crossite-bearing 
rocks are formed will be designated as the 

lawsonite/pumpellyite-glaucophane zone. 

This is followed at lower pressures where glaucophane/crossite cannot 
form by the 

lawsonite/pumpellyite-albite-chlorite zone. 
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G/aucophane-Free Mafic Rocks 

At press ures lower than necessary for the fonnation of glauco
phane/crossite, the minerals albite and chlorite are, of course, major 
constituents of metabasalts. However, the minerals lawsonite and/or 
pumpeHyite are major constituents as weH, as in the glaucophane rocks 
just discussed. Therefore, the commonest parageneses have as major 
constituents lawsonite and/or pumpeHyite and albite and chlorite. 
Accordingly, the stability field of these rocks will be designated as the 

lawsonite/pumpeHyite-albite-chlorite zone. 

The parageneses lawsonite and/or pumpeHyite (depending on bulk 
composition), together with chlorite and much albite, have been indi
cated in Figure 12-7. Sphene is always an additional phase in variable 
amounts from a few percent up to 10 to 15%. The minor minerals are 
indicated as weH in Figure 12-7. 

lron-rich epidote is usually rare but it has been observed together 
with lawsonite, occasionally in appreciable amounts (Hoffmann, 1970). 
Commonly, actinolite is also rare but in the Sanbagawa belt a distinct 

pumpeHyite + actinolite + albite + chlorite + lawsonite zone 

has been mapped (Seki, 1969). 
The association albite + chlorite + epidote + actinolite ± pumpel-

.. much albite 
.. sphene 

A 
~: 
t quartz 
t white mica 
t stilpnomelane 
~ calcite 
t haematite 

C'-------..... -~F 

Fig. 12-7 Lawsonitelpumpellyite-albite-chlorite zone. Very-Iow-grade; 
medium to high pressure but lower than for glaucophane formation. 
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lyite recorded in California is exceptional, because the paragenesis albite 
+ chlorite + actinolite + epidote is diagnostic of low-grade rather than 
very-Iow-grade metamorphism, provided epidote is iron-poor. In very
low-grade metamorphism actinolite coexists only with iron-rich epidote. 

The following should be noted: The absence of glaucophane/cros
site in this zone need not imply, as E. de Roever (1972) pointed out, an 
absence of blue amphiboles in general. The blue, iron-rich amphibole 
magnesioriebeckite 1 (as well as the nonjadeitic Na pyroxenes aergirine 
and aegirine-augite) may well be present in rocks of this zone of very
low-grade metamorphism. Within the range of bulk compositions of 
mafic rocks, paragenesis (a) or (b) is found elose to (c): 

magnesioriebeckite + epidote + albite + chlorite (a) 
magnesioriebeckite + aegirine-augite (or aegirine) 

+ albite + chlorite (b) 
lawsonite ± epidote + albite + chlorite (c) 

Are Prehnite-Bearing Rocks Formed Only at Low Pressures? 

This section deals with the metamorphism of mafic rocks at pres
sures greater than 3 kb, the approximate pressure below which lawsonite 
is not stable. On p. 180ff we shall review the different transformations 
that may take place at pressures below approximately 3 kb. There, the 
occurrence of prehnite and of prehnite + pumpellyite plays a prominent 
role. However, the question arises as to whether prehnite with or with
out pumpellyite is invariably a criterion of pressures lower than about 3 
kb or whether it may be formed at higher pressures as weIl. 

Only one petrographie example is known whieh may cast doubt on 
the low pressure nature of prehnite. Metamorphic aragonite marble is 
associated with metasedimentary and metavolcanic rocks that consist of 
prehnite + pumpeIlyite + albite + chlorite ± quartz in northwest Wash
ington. Vance (1968), who reported this interesting occurrence, drew 
from it the conclusion that the pressures for aragonite formation may 
have been much lower than experimental determinations demand. New
ton et al. (1969) suggested that strain energy in calcite would lower the 
transition pressure by more than 3 kb and that this might have been the 
case in the investigated region. However, this problem remains 
unsolved. It is very likely that aragonite occurring in metamorphic rocks 
is an indicator of high pressures. 

IRiebeckite is Na2Fei+Fe~+ [(OH):/Sis0 22]; in the investigated magnesioriebeckites 
between 25 and 55% of the FeH is replaced by Mg. 
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Experimental investigations at pressures between 5 and 9.5 kb of 
the reactions 

pumpellyite + quartz = prehnite + chlorite + H20 
pumpellyite + actinolite + quartz = prehnite + chlorite + H20 

by Hinrlchsen and Schürmann (1969) and Nitsch (1971) show that prehn
ite (with or without pumpellyite) may ex ist at high and medium pres
sures. Prehnite + pumpellyite is not limited to low pressure metamor
phism, and the association of prehnite with (high pressure, low 
temperature) aragonite requires no special explanation. It is expected 
that in a rock sequence formed at medium or high pressures, rocks of 
appropriate composition will grade, with decreasing temperature, from 
pumpellyite (± lawsonite) + albite + chlorite + quartz or pumpellyite 
+ actinolite + albite + chlorite + quartz rocks to albite + chlorite rocks 
containing prehnite ± pumpellyite ± lawsonite. This is suggested from 
the experimental data shown in Figure 12-11 on p. 190. 

Summary of Metamorphie Zones in Mafic Rocks 

lawsonite/pumpellyite-albite-chlorite zone. 

At higher pressure: 
lawsonite/pumpellyite-glaucophane zone 

(calcite- or aragonite-bearing). 

clinozoisite-albite-actinolite-chlorite zone (greenschist) 

At higher temperature: 
albite/oligoclase-hornblende-chlorite zone (low-grade 
amphibolite) 

very-Iow
grade 

low
grade 

amphibolites medium- and high-grade 

Very-Low-Grade Metamorphism at Low Pressures 

Here, reactions below about 3 kb will be considered; at these pres
sures laumontite instead of lawsonite is stable. In this pressure range 
and at temperatures of very-Iow-grade metamorphism, the following 
minerals are significant: 
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Wairakite: Ca[AI2Si40 1J· 2 H20 
Prehnite: Ca2[(OH)J A12Sia0 1o] 

PumpeIlyite: CaiMg,Fe)(AI,Fe)sO(OHMSi20 7h[Si04]2 • 2 H20 

We shall continue to review the metamorphic changes in mafic rocks 
with decreasing temperature. 

At low-grade metamorphism mafic metamorphic rocks (green
schists) are characterized by the assemblage shown in Figure 12-5: 

Zoisite/clinozoisite (or relatively iron-poor epidote) 
+ Actinolite + albite 
+ Chlorite 
± Quartz 

At conditions of very-Iow-grade metamorphism, this paragenesis 
changes to the assemblage shown in Figure 12-8: 

Pumpellyite + albite 
+ Actinolite 
+ Chlorite 
± Quartz 

Iron-rich epidote and some stilpnomelane may also occur. In certain 
cases, clinozoisite coexists with pumpeIlyite and chlorite; this assem
blage may possibly represent the actual re action equilibrium (Bishop, 

A 

+ much albite 

c 
Fig.12-8 Pumpellyite-actinolite-chlorite zone. Very-low grade; low but not 

very low pressure. 
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1972). The assemblage shown in Figure 12-8 is diagnostic ofthe so-called 
pumpellyite-actinolite facies of Hashimoto (1965) [see also Coombs et 
al. (1970)], which here is called the 

pumpellyite-actinolite-chlorite zone. 

The following re action (No. 2 in Figure 12-11) leads to this 
paragenesis: 

{clinozoisite + actinolite + H20} = 

{pumpellyite + chlorite + quartz} 

This re action was suggested by Seki (1969), and has been experimentally 
investigated by Nitsch (1971). This study indicated that the re action can
not proceed at very low pressures but only at pressures above the invar
iant point shown in Figure 12-11. The exact position of this point, 
between about 1 and 3 kb, is unknown. As shown in Figure 12-7, pum
pellyite + actinolite + chlorite occur at higher pressures but probably at 
pressures sufficiently low to prevent the formation of lawsonite in 
accompanying rocks, i.e., at pressures below about 3 kb. This would be 
consistent with the common field observation that with decreasing tem
perature, rocks with pumpellyite + actinolite + chlorite are followed by 
rocks with prehnite and finally with laumontite. 

Prehnite-pumpellyite assemblages have now been recognized in 
many areas; see Seki (1969), JoHy (1970), Coombs et al. (1970), and 
Martini and Vuagnat (1970). A so-called prehnite-pumpellyite facies has 
been recognized (Coombs, 1961); we prefer the designation 

prehnite-pumpellyite-chlorite zone 

Figure 12-9 shows, among others, the commonest assemblage in 
mafic rocks: 

pumpellyite + prehnite + chlorite + albite ± quartz 

and the less common assemblage: 

prehnite or pumpeHyite + chlorite + calcite + albite 

Sphene is present in all these mafic rocks. 
Transitional between the parageneses of Figures 12-9 and 12-8 is the 

paragenesis observed by Coombs et al. (1970): 

prehnite + chlorite + actinolite + albite ± epidote 
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A number of reactions may produce the association pumpellyite + 
prehnite + chlorite. Therefore, this three-mineral assemblage by itselfis 
a poor indicator of metamorphic conditions. However, if prehnite-pum
pellyite assemblages are associated with metamorphic rocks containing 
laumontite or wairakite rather than lawsonite and/or glaucophane, it is 
clear that pressures have been rather low, probably less than 3 kb. In 
such case and in areaction sequence reftecting decreasing temperature, 
the appearance of prehnite + pumpellyite + chlorite + albite indicates, 
according to the investigations by Nitsch (1971), that the temperature 
has been between about 400° and 300°C (see Figure 12-11). At these 
temperatures, laumontite will not form but wairakite may be present. 

The following reactions produce either prehnite or pumpellyite; 
they are designated by the numbers used in Figure 12-11, p. 190: 

{pumpellyite + actinolite + quartz} = {prehnite + chlorite} (1) 
{pumpellyite + actinolite + epidote} = {prehnite + chlorite} (4) 
{actinolite + epidote} = {prehnite + chlorite + quartz} (5) 
{prehnite + chlorite + epidote} = {pumpellyite + quartz } (6) 

According to these reactions, specific parageneses arise which may pro
duce a zonation in areas of very-low-grade metamorphism. Some of the 
parageneses are indicated in Figure 12-11. 

In detailed studies of very-low-grade metamorphic areas, the fol
lowing sequence, with decreasing temperature, commonly has been 
found: 

A 

+ much albit~ 

Fig. 12-9 Prehnite-pumpellyite-chlorite zone. Very-low-grade; low pres
sure. Note that this zone need not be restricted to low pressures. 
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Low-grade rocks belonging to the 
clinozoisite + actinolite + chlorite + albite zone. 
(mafic greenschists) pass into the following sequence 
of very-Iow-grade rocks: 

Pumpellyite + actinolite + chlorite + albite zone, 
Prehnite + pumpellyite + chlorite + albite zone, 
Laumontite + chlorite zone; 
In some areas the laumontite zone is preceded by a 
wairakite + chlorite zone 

The laumontite-chlorite zone is characteristically developed in 
mafic rocks. This assemblage is very widespread in the Coombs et al. 
(1959) zeolite fades, loosely defined "to incIude at least all those assem
blages produced under conditions in which quartz-analcime, quartz-heu
landite, and quartz-Iaumontite commonly are formed." However, 
recently Coombs (1971) suggested the following, more restricted, defi
nition: The zeolite facies is characterized by the association calcium
zeolite + chlorite + quartz in rocks of favorable bulk composition. 
Mafic rocks and many volcanogenic sediments have the required com
position. This definition is very similar to Winkler' s (1965) laumontite
prehnite-quartz facies; however, Coombs' recent designation of a cer
tain range of metamorphic conditions by the assemblage Ca-zeolite + 
chlorite is admittedly superior in view of petrographie observations now 
available. 

Whereas facies are based on associations of mineral assemblages 
from rocks of diverse bulk compositions, metamorphic zones are desig
fiated by a characteristic paragenesis (or, in some cases, by a mineral). 
Following Coombs' (1971) suggestion, we shall distinguish the following 
zones, all of which contain a Ca zeolite + chlorite and are developed in 
mafic rocks and derived sediments. 

Wairakite-chlorite zone 
Laumontite-chlorite zone 
and possibly, if established as a stable association, 
heulandite + prehnite + chlorite zone (see Figure 12-lOb) 

The sequence ofthese zones corresponds to decreasing temperature. 

The Wairakite-Chlorite Zone 

This zone is less common than the laumontite-bearing zone. It has 
been observed only in areas with very high geothermal gradients, i.e., in 
active volcanic terrains. In the Wairakei distriet in New Zealand (Stei-
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a. 

(Mg,FeO) 

c. Kao d. Kao 1 
.. 

Cepc~--------~ Ce.·~--------~ 

e. 

Ce .~::::::::::::::::=~ 

f. 

Ce~-~--------~ 

Fig. 12·10 Laumonite-chlorite zone, shown in triangles c to g. Very-Iow
grade; low pressure, h represents the prehnite-pumpellyite-chlorite zone. (Corn
pare Figure 12-9 for rnafic cornpositions.) (Compilation of some zeolite facies 
assernblages by Coombs, 1971.) 
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ner, 1955; Coombs et al., 1959) and at several places in Japan (see Seki, 
1969), cores from boreholes drilled in areas of geothermal activity 
showed zones of zeolites formed by the action of steam and hot solu
tions. The zones have the following sequence with increasing 
temperature: 

Mordenite zone or mordenite + heulandite zone 
Laumontite zone 
Wairakite zone 

At Tansawa Mountain in Japan tbis sequence can be followed fur
ther into higher temperature ranges; there, the 

Wairakite zone is succeeded by the 
Prehnite + pumpellyite + chlorite zone and by the 
Clinozoisite + actinolite + chlorite zone 

From field observations it is clear that wairakite occurs instead of 
laumontite at bigher temperatures if pressures remain rather small (prob
ably below 3 kb). The entire sequence may be expressed by the follow
ing reactions: 

mordenite = {laumontite + albite + quartz + water} 
heulandite = {laumontite + albite + quartz + water} 
laumontite = {wairakite + water} 

The compositions of the minerals are: 

Mordenite: (Ca,Na2)[A12Siloü24]· 7 H2ü 
Heulandite: (Ca,Na2)[Al2Si7ÜlS] . 6 H2ü 
Laumontite: Ca[AI2Si4ü 12] . 4 H2ü 
Wairakite: Ca[A12Si4üd· 2 H2ü 

The Laumontite-Chlorite Zone 

It is weIl documented that in response to decreasing temperature 
laumontite appears in place of pumpeIlyite and/or prehnite; eventually 
all pumpeIlyite and then all prehnite is replaced by laumontite. The reac
tions involving pumpellyite, prehnite, laumontite, and chlorite are not 
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yet known2 • There must be several reactions because, in rocks of mafic 
compositions, several different assemblages have been observed. This is 
shown by the compilation of "zeolite facies, laumontite subfacies" 
assemblages by Coombs (1971); see Figure 12-10. Mafic compositions 
plot on or somewhat below the join laumontite-chlorite. All parageneses 
of mafic bulk composition in triangles c to g contain laumontite. They 
probably have formed at a temperature not exceeding 300°C. Neverthe
less, parageneses inc1uding laumontite (all having additional albite as a 
major constituent) may differ markedly: 

Laumontite + chlorite + pumpellyite 
Laumontite + chlorite + prehnite 
Laumontite + chlorite + calcite 

Note, in Figure 12-10 g, that the laumontite + chlorite zone may 
overlap with the prehnite + purnpellyite + chlorite zone. It is also evi
dent from Figure 12-10 that my earlier (1965) designation "laumontite
prehnite-quartz" for the whole "zeolite facies" can no longer be upheld; 
tbis assemblage corresponds to the very restricted conditions of trian
gle d within the laumontite-chlorite zone. 

At temperatures lower than those of stages band c in Figure 12-10, 
prehnite and laumontite are not stable; the Ca-zeolite heulandite or its 
variety clinoptilolite takes their place. Probably the following reactions 
proceed: 

CaA12Si40 12 • 4 H20 + 3 Si02 + 2 H20 = CaAl2Si70 18 • 6 H20 
laumontite quartz heulandite 

{heulandite + albite and/or adularia + water} = clinoptilolite 

Starting with mafic rocks and water, a sequence of reactions has 
been discussed here that is observed with decreasing temperature. It 
may be more familiar to treat metamorphic changes with increasing tem
perature. In this case, rocks consisting of heulandite + chlorite + albite 
(or analcime + quartz) as major constituents are often used to begin 

2"fhe following re action, suggested by Coombs (1%1) may be one of various possible 
reactions: 

[pumpellyite + quartz + HzO] = [laumontite + prehnite + chlorite] 

Another one has been given by Seki et al. (1%9b). 

[prehnite + pumpellyite + chlorite + quartz + water] = [laumontite + saponite] 
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discussion of prograde metamorphism. These rocks have previously 
been formed by alteration of mafic rocks in the P-T range designated as 
diagenetic in this treatise. 

At about the same conditions, with increasing temperature, where 
laumontite is formed from heulandite, albite is formed from analcine + 
quartz: 

NaA1Siaüs + H2ü = NaA1Si2ü 6 • H2ü + Siü2 

albite analcime quartz 

A typical field occurrence was described by Coombs (1961) as fol
lows: "In the upper members of the Triassie Taringatura section, South
land, New Zealand, heulandite or its relative clinoptilolite is wide
spread. . . . Sedimentary beds consisting essentially of analcime and 
quartz also occur high in the Taringatura section .... At depths below 
about 17,000 ft (ca. 6 km) in the present stratigraphie section (which 
formerly had an overburden of an additional 5 km sedimentary succes
sion) , the analcime beds are represented by quartz-albite, sometimes 
with adularia, and heulandite gives way to a less hydrated lime zeolite, 
laumontite. " 

With the first appearance oflaumontite (or lawsonite at higher pres
sures) mineral assemblages are encountered which are not stable in the 
sedimentary environment. For this reason we have defined this change 
as the beginning of metamorphism (Chapter 2); the field of metamor
phism is bordered at lower temperatures by the field of diagenetic 
changes. Durlng diagenesis many zeolites and other minerals are 
formed, but all ofthem are also stable under sedimentary conditions. By 
far the commonest zeolites are heulandite (or c1inoptilolite) and anal
cime, and they can occur even as the chief constituents of some sedi
ments. üther zeolites of sedimentary-diagenetic origin (some of which 
may persist somewhat into very-low metamorphic grade) are 

Ca zeolites: scolecite, gismondine, chabazite, levyne 
Ca,Na zeolites: mesolite, thomsonite, gmelinite, stilbite, mor

denite 
Na zeolite: natrolite 
K,Ca,Na zeolite: phillipsite 

For further information see Hay (1966) on zeolites and zeolitic reactions 
in sedimentary rocks and Miyashiro and Shido (1970) on "progressive 
metamorphism in zeolite assemblages." 
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Summary of Very-Low-Grade Metamorphie Zones with 
Increasing Temperature, Below the Stability of Lawsonite 

Laumontite-chlorite zone 
Wairakite-chlorite zone 
Prehnite/pumpellyite-chlorite zone 
Pumpellyite-actinolite-chlorite zone 

Evaluation of Metamorphie Changes at Very-Iow-Grade 

Phase relations relevant to very-Iow-grade metamorphism have 
been compiled in Figure 12-11. Much experimental work has been done 
recently and is summarized below: 

(a) The reaction 

analcime + quartz = albite + water 

is taken as the boundary between diagenesis and very-Iow-grade meta
morphism, i.e., as an indication ofthe beginning ofmetamorphism. The 
earlier data for this reaction by Campbell and Fyfe (1965) have been 
superseded by those of Liou (1971a). The curve designated analcime + 
Q = albite refers to the experimentally determined equilibrium. Albite 
of intermediate structural state grew in the runs, whereas in nature low 
albite is formed. Taking this into account, Liou calculated the probable 
equilibrium conditions (broken line to the left of curve) involving low 
albite. 

(b) A further indication of the beginning of metamorphism is the 
appearance of lawsonite at the expense of heulandite. The re action 

heulandite = lawsonite + quartz + water 

has been investigated by Nitsch (1968). 
(c) Reactions involving prehnite, pumpellyite, chlorite, clinozoisitel 

zoisite, actinolite, and quartz have been studied by Nitsch (1971). The 
following reactions are relevant: 

{prehnite + chlorite ± quartz } = 
{pumpellyite + actinolite ± quartz} 

(1) 
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Fig. 12-11 Phase relations in very-Iow-grade metamorphism. H20 pressure 
is equal to total pressure. Note that number 3 refers to the broken line further 
down. 

{pumpellyite + chlorite + quartz } = (2) 
{clinozoisite + actinolite} 

{pumpellyite + quartz} = (3) 
{prehnite + clinozoisite + actinolite} 

{prehnite + chlorite} = (4) 
{pumpellyite + clinozoisite + actinolite} 

{prehnite + chlorite + quartz } = (5) 
{diopside + actinolite} 

{pumpellyite + quartz} = (6) 
{prehnite + clinozoisite + chlorite} 
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All reactions have been investigated in the iron-free system and there
fore the univariant equilibria are correctly represented by a curve. With 
iron present, however, a band (probably narrow) will replace the curve 
in each of the six reactions and epidote instead of clinozoisite may be 
formed. The six equilibrium curves meet at an invariant point; its posi
tion within apressure range of about 1 to 4 kb is still uncertain. But 
sequences of reactions suggest a location of the invariant point near 2 kb 
and at 345° ± 20°C. All equilibrium temperatures given are within the 
limit of ± 20°C. The location ofreactions (3) and (4) in Figure 12-11 has 
been estimated. 

(d) What was believed to be the upper stability of lawsonite has 
been investigated by Newton and Kennedy (1963) and by Nitsch (1972), 
but only recently Nitsch (1974) found that the previously studied reac
tions are metastable. The stable upper stability of lawsonite is repre
sented by the following reaction (mentioned on page 79): 

5 lawsonite = 2 zoisite-clinozoisite + 1 margarite + 2 quartz + 8 H20 

For this reaction Nitsch gives the following equilibrium data: 

345° ± 10°C at 4kb 
385° ± 10°C at 7 kb 
430° ± 10°C at 10 kb 

These data for the upper stability of lawsonite are shown by a double 
line in Figure 12-11, although the specific margarite-producing reaction 
is not relevant when dealing with metamorphism of mafic rocks. Rather, 
the reactions mentioned on page 70 will be valid: 

{lawsonite + chlorite} = {zoisite-clinozoisite + Al-richer chlorite 
+ quartz + H20 

and 

3 lawsonite + 1 calcite = 1 zoisite-clinozoisite + 1 CO2 + 5 H20 

No equilibrium data for these reactions are available, but it is estimated 
that they will deviate only slightly from the maximum stability values of 
lawsonite. 

(e) The re action 

1 lawsonite + 2 quartz + 2 water = 1 laumontite 
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studied by Crawford and Fyfe (1965) has been reinvestigated recently by 
Nitsch (1968), Thompson (1970a), and Liou (1971b). The results of the 
three investigations are in good agreement, yielding the following mean 
values: 

200°C and 2.8 ± 0.2 kb 
2500C and 3.0 ± 0.2 kb 
30(J'C and 3.1 ± 0.2 kb 

lawsonite is stable on 
the higher pressure side, 
i.e., above ca. 3 kb 

(0 Laumontite dehydrates with increasing temperature to 
wairakite: 

1 laumontite = 1 wairakite + 2 H20. 

Equilibrium data determined by Liou (1971b) are 

255° ± 5°C at 1 kb 
282° ± 5°C at 2 kb 
297° ± 5°C at 3 kb 

(g) Above 3 kb laumontite is not stable and wairakite is formed 
from lawsonite and quartz in response to increasing temperature; this 
re action is, however, restricted to a narrow pressure range: 

1 lawsonite + 2 quartz = 1 wairakite 

Equilibrium data have also been determined by Liou (1971b): 

315°C at 3.5 kb 
360°C at 4.0 kb 

The wairakite field may be restricted in its higher pressure range. This 
follows from Liou's (1971c) investigation of the reaction, designated as 
(7) in Figure 12-11: 

2 wairakite + n H20 = prehnite + montmorillonite + 3 quartz (7) 

(h) Wairakite may be stable within a temperature range of almost 
100°C, according to experimental studies of Liou (1970). The dehydra
tion re action 

wairakite = anorthite + quartz + water 
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takes place at the following conditions: 

330°C at 0.5 kb 
350°C at 1 kb 
370°C at 2 kb 
385°C at 3 kb 
390°C at 4 kb 

(Temperatures are stated to be 
correct within ± 5°C) 
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The temperature values at the higher pressures seem to be too high by 
about 30° when compared with the upper stability curve of lawsonite. 
These two re action curves must meet in an invariant point (where lau
montite is absent). Consequently, a slight adjustment of temperatures 
has been made so that the dehydration of wairakite has been plotted in 
Figure 12-11 at 350°C (instead of 385°C) and 3 kb. 

(i) The upper stability of prehnite, given by the re action 

5 prehnite = 2 zoisite + 2 grossular + 3 quartz + 4 H2ü (8) 

has also been determined by Liou (1971c). The data which are shown in 
Figure 12-11 as re action (8) are 

403° ± 5°C at 3 kb 
399° ± 10°C at 4 kb 
393° ± 5°C at 5 kb 

(j) Since aragonite occurs as a metamorphic mineral in very-Iow
grade rocks, it is appropriate to include the data of the calcite/aragonite 
inversion in Figure 12-11. The calcite/aragonite transformation has been 
reinvestigated by J ohannes and Puhan (1971)3. It is of special value that 
they determined the transformation between 200°C and 480°C in a 
hydrothermal apparatus as weH as in a piston-cylinder device. More 
recent work has been carried out by Crawford and Hoersch (1972) from 
50° to 150°C. The resulting slope of that part of the equilibrium curve 
agrees very weH with that obtained previously at higher temperatures by 
Boettcher and Wyllie (1968a), but it differs from that determined by 
Johannes and Puhan. 

3Somewhat before Johannes and Puhan (1971) carried out their experiments, Zim
mermann (1971) had investigated the calcite/aragonite transition between 150 and 3500C. 
He determined the same slope of the equilibrium curve as Boettcher and Wyllie (1968) but 
his curve is displaced towards 2 kb higher pressure values paraIlel to the relevant double 
line indicated in Figure 12-11. The reason for this shift is not yet understood. 
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Both curves are shown in Figure 12-11. The equilibrium data for the 
calcite-aragonite inversion of the two sets of determination are 

5 kb at 180°C or 150°C 
7 kb at 300°C or 300°C 
9 kb at 400°C or 450°C 

(k) In very-Iow-grade rocks, jadeitic pyroxene is a characteristic 
mineral formed at very high pressures in albite-rich and chlorite-poor 
rocks, i.e., in graywackes. Generally, it is not the reaction albite = 
jadeite + quartz but a more complicated reaction that takes place, so 
that a jadeitic pyroxene is formed at somewhat lower pressures than 
would be necessary to form pure jadeite. Therefore, jadeitic pyroxene 
occurs together with quartz (hut not pure jadeite) (E. de Roever, 1972). 
Newton and Smith (1967) have determined that the formation of a jad
eitic pyroxene with the composition jadeite (82), acmite (14), and diop
side (4) requires 7.5 kb at 200°C and 9.5 kbat 300°C. This boundary is 
also shown in Figure 12-11. 

(1) The conditions leading to the formation of glaucophane (mainly 
from chlorite and albite) are not yet known. From field observation it is 
obvious that it forms at pressures lower than those necessary for the 
calcite/aragonite inversion. The estimated conditions given by E. de 
Roever (1972) are 

200°C at 4 to 4.5 kb 
300°C at 7 to 7.5 kb 
400°C at 10 to 10.5 kb 

However, the curve based on these values crosses the calcite-aragonite 
boundary between 250° and 300°C. A crossing of that line at about 300°C 
has also been suggested by Brothers (1970), but the slope appears to be 
wrong. At low temperatures glaucophane should not form in the calcite 
field but only at pressures somewhat higher than the calcite/aragonite 
inversion, whereas at higher temperatures glaucophane should form at 
pressures lower than the calcite-aragonite inversion. This deduction is 
based on many field observations, especially on the occurrence of glau
cophane in low-grade greenschists, i.e., from the higher pressure, low
grade "glaucophanitic greenschist zone," where aragonite has never 
been encountered. 

This discussion shows how little is known about the conditions lead
ing to the formation of glaucophane [and crossite, which E. de Roever 
(1972) believes to form at markedly higher pressures). The estimate sug-
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gested on p. 89-200°C at 5 kb and 350°C at 7 kb-gives the approximate 
conditions indicated by the appearance of glaucophane. This line would 
be situated at slightly lower pressures than the calcite-aragonite inver
sion. The glaucophane field is not shown in Figure 12-11, although it has 
been sketched in Figure 7-4. The appearance of glaucophane in meta
morphic rocks is very prominent but unfortunately little is known about 
its petrogenesis. 

Summary 0' Phase Relations 

Figure 12-11 represents a number of relevant phase relations in 
very-Iow-grade metamorphism, but the number of actual reactions dur
ing metamorphism is certainly greater and they cannot all be treated 
here. All data given are valid only for the condition that H 20 pressure is 
equal to total pressure. Very small amounts of CO2 in the fluid will cause 
the decomposition of minerals like lawsonite, laumontite, etc., produc
ing calcite in addition to other silicates. Therefore, when the minerals 
represented in Figure 12-11 are encountered in nature, it is certain that 
the fluid consisted predominantly of water. 

Previously, on pp. 89 and 92, four press ure divisions 0/ very-low
grade metamorphism were suggested. These are , with increasing 
pressure: 

[laumontite]- or [wairakite]-very-Iow-grade. 
[lawsonite/pumpellyite]-very-Iow-grade, with albite + chlorite, but 

no glaucophane in mafic metamorphic rocks. Pumpellyite may 
occur together with or instead of lawsonite. 

[glaucophane + lawsonite/pumpellyite]-very-Iow-grade. 
[jadeitic pyroxene + quartz]-very-Iow-grade, commonly developed 

in metagraywackes. 

The glaucophane field occupying part of the large lawsonite field is not 
shown in Figure 12-11 because precise data are lacking. On the other 
hand, it is obvious from Figure 12-11 that a prominent additional pres
sure division can be based on the presence of aragonite (in addition to 
calcite). 

From Figure 12-11 it is further evident that, within the large lawson
ite field, a number of different parageneses may coexist with lawsonite. 
Characteristic parageneses are: 

(a) To the right of re action (2) and up to the stability limit of law
sonite, the paragenesis 
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clinozoisite + actinolite + chlorite + quartz 

may coexist with lawsonite. 
The paragenesis without lawsonite is characteristic of low-grade 

rocks; however, in association with lawsonite, this paragenesis charac
terizes the highest temperature range of very-Iow-grade metamorphism 
near the boundary of low-grade and very-Iow-grade (according to the 
definitions given earlier in Chapter 7). Field occurrences of this particu
lar paragenesis apparently have not yet been recorded, but they are 
expected to be found in further studies. 

(b) The paragenesis 

pumpellyite + actinolite + chlorite + quartz 
(with or without lawsonite or wairakite) 

may be formed between curves 2 and 1 of Figure 12-11 within a very 
large pressure range. This assemblage, together with lawsonite, has 
often been observed. However, depending on bulk chemistry, the fol
lowing pumpellyite-bearing association may form within the same P,T 
range: 

pumpellyite + epidote + chlorite + quartz 

and this actinolite-free paragenesis may persist to lower temperatures to 
the left of curve 1. It is important to distinguish between the parageneses 
pumpellyite + actinolite and pumpellyite + epidote; the former is 
restricted to a smaller range of physical conditions. On the other hand, 
the absence of pumpellyite + actinolite does not necessarily mean that 
its stability field has not been reached; bulk composition may have pre
vented its formation, giving rise instead to the alternative association 
pumpellyite + epidote in field H of Figure 12-11. In field H, prehnite 
(together with pumpellyite and chlorite) does not occur. 

(c) Parageneses with prehnite and pumpellyite are stable to the left 
of curves 1 and 5 in the fields I and III. The paragenesis 

prehnite + pumpellyite + chlorite + quartz 

covers the entire field, from very low to very high pressures. 
From Figure 12-11 it seems possible that this paragenesis may occur 

together with rocks containing lawsonite, laumontite, or wairakite. But 
observations in nature (see Smith, 1969) strongly indicate that, with 
increasing temperature, the place of laumontite commonly (but not 
invariably) is taken by prehnite and/or pumpellyite within the low pres-
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sure range; thus a laumontite zone is succeeded by a prehnite + pum
pellyite zone without laumontite (see Figure 12-10). 

The other association with prehnite + pumpellyite, occurring in 
field In, is 

prehnite + pumpellyite + epidote + chlorite 

This assemblage is restricted to the narrow field between reactions (5) 
and (6). In the same field, prehnite-bearing assemblages without pum
pellyite may be formed in rocks of appropriate bulk composition; this is 
indicated in field In in the inset of Figure 12-11. 

Sequences 0' Metamorphie Zones 

At very low pressures and with increasing temperature, the follow
ing sequence of zones has been recorded from the Tanzawa Mountains 
in Japan by Seiki et al. (1969b). In each zone albite and quartz are major 
constituents: 

Clinoptilolite, stilbite 
Laumontite + chlorite 
Wairakite + chlorite (overlapping laumontite + chlorite) 
Prehnite + pumpellyite + chlorite + epidote 
Actinolite + epidote + chlorite (no pumpellyite or prehnite; low 

grade has been reached) 

This sequence traverses the low pressure field In of Figure 12-11. 
This is only one example of a sequence observed in many localities. 

At presumably normal geothermal gradients, the following 
sequence is observed in New Zealand (Coombs, 1%0), in the western 
European Alps (Martini and Vuagnat 1970), in the Kii Peninsula, San
bagawa belt of Japan (Seki, 1%9), and in other places: 

Laumontite + chlorite ± prehnite 
Prehnite + pumpellyite + chlorite 
Pumpellyite + actinolite + chlorite (no prehnite) 
Actinolite + epidote + chlorite (neither prehnite nor pumpellyite; 

low grade has been reached). 

This sequence apparently formed under a geothermal gradient of 
about 30°C/km, judging from Figure 12-11. These conditions must pre
vail in a11 areas where "normal" burial takes place. Mafic lava flows 
would then be converted to rocks displaying the above characteristic 
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parageneses. Recently, these parageneses have also been discovered in 
the mafic lavas called spilites. Although a primary, magmatic origin of 
spilites is still upheld by some, such an origin is ruled out because of 
mineral parageneses found in many spilites. Although the common asso
ciation chlorite + albite + calcite of many spilites is not very diagnostic, 
other assemblages mentioned above are. Thus, Coombs (1974) con
cludes that "spilites may occasionally be ascribed to the zeolite facies, 
and more commonly to the prehnite-pumpellyite, pumpellyite-actinolite, 
and greenschist fades. The prehnite-pumpellyite facies is particularly 
commonly represented, especially in N ew Zealand." 

Sigilificantly lower geothermal gradients are required in order to 
form lawsonite. Judging {rom Figure 12-11, a temperature of 200°C has 
not been exceeded at a depth of 10 km (i.e., at a little less than 3 kb), if 
lawsonite is not preceded by laumontite, i.e., the gradient was smaller 
than 20°Clkm. If laumontite precedes the lawsonite zone, the thermal 
gradient was between 30° and 20°C/km. 

A metamorphic series where lawsonite is encountered has been 
described from the Sanbagawa belt in Japan and in the Franciscan belt 
in California. In the Kanto Mountains, Sanbagawa belt, the sequence is 

Pumpellyite ± lawsonite + chlorite + albite 
Pumpellyite ± lawsonite + actinolite + chlorite 

in this zone sodic amphibole is common, and jadeitic pyroxene 
occurs in a narrow part of this zone 

Epidote + actinolite + chlorite + albite; 
low grade has been reached; however, the presence of crossite in 
some units indicates the high pressure variety of low-grade meta
morphism, i.e., the glaucophanitic greenschist zone. 

The zonal sequence in Califomia is similar in general but shows 
significant differences in detail: 

Laumontite 
Lawsonite/pumpellyite + chlorite + albite 
Lawsonite/pumpellyite + glaucophane (+ surplus chlorite) 

in this zone jadeitic pyroxene is very common in rocks of appro
priate composition.4 

In the Stoneyford-Goat Mountain area, aragonite formed at a grade 
somewhat lower than that ofthe glaucophane-crossite zone, whereas in 

4This zone (but with surplus albite) has also been recognized in the European West
ern Alps by Bearth (1966) and in other places. 
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the Pacheco Pass area aragonite formed at a somewhat higher grade 
(Ernst et al., 1970). 

The occurrence of aragonite in California and its absence in the Jap
anese localities is one of the differences. Another is the fact that the 
pumpellyite + glaucophane association is practically absent in the San
bagawa metamorphic areas (Seki, 1969). Instead, the pumpellyite + 
actinolite + chlorite zone is a prominent feature in the Sanbagawa areas, 
whereas such rocks are practically absent in the Franciscan belt of Cal
ifornia. It seems that pumpellyite + glaucophane and pumpellyite + 
actinolite + chlorite are mutually exclusive within a certain range of 
physical conditions; the coexistence of the two amphiboles, actinolite 
and glaucophane, over a larger P,T field would not be expected. 

A zonal sequence starting with laumontite, followed by a lawsonite 
+ albite + chlorite zone, then by a glaucophane + lawsonite zone, and 
finally by a zone with jadeitic pyroxene (in metagraywackes) cannot 
have been formed under an approximately linear geothermal gradient. 
Rather, pressure must have increased more rapidly with increase oftem
perature than would be the case in a linear relationship. To give a pos
sible example: P,T conditions may have changed from 2 to 3 kb at 200°C 
to 3 to 5 kb at 250°C and to 10 to 12 kb at 300° to 350°C. Such pressure
temperature distribution within a sector of the earth' s ernst gives rise to 
metamorphic belts characterized by the combination of high pressure 
and low temperature. The creation of these belts requires specific geo
logie and tectonic conditions, namely, a supply of "large amounts of 
debris which could rapidly be deposited to a sufficient thickness in a 
foundering trough and augmented by tectonic thickening to generate an 
abnormally low geothermal gradient." After metamorphism, rapid uplift 
must have taken place. [The quotation is from Ernst et al. (1970); in the 
memoir the authors review and propose models to explain the generation 
of the specific conditions necessary for high pressure, low temperature 
metamorphism. See also Ernst (1971a,b, 1973).] 

Glaucophane-bearing rocks and related rocks are confined to Pha
nerozoic metamorphic belts, as E. de Roever (1956) pointed out. In a 
study on the "occurrence and mineralogie evolution of blueschist belts 
with time," Ernst (1972a) showed that such rocks are progressively 
more abundant in younger rocks. He conc1udes: "Although widespread 
in younger glaucophane terranes, lawsonite is rather uncommon in 
Paleozoic blueschists; metamorphie aragonite and jadeitic pyroxene + 
quartz are strictly confined to blueschist belts of Mesozoic and Cenozoic 
age. These observations are compatible with a suggested systematic 
decrease with time in the Earth's geothermal gradient (at least adjacent 
to convergent lithospheric plate junctions, the subduction zone locale 
where glaucophane schists appear to be generated). " 
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The Role of CO2 in Very-Low-Grade Metamorphism 

When dealing with Ca-Al silicates in metamorphosed marls (Chap
ter 10), it was shown that the stability of such minerals as margarite, 
grossularite, zoisite, and zeolites is very sensitive to X C02 of the fluid 
phase; a low value is essential for their preservation. The significance of 
CO2 content in an H20-C02 fluid in governing the stability of zeolite and 
day + carbonate assemblages was stressed by Zen (1961). Further the
oretical considerations and calculations have been undertaken by 
Coombs et al. (1970) and Thompson (1971), who also refer to the pre
vious literature. These authors have shown that heulandite-, laumon
tite-, and prehnite-bearing assemblages can be obtained isothermally and 
isobarically from marls, i.e., from calcite + quartz + day (kaolinite, 
montmorillonite) assemblages by increasing the chemical potential of 
H20 relative to that ofC02 • Conversely, when the CO2 conte nt (or salin
ity) in the fluid increases beyond a certain value, the Ca-Al zeolites will 
be replaced by day + carbonate or pyrophyllite + carbonate assem
blages . It is known now that this holds in an analogous manner for wair
akite, lawsonite, and very probably pumpellyite. 

Calculations by Thompson (1971) indicate that, at P, = P total = 2 
kb, the reactions 

laumontite + CO2 = calcite + kaolinite + 2 quartz + 2 H20 
prehnite + quartz + 3 H20 + CO2 = laumontite + calcite 

are in equilibrium with an H20-C02 fluid of composition X cO 2 = 0.01. 
Both reactions proceed to the right within their respective temperature 
ranges when the CO2 concentration increases. 

Reconnaissance experiments by Liou (1970) suggest that 

wairakite or laumontite will be replaced by calcite + montmorillonite 

in the presence of a fluid containing approximately 1 mole% CO2• Mont
morillonite is stable only at low temperatures; therefore, the reaction 
involving wairakite is probably metastable. 

At higher pressures, lawsonite is stable and Nitsch (1972) deter
mined the equilibrium conditions, at 4 and 7 kb, ofthe re action 

lawsonite + 2 quartz + CO 2 = calcite + pyrophyllite + H20 

The equilibrium composition of the fluid is X C02 = 0.03 ± 0.02 and 
depends very little on fluid pressure and temperature. It should be noted 
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that the above reaction does not take place in the presence of albite 
because, in such a case, paragonite will be formed instead of 
pyrophyllite. 

All experimental and calculated values agree that very low CO2 con
centrations are required to keep the Ca-Al minerals stable. Very likely 
this also applies to the following reaction: 

{pumpellyite + actinolite + H20 + CO2} = 
{chlorite + calcite + quartz} 

An equilibrium assemblage consisting of calcite, pyrophyllite or a clay 
mineral, and one of the Ca-Al minerals ± quartz demands that the fluid 
phase contains only one to a few mole percent CO2• And whenever the 
very narrow X CO 2 range, valid for a certain temperature and pressure 
range, is transgressed, the slightly higher CO2 content will cause the 
disappearance of all Ca-Al minerals which are diagnostic of certain 
metamorphic zones in very-Iow-grade metamorphism. The products of 
such reactions will be such minerals as calcite, pyrophyllite, clay min
erals, and quartz, which are not diagnostic of very-Iow-grade metamor
phism; they occur within a very large range of P-T conditions. In fact, 
in such cases it is not possible to distinguish low-grade (greenschist 
facies) conditions from very-Iow-grade conditions. When pyrophyllite is 
missing as weIl, not even the boundary between metamorphism and 
diagenesis can be identified. 

On the other hand, parageneses which include Ca-Al minerals prove 
conclusively that the fluid consisted predominantly of H 20. This conclu
sion is corroborated by the observation by Ernst (1972b) that sphene 
rather than rutile coexists with quartz and CaCOa. He concludes that in 
the Sanbagawa areas X cO 2 had a maximum value of 0.03 and in the Fran
ciscan terrain only 0.01. The metamorphic conditions in these areas were 
those ofthe pumpeIlyite, lawsonite-bearing zones (see p. 198). 

Because of the very low concentration of CO2 in the fluid the posi
tions of the relevant equilibrium curves in Figure 12-11 are not affected; 
only if the fluid contains an appreciable amount of CO2 will there be a 
noticeable shift toward lower temperatures. 

Yet another consequence deserves attention: If it can be shown that 
a Ca-Al mineral has been formed by the re action of clay + CaCOa, as 
inferred by Ernst (1971c) in the ca se ofpumpeIlyite and lawsonite in the 
metagraywackes from the central California coast ranges, the liberated 
CO2 must have been considerably diluted by water that either was pres
ent in the rocks or had access to them. 
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Chapter 13 

Very-Low-Grade Metamorphism of 
Graywackes 

Graywackes are sedirnentary clastic rocks which consist of quartz, 
feldspar, and sheet silicates (micas, chlorite, clay minerals, etc.) and 
commonly contain rock fragments. If the debris are derived from mafic 
rocks, metamorphic graywackes show qualitatively the same mineral 
parageneses as have been discussed in Chapter 12. 1 Quantitatively, how
ever, mafic minerals and Ca-Al minerals are commonly present only in 
minor amounts, whereas white mica and especially quartz occur in 
larger amounts, The amount offeidspar in metagraywackes may be very 
different, depending on the initial quartz-to-feldspar ratio in the clastic 
sediment; feldspar may be very conspicuous. 

If graywackes do not contain mafic rock fragments but pelitic con
stituents in addition to quartz and feldspar, the metamorphic changes 
are essentially those of pelitic rocks; these are reviewed in Chapter 14. 
Generally graywackes do not fumish metamorphic parageneses which 
cannot be observed as well or better in metapelites. However, this is not 
the case in very-Iow-grade metamorphism. Due to the fact that many 
graywackes do not contain albite (as most pelites do, if it is present at 
all) but rather anorthite-bearing plagioclase, minerals like pumpellyite 
and lawsonite may be formed in small amounts from detrital plagioclase 
which then becomes albitized. (Also, the formation of these Ca-Al min
erals by the interaction of interstitial clay + CaCOa seems possible; see 
p.200f.) 

At very large pressures, albite, which is commonly much more 
abundant than in pelites, is the major reactant formingjadeitic pyroxene. 
This mineral is very prominent in metagraywackes produced in low tem
perature, very high pressure metamorphism. 

IThe laumontite -+ prehnite + pumpellyite -+ pumpellyite + actinolite sequence 
described from the Western Alps developed in "sandstones" which really are graywackes 
containing up to 90% andesitic fragments. The prehnite + pumpellyite "fades" from New 
Zealand also formed in metagraywackes. 
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A c1assic occurrence of very-Iow-grade metagraywackes, which in 
their highest pressure zone have developed jadeitic pyroxene, is in Cal
ifornia. Franciscan metagraywackes from DiabIo Range, central Califor
nia coast ranges, have been studied by Ernst (1971). All metagraywackes 
contain quartz, albite, and/or jadeitic pyroxene as main constituents. 
White mica, chlorite, and minor amounts of sphene and carbonaceous 
matter are always present, whereas CaC03, stilpnomelane, iron oxide, 
and/or pyrite occur in some sampIes; rock fragments are prominent. 
Newly formed lawsonite and/or pumpellyite commonly constitute only 
1 to 5% of the rocks. 

Ernst has deduced the following sequence of characteristic mineral 
associations: 

Pumpellyite + albite ± calcite 
Lawsonite + albite ± calcite 
Lawsonite + albite ± aragonite 
Lawsonite + jadeitic pyroxene2 ± aragonite 

In a few of the latter (highest pressure) rocks, glaucophane occurs as a 
minor constituent; the amount of glaucophane is small because gray
wackes contain only a small amount of chorite, which, at sufficiently 
high pressures, reacts with albite to produce glaucophane. 

Probable conditions for the formation of jadeitic pyroxene in meta
graywackes are indicated in Figure 12-11. The values shown are lower 
by 0.5 kb at any given temperature compared to the equilibrium curve 
of pure jadeite + quartz = albite. This is realistic because the main com
ponents acmite NaFe3+ Si20 S and diopside CaMgSi20 s enter into solid 
solution with the jadeite structure and lower the pressure necessary for 
formation of jadeitic pyroxene. Thus, a jadeite-rich pyroxene 
Jd82ActJ)i4 similar in composition to that found in the Franciscan for
mation is formed at pressures lower by 0.8 kb as compared with pure 
jadeite + quartz = albite (Newton and Smith, 1967; Boettcher and Wyl
lie, 1968b, Johannes et al., 1971). 
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Chapter 14 

Metamorphism of Pelites 

General Statement 

Slates, phyllites, and mica schists are derived from c1ay. They 
belong to the large group of metamorphie rocks known as metapelites. 
In addition to quartz, the following minerals are common constituents of 
these rocks: 

Pyrophyllite, andalusite, kyanite, sillimanite 
Staurolite 
Chloritoid, cordierite 
Chlorite, almandine-rich gamet 
The K-bearing micas phengite, muscovite, and biotite 
The Na-hearing mica pamgonite and solid solutions of paragonite 

and phengite/muscovite 
The Ca-bearing mica margarite 
Stilpnomelane 
Alkali felds par is present in some very-Iow- and low-grade rocks 

and is widespread in high-grade rocks where it commonly takes 
the place of muscovite. 

Most of these minerals may be graphically presented in an AFM dia
gram; see Figure 5-10 in Chapter 5. 

Metamorphism of Pelitic Rocks at Very-Low- and Low
Grade 

Pelites consist of c1ay minerals (illite, montmorillonite, kaolinite), 
chlorite, detrital muscovite, occasionally some feldspar , and quartz, 
which is a major constituent. The quantities of these minerals may vary 
considerably. Calcite commonly is also present; if it occurs in major 
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amounts the rocks are known as marly elays and marls. During dia
genesis various changes of the elay minerals take place in response to 
circulating fluids and slightly increased temperature. A review of trans
formations in elays and shales is given by Dunoyer de Segonzac (1970) 
and by Frey (1970, 1978). 

Montmorillonites and irregular mixed-Iayer elay minerals are 
decomposed during advanced diagenesis; therefore, they are absent in 
pelitic rocks at the beginning of metamorphism. Illite or phengite (with 
crystallinity 7.5 on the Kubler scale), chlorite, and quartz are dominant 
and often are the only minerals in slates. This assemblage is not diagnos
tic and may persist with increasing metamorphic grade; only the crystal
linity of mica is improved. 

The typicaL metamorphie mineraL pyrophyLlite may, however, be 
formed in very-Low-grade sLates of appropriate composition. Pyrophyl
lite, once believed to be very rare, is a widespread mineral iri slates and 
phyllites devoid of albite and K feldspar . In some pelitic rocks pyro
phyllite and phengite (sericite) are the only sheet silicates (Weber, 1972), 
but more commonly chlorite is also present and the amount of pyro
phyllite is subordinate. Any albite and K feldspar in contact with pyro
phyllite will react to form paragonite and muscovite (phengite), respec
tively; commonly a mixed-Iayer paragonite/muscovite is also formed. 

An earlier statement (Winkler, 1967) that pyrophyllite appears at 
the beginning of the greenschist facies, i.e., at the beginning of low
grade metamorphism, is now known to be wrong. Due to the wide appli
cation of x-ray diffraction in mineral identification, petrographie studies 
have proven that pyrophyllite1 is formed during very-Iow-grade meta
morphism in pelitie rocks (Frey, 1970, 1978; Weber, 1972). It has been 
found in slates adjacent to metabasalts which contain prehnite + pum
pellyite + epidote (restricted to field III of Figure 12-11, about 3250 to 
350°C) and thus belongs to the prehnite-pumpellyite-chlorite zone of 
very-Iow-grade metamorphism. It is not known yet whether pyrophyllite 
may also occur at stilliower temperature in the laumontite-chlorite zone, 
although Frey suggested that kaolinite + quartz react to pyrophyllite + 
water near the beginning of that zone, i.e., elose to the very beginning 
of metamorphism, as defined in this treatise. 

This uncertainty and the effect of pressure would be resolved if 
equilibrium data were known with certainty for the re action 

AI2[(OH)JSi20 s] + 2Si02 = AI2[(OH)JSi40 1o] + H20 
kaolinite quartz pyrophyllite 

(1) 

IPyrophyllite is easily deteeted by its basal reftections at 9.2, 4.6, and 3.05A; it is 
distinguished from tale by its (060) refteetion at 1.49 A. 
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Sometime ago it was believed that accurate data were available, but sub
sequent experiments have increased the uncertainty to about ± 50°C! 
The most recent experimental results by Thompson (1970), who also 
reviews the earlier investigations, are approximately midway between 
the extremes. They are given below for PH20 = Ptotal : 

1 kb and 325° ± 20°C 
2 kb and 345° ± 10°C 
4 kb and 375° ± 15°C 

If these data, shown in Figure 14-1 as curve 1, were equilibrium 
data and thus applicable to nature, pyrophyllite would not form near the 
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beginning of metamorphism, i.e., at about 200°C and low pressure, but 
at appreciably higher temperature. ünly at H2ü pressure lower than 
about 2 to 3 kb would pyrophyllite be formed within the range of very
low-grade metamorphism (corresponding to the upper part ofthe prehn
ite-pumpellyite-chlorite zone), while at higher pressures pyrophyllite 
would first appear in low-grade metamorphism. Consequently, at these 
higher pressures, kaolinite + quartz would persist into the lower range 
oflow-grade metamorphism. Such an occurrence has, to my knowledge, 
not been observed. Nevertheless, the data given for re action (1) may be 
equilibrium data valid for a water pressure equal to the fluid pressure. 
However, this condition may not be realized during the metamorphism 
of pelites if they contain graphite. As was pointed out at the beginning 
of Chapter 10, the presence of graphite may generate CH4 during the 
metamorphism of black shales and marls, thereby drastically decreasing 
the activity of water at temperatures below about 400°C. This effect is 
more pronounced at lower temperatures (see Figure 3-2). Therefore, the 
formation of pyrophyllite by reaction (1) may take place at considerably 
lower temperatures than shown by curve 1 in Figure 14-1. This could 
account for the presence of pyrophyllite in very-Iow-grade, graphite
bearing black shales (Frey, 1978). 

The upper stability 0/ pyrophyLlite is important because the first 
appearance of either andalusite or kyanite in quartz-bearing rocks 
requires that the upper stability of pyrophyllite has been reached or 
exceeded. This is true even if the Al2Siü5 mineral did not form from 
pyrophyllite. 

A number of investigators have studies the breakdown re action of 
pyrophyllite: 

AM(üH)2/S4Ü10] = A12Siü5 + 3 Siü2 + H20 (2) 
andalusite-

pyrophyllite kyanite quartz 

The experimental data differ considerably, but the lowest temperature 
values obtained by Hemley (1967) and Kerrick (1968) appear to be equi
librium data. The values are given below; they are also plotted in Figure 
14-1 as curve 2. 

1.0 kb and 400° ± 15°C 
1.8 kb and 410° ± 15°C 
3.9 kg and 430° ± 15°C 

At all these conditions andalusite is produced. (Kerrick gives references 
to al1 previous investigations.) The new determinations restriet the sta-
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bility field of pyrophyllite to temperatures approximately 80°C lower 
than those of earlier experiments and thus provide an explanation for the 
appearance of andalusite or kyanite in low-grade (greenschist faeies) 
metapelites. 

Paragonite isformed in very-Iow-grade metamorphism. Frey (1969, 
1978), in a study of progressive changes in pelites (at rather low pres
sures), demonstrated that the first appearance of paragonite takes place 
at very-Iow-grade metamorphie conditions, certainly at a grade no higher 
than that of the prehnite/pumpellyite zone. The very-Iow-grade forma
tion of paragonite at high pressure, i.e., in the lawsonite-glaucophane 
zone is also known (ChatteIjee, 1971). 

The following reactions, suggested by ChatteIjee (1973) and Zen 
(1960), may lead to the formation of paragonite in response to very-Iow
grade metamorphism: 

{Na-montmorillonite + albite} = {paragonite + quartz} 
{kaolinite (or pyrophyllite) + albite} = 

{paragonite + quartz + H20} 

Paragonite NaAI2[(OH)JAlSiaOlO] as a separate mineral commonly 
occurs together with phengite, chlorite, and quartz; calcite and/or dolo
mite and pyrophyllite may also be present. Coexisting phengite contains 
a few mole percent paragonite component in solid solution. Also, a 
mixed-Iayer paragonite/phengite, coexisting with the above minerals has 
been found by Frey (1969, 1978) in very-Iow-grade metamorphie rocks. 
This complex phase may represent an intermediate stage in the transfor
mation of mixed-Iayer illite-montmorillonite to paragonite + phengite + 
chlorite. Paragonite is first formed by very-Iow-grade metamorphism and 
persists to low- and medium-grade. In relatively Al-rich rocks, parago
nite may be formed first by very-Iow-grade metamorphism and persist to 
low- and medium-grade. However, in less Al-rich metapelites of com
mon composition, paragonite does not form before the beginning of 
medium-grade metamorphism (Hoffer, 1978). In such a case, the parag
onite-forming reactions are, of course, different from those given above. 
Furthermore, paragonite when formed by very-Iow-grade metamor
phism need not always persist to medium-grade. According to observa
tions by Frey (1978), paragonite reacts in the presence of carbonates and 
quartz to form plagiodase and margarite or zoisitelclinozoisite dose to 
the low-grade/medium-grade boundary. Assuming a water pressure of 
about 2 kb, this upper stability limit of paragonite would agree with the 
upper stability ofthe paragenesis paragonite + quartz; if, however, these 
rocks were metamorphosed at a higher pressure, the breakdown of 
paragonite in the presence of carbonate and quartz would take place at 
lower temperatures than the reaction 
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{paragonite + quartz} = {AI2SiOs + albite + H20} (4) 

This reaction has been investigated by Chatterjee (1972); his data are 
shown as curve (4) in Figure 14-1. 

Paragonite is not compatible with K feldspar (Zen, 1960; Albee, 
1968). This is weIl understood since Hemley and Jones (1964) have 
shown that 

K feldspar + paragonite react to form muscovite + albite. 

However, in fine grained slates and phyllites, where minerals can be 
detected only by x-ray diffraction, K feldspar and paragonite have been 
noted as constituents. In such cases it must be assumed that the two 
minerals are not adjacent to each other and thus do not coexist in the 
strict sense. At low-grade metamorphie conditions, paragonite does not 
occur together with biotite in common metapelites (Albee, 1968). How
ever, in medium-grade metapelites, paragonite is known to coexist with 
biotite in the presence of staurolite and/or kyanite (Hoffer, 1978). 

Stilpnomelane in metasediments. Stilpnomelane, common in very
low-grade mafic rocks, may be formed also in very-Iow-grade metasedi
ments having a particular chemie al composition. Frey (1970, 1973) 
observed that stilpnomelane occurs in metamorphic iron-oolitic or glau
conitic horizons. Stilpnomelane appears at approximately those condi
tions at which pyrophyllite and paragonite are first formed in sediments 
of other compositions. It is clear now that stilpnomealne is not restricted 
to high pressures but is in fact formed within a very large pressure range. 
However, it is not yet known whether a minimum pressure of about 1 
kb is required to stabilize this mineral. 

Stilpnomelane ean easily be mistaken for biotite or iron-rieh oxi
chlorite under the microseope. Also, it may occur as very small needles 
only 20 J.L long and 1 to 2 J.L wide. It is best identified by its x-ray diffrac
tion pattern characterized by a strong basal reflection at 12 A. 

Frey (1973) showed that in rocks consisting of glauconite + quartz 
+ calcite ± iron-rich chlorite, the paragenesis stilpnomelane + K feld
spar is produced at conditions of the prehnite/pumpeIlyite-chlorite zone 
of very-Iow-grade metamorphism. From microscopic observation, the 
following reaction has been inferred: 

{glauconite + quartz ± chlorite} = 
{stilpnomelane + K feldspar + H20 + 02} 

In addition to quartz and calcite, chlorite commonly accompanies stilp
nomelane + K feldspar, but phengite is absent in the rocks investigated 
by Frey. 
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At slightly higher temperature, the following re action also has been 
inferred by Frey: 

{chlorite + K felds par} = 
{biotite + stiplnomelane + quartz + H20} 

Above the reaction temperature, rocks consist of (commonly brown) 
biotite + stilpnomelane + K feldspar + quartz + calcite. 2 This biotite
forming reaction takes place at conditions where pumpellyite is still sta
ble in mafic rocks, i.e., during very-Iow-grade metamorphism (Frey, 
1973; Seki et al., 1969). Therefore, a clear distinction must be made with 
regard to the first appearance ofbiotite: 

a. Biotite in very-low-grade metamorphism and coexisting with 
stilpnomelane, quartz, and K feldspar or chlorite; phengite 
absent. 

b. Biotite in low-grade metamorphism and coexisting with phen
gite ± chlorite, and quartz. 

Case (b) corresponds to the beginning of Barrow's biotite zone in meta
pelites, whereas case (a) has a different petrogenetic significance and is 
observed only in sediments of restricted composition originally contain
ing glauconite. Experimental data for these reactions are not yet availa
ble. Another significant reaction in pelitic rocks leads to the coexistence 
of stilpnomelane with phengite, quartz, chlorite, and, in some instances, 
K felds par. This assemblage is common in the lower temperature part of 
low-grade metamorphism; it is expected that it will also be found in very
low-grade terrains. 

The upper stability of stilpnomelane. No data are available concem
ing the upper stability of stilpnomelane by itself. However, the following 
reactions lead to the disappearance of stilpnomelane: 

{stilpnomelane + phengite} = 

{biotite + chlorite + quartz + H20} 

{stilpnomelane + phengite + actinolite} = 
{biotite + chlorite + epidote + H20 (3) 

The latter re action has been suggested by Brown (1971) on the basis of 
petrographie observation. The former reaction has been investigated 

2Riebeckite may also be present in these as weil as in the lower grade and even 
umnetamorphosed g1auconitic rocks. 
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experimentally by Nitsch (1970). He gives the foUowing data, including 
reversed runs at 4 and 7 kb H2ü pressure: 

1 kb lower than 430°C 
4 kb and 445° ± 10°C 
7 kb and 460° ± 10°C 

These data are shown in Figure 14-1 as curve 3 with the re mark stilpno
melane + muscovite-out/biotite + muscovite-in, indicating the diagnos
tic significance of this reaction. It is not appropriate to use the designa
tion "biotite-in" because this could refer to at least two different 
assemblages: 

a. Biotite + stilpnomelane (Figure 14-3) or 
b. Biotite + phengite, no stilpnomelane (Figure 14-5). 

Reaction (3) constitutes a reaction-isograd which is designated biotite + 
chlorite + quartz + stilpnomelane + phengite. This equilibrium is not 
univariant; it is a band which allows the paragenesis biotite + stilpno
melane + muscovite ± chlorite + quartz to occur in a temperature range 
until, in the lower biotite zone, stilpnomelane eventually disappears in 
the presence of muscovite. Without muscovite, the assemblage stilpno
melane + biotite may persist into the upper biotite zone of low-grade 
metamorphism (Brown, 1971). Therefore, for mapping purposes, the 
reaction-isograd may be designated by the characteristic paragenesis 
which has just disappeared and by the paragenesis which has just 
appeared: 

(stilpnomelane + muscovite)-out, 
(biotite + muscovite)-in. 

The parageneses of metamorphosed pelitic rocks are best repre
sented in AFM diagrams. The conventional method is illustrated by an 
example in Figure 14-2a. Two coexisting minerals are joined by tie lines, 
each tie line corresponding to a different bulk composition. However, 
the configuration of tie lines in Figure 14-2a is schematic only and does 
not reftect a specific combination of metamorphic conditions. Instead of 
drawing the complete bundle oftie lines, the coexistence oftwo minerals 
may be schematically represented by showing one tie line only. Follow
ing Albee (1968), this method has been accepted because it allows a very 
clear illustration of mineral associations. It is of particular advantage in 
displaying three-mineral associations; because of their petrogenetic sig
nificance they are emphasized by ruled areas. In Figure 14-2b the para-
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Pyp,Kao (?) 

Fig. 14-2a Parageneses of very-low-grade. Conventional method of graph
ical representation. 

geneses shown in Figure 14-2a are represented according to this method. 
Tie lines connecting two minerals are drawn as heavy lines. The com
position of a single mineral may plot anywhere within its composition 
field, indicated by a stippled area. 

In Figure 14-2b stilpnomelane is shown to coexist with chlorite and 
K feldspar. The two tie lines to these minerals must start from stilpno
melane of the same composition; they may be visualized as meeting at a 
point within the stilpnomelane composition field. The same considera
tion applies to other minerals, e.g., biotite in Figure 14-3. It may be 

Pyp,Kao (?) 

Chi 

,-
Ksp 

Fig. 14-2b Parageneses of very-low-grade. Graphical representation used 
in trus book. 
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disturbing to see a mineral composition field projecting into the area of 
a three-mineral assemblage (e.g., Figure 14-11a and c). However this 
feature does not interfere with a schematic representation of mineral 
assemblages and permits an indication of the common range of mineral 
compositions. 

Figure 14-2 represents parageneses of very-Iow-grade metamorphic 
rocks, e.g., 

Chlorite + phengite + quartz 
Pyrophyllite + chlorite + phengite + quartz 
Stilpnomelane + chlorite + phengite + quartz 
Stilpnomelane + chlorite + K feldspar + phengite + quartz. 

These parageneses are not restricted to very-Iow-grade but are encoun
tered as weIl in the lower temperature range of low-grade metamor
phism. The boundary between very-Iow-grade and low-grade metamor
phism cannot be determined on the basis of phase relations in pelitic 
metamorphic rocks; rocks of mafic composition or sediments containing 
debris of mafic rocks are necessary to give this information. 

Figure 14-3 shows that the assemblage stilpnomelane + biotite may 
occur in very-Iow-grade metamorphism: 

Stilpnomelane + biotite + chlorite + quartz 
Stilpnomelane + biotite + K felds par + quartz 

This is based on petrographie observations by Frey (1973) and Brown 
(1971). The parageneses apparently are restricted to special bulk com
positions. The parageneses of Figure 14-3, as weH as those of Figure 14-
2, may pers ist ioto the lower temperature range of low-grade 
metamorphism. 

Chloritoid forms in low-grade metamorphism. At low-grade meta
morphic conditions chloritoid is formed in pelites of special composition. 
Under the mieroscope, very small colorless chloritoid grains mayeasily 
be overlooked. However, x-ray diffraction permits easy identification. 
According to Frey (1978), the P-T conditions of the formation of chlori
toid are approximately those of the boundary between very-Iow- and 
low-grade metamorphism. However, the temperatures may actually be 
somewhat lower, because Seidel et al. (1975) report chloritoid-bearing 
metapelites in association with very-Iow-grade lawsonite-glaucophane 
schists. The special chemieal factors permitting the formation of chlori
toid are a large Fe/Mg ratio and a relatively high Al content and simul
taneously low contents of K, Na, and Ca (see Figure 14-7 on p. 222). 
This particular bulk chemistry of the rocks leads to the absence of chlor-
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itoid from assemblages inc1uding stilpnomelane, biotite, albite, andJor K 
feldspar. In other words, if chloritoid is present in a low-grade metape
lite, these minerals do not coexist with chloritoid. 

Figure 14-4 represents parageneses of the lowest temperature range 
of low-grade metamorphism, inc1uding chloritoid in rocks of appropriate 
composition. Chloritoid persists throughout the range of low-grade 

Pyp,Kao (?J 

Fig. 14-2 Very-low-grade, per
sisting into low-grade up to Figure 
14-4. 

Fig. 14-4 Low-grade, below the 
reaction-isograd Sti + Mus-out/Bio 
+ Mus-in. 

Pyp,Kao(?) 
..--~-:--..., 

Ksp 

Fig. 14-3 Very-low-grade, spe
cial composition; persisting into low
grade up to Figure 14-5. 

Kya,,And 
..-----,......., 

Fig. 14-5 Low-grade, above the reaction
isograd Sti + Mus-out/Bio + Mus-in, but below 
almandine stability. 
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metamorphism. The following two reactions leading to the formation of 
chloritoid have been suggested. The first one probably is responsible for 
the first appearance of chloritoid (Frey, 1972, 1978), whereas the second 
one may take place at slightly higher temperature, for which Figure 14-5 
is valid. 

{pyrophyllite + iron-rich chlorite} = 
{chloritoid + quartz + H20} 

{hematite + iron-rich chlorite} = 
{chloritoid + magnetite + quartz + H20} 

Thompson and Norton (1968), who suggested the second reaction, point 
out that "it is basically adehydration re action although easily mistaken 
for adeoxidation reaction on casual examination of the rocks. It is prob
ably one of the key reactions involved in the disappearance of purple or 
red color from phyllites in the lower biotite zone." 

With increasing temperature, paragenetic changes are illustrated by 
the following sequence of AFM diagrams: 

a. Commonly: Figure 14-2 ~ Figure 14-4 ~ Figure 14-5 
b. Rarer: Figure 14-2 ) Figure 14-5 

Figure 14-5 illustrates typical paragenesis of the so-called "biotite 
zone" above the reaction-isograd Sti + Mus-out/Bio + Mus-in and 
below the stability of almandine. When compared with the almandine
bearing zone shown in Figure 14-6, there is only one difference: the 

Kyo,And 
.....------....., 

Ksp 

Fig. 14-6 [almandine]-low-grade, or almandine + chlorite + muscovite 
zone. 
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absence of almandine-rich gamet. The following parageneses without 
almandine occur in both Figures 14-5 and 14-6: 

Bio + ChI + Mus + Qz 
Bio + Chl + Ksp + Mus + Qz 

Some parageneses of Figures 14-5 and 14-6 are already shown in Figure 
14-4 and remain, in fact, stable throughout the range oflow-grade meta
morphism. Although they are typical of low-grade metamorphism, they 
are not diagnostic of specific zones. These parageneses are 

Ctd + ChI + Mus + Qz 
Ctd + Chl + Kyal And + Mus + Qz 
Chl + Kyal And + Mus + Qz 

In the lowest temperature range of low-grade metamorphism, 
pyrophyllite takes the place of kyanite and andalusite. Pyrophyllite 
together with kyanite has been observed occasionally in the higher tem
perature range (Albee, 1968); this would not be expected on the basis of 
curve 2 in Figure 14-1. 

The formation of almandine depends significantly on the prevailing 
pressure: 

a. At relatively low pressures the parageneses of Figure 14-5 persist 
to the beginning of medium-grade metamorphism. 

b. At relatively high press ures almandine is formed in rocks of the 
appropriate composition giving rise to the parageneses shown in 
Figure 14-6. These parageneses are typical of the higher temper
ature range of low-grade metamorphism, commonly known as 
the "gamet zone" in metapelites. Figure 14-6 is valid to the 
beginning of medium-grade metamorphism. The progression 
from Figure 14-5 to 14-6 always takes place if pressures are suf
ficiently high to stabilize almandine (Albee, 1968). Low-grade 
metamorphism characterized by the presence of almandine is 
very common and may be designated conveniently by [alman
dinel-Iow-grade or almandine + chlorite + muscovite zone. 

The characteristic assemblages of this metamorphic zone are 

Almandine + chlorite + chloritoid + muscovite + quartz 
Almandine + chlorite + biotite + muscovite + quartz 

The assemblage almandine + chlorite + muscovite is diagnostic. The 
gamet + chlorite join precludes the coexistence of chloritoid + biotite 
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(see Figure 14-6). Earlier reports of this mineral pair have been shown 
to be incorrect (Albee, 1%8). The assemblage almandine + chlorite + 
muscovite remains stable to the beginning of medium-grade metamor
phism. It then reacts to form biotite + staurolite. This is one of the 
diagnostic assemblages indicating the beginning of medium-grade. 
Before proceeding to a discussion of medium- and high-grade metamor
phism, some comments will be made about the first formation ofbiotite 
and almandine in low-grade metamorphism. 

Formation of biotite. 3 The varlous reactions leading to the first for
mation of biotite in pelitic rocks are not weIl understood. Certainly, two 
reactions mentioned earlier take place: 

{stilpnomelane + phengite} = 
{biotite + chlorite + quartz + HzO} 

{stilpnomelane + phengite + actinolite} = 
{biotite + chlorite + epidote + HzO} 

However, there must be other biotite-producing reactions because the 
amount of stilpnomelane available in most metapelites in the stilpnome
lane-Iow-grade zone is far too small to account for the amount of biotite 
in rocks of the biotite + muscovite zone. 

Thompson and Norton (1968) have suggested the following reac
tions for the formation of biotite: 

3 dolomite (or ankerite) + Ksp + HzO = Bio + 3 Ce + 3 COz 
3 ChI + 13 Ksp = 7 Bio + 6 Mus + 12 Qz + 5 HzO 

But, as inferred by Frey (1973), Chl + Ksp should react at a lower tem
perature to produce biotite + stilpnomelane + quartz + HzO. 

The above reactions are inadequate to account for the bulk of biotite 
present in pelitic rocks. There should be common reactions which pro
duce biotite from the dominant minerals in low-grade metapelites 
(devoid ofbiotite), i.e., from phengite and chlorite. The following reac
tions have been suggested by Turner (1948) and Mather (1970), 
respectively: 

{phengite + chlorite} = 
{biotite + Al-richer chlorite + quartz} 

3 At times a phyllocilicate mineral, looking like biotite, may be observed. X-ray and 
chemical studies demonstrate that this is an oxidized iron-rich chlorite (ChatteIjee, 1966). 
Whenever dealing with metapelites in the low temperature range of low-grade metamor
phism, a precise identification ofbiotite may be significant. 
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{phengite + chlorite + microcline} = 

{biotite + quartz + phengite with less Mg,Fe} 

The latter reaction may be signifieant in metagraywackes as weil as in 
metapelites. 

Formation 01 almandine-rich gamet. Almandine-rieh gamet is a 
eomplex solid solution of predominantly almandine eomponent with a 
minor (about 10%) amount of pyrope, grossularite, orfand spessartine 
eomponents. Spessartine-rieh gamet should be regarded as aseparate 
species beeause it ean be formed at very low temperature and pressure. 
Therefore, in petrology a c1ear distinetion is neeessary between spessar
tine-rieh gamet and almandine-rieh gamet. The first appearanee of gar
net in metapelitic rocks in the so-ealled "gamet zone" refers to alman
dine-rieh gamet. The P-T eonditions of the first appearanee of a eomplex 
gamet must depend on its eomposition. Therefore, the first appearanee 
of almandine-rieh gamet eannot furnish a sharp boundary in terms of T 
and P. Nevertheless, almandine-rieh gamet in pelitie rocks first appears 
in the higher temperature part of low-grade metamorphism, i.e., dis
tinctly above the boundary Sti + Mus-out/Bio + Mus-in. ApparentlY' 
the differenees in the temperature of formation of almandine-rieh gamet 
are very small, probably only 20° to 30°C at any given pressure. 

The following reactions leading to the first appearanee of almandine 
have been inferred from petrographie observations by Chakraborty and 
Sen (1967) and Brown (1969), respeetively: 

{chlorite + biotitew + quartz} = 
{almandine-rieh gamet + biotite(2) + H20} 

{chlorite + museovite + epidote} = 
{almandine-rieh gamet + biotite + H20} 

Thompson and Norton (1968) suggest the following reactions in 
aluminous rocks and in more typical pelites, respeetively: 

{ehloritoid + chlorite + quartz} = {almandine + H20} 
{chlorite + museovite + quartz} = {almandine + biotite + H20} 

Hirschberg and Winkler (1968), using an iron-rieh chlorite with 
Fe2+fFe2+ + Mg = &110 and only 0.1% MnO, produeed almandine-rieh 
gamet aceording to 

{iron-rieh chlorite + museovite + quartz} == 
{almandine-rieh gamet + biotite + Al2SiOs + H20} 
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Due to sluggish re action rates, it was not possible to determine the low 
temperature boundary of this reaction, but from the data obtained at 
temperatures above 600°C it may be inferred that the following pressures 
must be exceeded to produce gamet: 4 kb at 500°C and 5 kb at about 
600°C. The values will be lower by an estimated 2 kb if the gamet eon
tains an appreciable amount of spessartine eomponent; on the other 
hand, pressure will be higher if the Fe/Mg ratio is smaller. 

Yet another re action has been inferred from petrographie observa
tions by Hoffer (1978, personal communication). 

{chlorite(1) + anorthite component of oligoclase} = 
{almandine-rieh garnet + ehlorite(2) + quartz + H20} 

Chlorite(!) has relatively larger Fe/Mg and Mn/Fe ratios than ehlorite(2). 
In addition, chlorite(2) is expected to be somewhat rieher in Al. The 
anorthite component is the only souree available in the studied rocks to 
supply Ca and Al for the grossularite eomponent present in the gamets. 
When gamet has formed, the composition of coexisting gamet and chlo
rite tends to equilibrate with rising temperature; thus, ehlorite(2) in the 
above reaction is not meant to designate a fixed composition. 

It should be noted that gamets commonly are zoned, the core being 
richer in Mn and Fe than the rim. Chloritoid, chlorite, and biotite, when 
coexisting with almandine-rich gamet, invariably have a higher Mg/Fe 
and a lower MnlFe ratio than gamet. 

Metamorphism of Pelitic Rocks at Medium- and High-Grade 

The transition from low-grade metamorphism is best recognized in 
metapelites by the diagnostic first appeamce of staurolite or cordierite. 
A band of various reaction-isograds briefly designated as the 

"staurolite-in" and "cordierite-in" 

isograd is used to define the beginning of medium-grade metamorphism. 
The P-T data are shown in Figure 14-1, and the arguments for this defi
nition are discussed on p. 76ff. The reader is referred to that seetion 
because many facts important in the present discussion are given there 
and will not be repeated here. Attention is also drawn to the paragraph 
"Practical determination of the boundary" at the end of that section. 
There, it is pointed out that the assemblage non Mg-rich chlorite + mus
covite disappears in medium-grade rocks, whereas chlorite not in con
tact with muscovite may persist to higher temperatures. Since AFM dia-
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grams are projections through muscovite (and quartz), chlorite is absent 
in AFM diagrams showing mineral assemblages of medium-grade rocks. 

The possible formation of staurolite is govemed by the bulk com
position of the rocks. Staurolite, as weH as chloritoid at lower grade, is 
confined to rocks of a restricted composition. These restrictions have 
been summarized by Hoschek (1967). He coHected a large number of 
rock analyses of metapelites and metapsammites both with and without 
either chloritoid or staurolite. The weight percentages of each analysis 
were converted to molecular proportions by dividing the weight per
centage of an oxide by its molecular weight and the foHowing molecular 
ratios were calculated (note that a11 Fe20S has been added to FeO): 

AI20 s: (K20 + Na20): (FeO + Fe20 S + MgO) 
Al20 S: CaO: (FeO + Fe20 S + MgO) 
Al20 S: (FeO + Fe20s): MgO 

The sum of each of the three values was converted to 100 and thus the 
ratios can be plotted as percentages in an equilateral triangle. The appro
priate parts of these triangles are shown in Figure 14-7. The more 
restricted heavily dotted fields represent chloritoid-bearing rocks, and 
the same fields, somewhat enlarged by the lightly dotted areas, represent 

chloritoid -bearing rocks 

staurofite -beonng rocK" 

c."., G. Hoschlk 19671 

F.O 
I , ( t ( « t t I IwfgO 

15 50 

Fig.14.7 Chemical restrietions ofrocks bearing staurolite and chloritoid. 
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staurolite-bearing rocks. The assignment of staurolite and chloritoid to 
their respective fields is true on a statistical basis only; there are individ
ual exceptions. 

A knowledge of the chemical restrictions is useful in looking for 
rocks which potentially could contain staurolite. This may be of great 
help in locating the "staurolite-in" isograd and, at higher temperature, 
the "staurolite-out" isograd. In some areas of progressive metamor
phism, the absence of staurolite has been erroneously attributed to its 
instability rather than to the lack of rocks of appropriate composition. 
Indeed, the chemical composition of about two-thirds of the pelitic and 
psammitic sediments does not allow the formation of staurolite in 
medium-grade metamorphism and more than three-quarters are unsuit
able for chloritoid. The rare occurrences of chloritoid-bearing low-grade 
metamorphic rocks refiect these chemical restrictions. 

Reactions producing staurolite. Many reactions have been sug
gested to account for the first appearance of staurolite (e.g., Thompson 
and Norton, 1968; Hoschek, 1967). If chloritoid is present in low-grade 
rocks, it is the principal reactant in staurolite-producing reactions at the 
beginning of medium-grade metamorphism; see p. 78f.4 Data for the 
oxidation reaction at the oxygen fugacities of the hematite-magnetite 
buffer 

chloritoid + O2 = staurolite + magnetite + quartz + H20 

are given by Ganguly and Newton (1969) as 575°C at 10 kb and about 
545°C at 5 kb. These data are very elose to those indicated by curve 5 in 
Figure 14-1. However, staurolite is more common in medium-grade 
rocks than is chloritoid in low-grade rocks. Therefore, additional reac
tions not involving chloritoid must take place. These include chlorite and 
muscovite as reactants: 

{chlorite + muscovite} = 

{staurolite + biotite + quartz + H20} 

{chlorite + muscovite + almandine} = 

{staurolite + biotite + quartz + H20} 

Experimental data for the first re action have been supplied by Hoschek 
(1969) (see p. 79). They are shown as curve 5 in Figure 14-1, elose to the 
curve representing the first appearance of cordierite. The second reac-

4Albee (1972) has developed the possible reaction relations between chloritoid and 
staurolite in the presence of quartz and muscovite. 
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tion has been suggested by Froese and Gasparrini (1975) from petro
graphie observations. 

Reactions producing cordierite. It has been pointed out that the for
mation of staurolite is possible only in rocks of a certain composition. 
The Mg/(Fe+Mg) ratio of chlorite is of particular importance. If this 
ratio is larger than about 0.25 (see Figure 14-7), cordierite will form 
instead of staurolite. A common reaction, already mentioned on p. 77, is 

{chlorite + muscovite + quartz} = 

{cordierite + biotite + Al2SiOs + H 20} 

Therefore, staurolite and cordierite generally do not coexist in medium
grade rocks. On the other hand, almandine-rich gamet, which also forms 
in rocks of low Mg/(Fe + Mg) ratio, may coexist with staurolite in 
medium-grade metamorphism if the pressure is high enough to stabilize 
the gamet. Only at special conditions can cordierite, gamet, and stau
rolite coexist (see p. 230). 

Staurolite is not limited to medium and high pressure but may form 
at low pressure as wen. Therefore, staurolite occurs both in [almandine]
medium-grade and in [cordierite]-medium-grade rocks of appropriate 
composition. The different parageneses in metapelites are shown in Fig
ures 14-9* and 14-9 for [almandine]-medium-grade and in Figure 14-8 for 
that part of [cordierite]-medium-grade in which staurolite is stable. At 
pressures lower than about 5 kb, staurolite breaks down before the 
upper boundary of medium-grade is reached. In this case, Figures 14-
lOa or 14-10b are valid instead ofFigure 14-8. 

The sequence of zones, as illustrated in AFM diagrams, from low
grade into [cordierite]-medium-grade is 

either (at low pressures): Figures 14-5 ~ 14-8 ~ 14-10a ~ 
14-11a (high-grade); 

or (at somewhat higher pressures): Figures 14-5 ~ 14-8 ~ 
14-10b ~ 14-11b (high-grade). 

At still higher pressures, the sequence from low-grade into [alman
dinel-medium-grade is represented by: 

Figures 14-5 ~ 14-6 ~ 14-9* ~ 14-9 ~ 14-11c (high-grade) 
or 
Figures 14-5 ~ 14-6 ~ 14-9* ~ 14-9 ~ 14-lOb ~ 14-11b (high
grade). 

The figures are arranged in these sequences on pages 225 and 226. 
Some comments about certain parageneses shown in the AFM dia-
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Fig. 14-8 [CordieriteJ-medium
grade, with staurolite. 

Fig. 14-5 Low-grade, above Sti 
+ Mus-out/Bio + Mus-in, but below 
almandine stability. 

~
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Fig. 14-10a [Cordierite]-me-
dium-grade, without staurolite. 
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Fig. 14-11b [Cordierite-alman
dineJ-high-grade. 
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Fig. 14-11b rCordierite
almandinel-high-grade. 
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grams are necessary. It should be repeated here that the beginning of 
medium-grade metamorphism defined by the first appearance of stauro
lite or cordierite does not necessitate the disappearance of chlorite andJ 
or chloritoid in the presence ofmuscovite (see p. 81). In fact, this cannot 
be expected because the minerals involved in all reactions are solid solu
tions. Therefore, chloritoid and staurolite, chlorite + muscovite and 
staurolite, and chlorite + muscovite and cordierite may coexist within a 
narrow temperature range. Such cases are indicative of proximity to the 
boundary between medium- and low-grade metamorphism. This should 
be taken into account when a sequence from Figures 14-5 to 14-8 or from 
Figures 14-6 to 14-9* is encountered in the field. 

From petrographie work, Carmicheal (1970), Guidotti (1974), and 
Froese and Gasparrini (1975) have ascertained that in relatively Mg-rich 
metapelites (with MgO/MgO + FeO being elose to 0.5) a Mg-rich chlor
ite can be stable together with staurolite + muscovite + quartz ± biotite 
weIl within the medium-grade (up to approximately 50-60°C above the 
boundary ofthe beginning ofmedium-grade). This case is shown in Fig
ure 14-9*. The coexistence of Mg-rich chlorite and staurolite is tenni
nated when the following reaction has taken place (Thompson and Nor
ton, 1968): 

{Mg-rich chlorite + staurolite+ muscovite + quartz} = 
{biotite + Al2SiOs + H20} 

This re action permits the coexistence of biotite + AI2SiOs, as is shown 
in Figure 14-9. In addition, Hoffer (1978) has pointed out that even in the 
absence of staurolite (but still within the range of medium-grade meta
morphism) biotite + Al2SiOs are produced from Mg-rich chlorite. The 
relevant reaction, first suggested by Carmicheal (1970), is 

{Mg-rich chlorite + muscovite + quartz} = 
{AI2SiOs + biotite + H20} 

Experimental calibrations of the two reactions are not yet available. 
However, they will take place over a considerable temperature and pres
sure range because not only sillimanite but, in rare cases, kyanite or 
andalusite instead of sillimanite has been recorded. 

Parageneses of [almandine]-medium-grade. Whenever relatively 
Mg-rich metapelites are present, a low temperature zone within the 
[almandine]-medium-grade can be distinguished: the staurolite-chlorite
biotite zone with the parageneses shown in Figure 14-9*. This para
genesis is diagnostic. At somewhat higher temperature the parageneses 
of Figure 14-9 are valid. Figure 14-9 shows, among others, the para
geneses Stt + Alm + Al2SiOs, Stt + Alm + Bio, and Stt + Al2SiOs + 
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Bio. However, the four phases Stt + Alm + Al2SiOs + Bio in addition 
to Mus + Qz have commonly been observed. As a rule, gamet is attrib
uted to significant amounts of additional components such as MnO or 
CaO. This, however, may not always be the reason. For example, Albee 
(1968) suggested "that the gamet is relatively nonreactive, as implied by 
its pronounced zoningS and persists as a relic even after changing con
ditions or compositions have placed the rock out of the stability field of 
gamet." Apparently, there are various reasons for the existence of the 
assemblage Stt + Alm + Al2SiOs + Bio + Mus + Qz in addition to the 
assemblages shown in Figure 14-9. It should also be noted that in Figure 
14-9 Mg-rich chlorite may stably coexist with muscovite, quartz, biotite, 
andJor AI~iOs. 

Disappearance of staurolite. Increasing temperature leads to the 
decomposition of staurolite in pelitic rocks. In many areas this takes 
place within the stability field of sillimanite. The following reactions 
probably are significant: 

{staurolite + muscovite + quartz} = 
{AI2SiOs + biotite + H20} 

and at some higher pressure 

{staurolite + muscovite + quartz} = 
{AI2SiOs + almandine + biotite + H20} 

The latter reaction has been suggested by Thompson and Norton (1968) 
and by Froese and Gasparrini (1975). However, a more complex and 
probably more realistic re action has been inferred from petrographie 
studies by Guidotti (1970): 

{staurolite + sodic muscovite + quartz} = 

{AI2SiOs + biotite + K-richer muscovite + albite 
+ almandine + H20} 

Clearly, these reactions take place in medium-grade metamorphism 
where muscovite + quartz are stable; these minerals are necessary reac
tants. If muscovite is absent, as for instance in certain metagraywackes, 
these reactions cannot proceed. Therefore, staurolite may persist into 
high-grade rocks and eventua11y decompose according to the following 
reactions: 

5Zoning may not always be present. 
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{staurolite + quartz} = 
{Al2SiOs + almandine + cordierite + H20} 

{staurolite + quartz} = {AI2SiOs + almandine + H20} 

The latter re action has been investigated by Richardson (1%8) using a 
pure Fe staurolite; it takes place at temperatures a little below 700°C and 
is only slightly pressure dependent. Common staurolites, however, con
tain about 10 to 30 atom % Mg substituting for Fe. Therefore, the tem
perature up to which staurolite (without muscovite) may persist will be 
somewhat higher, judging from the work of Schreyer (1%8) on the Mg
staurolite end member. 

Reactions involving muscovite and quartz occur at lower tempera
tures and the temperatures decrease markedly with decreasing pressure. 
This follows from the preliminary data for the reaction: 

{staurolite + muscovite + quartz} = 
{A~SiOs + biotite + H20} 

which has been investigated by Hoschek (1969). He showed that stau
rolite ofcomposition MgO/(MgO+FeO) = 0.4 and 0.2 both break down 
at practically the same conditions: 

2 kb H20 pressure and 575° ± 15°C 
5.5 kb H20 pressure and 675° ± 15°C 

The stated temperatures are maximum values and may be some
what too high because reversals have not yet been achieved. Therefore, 
10°C was subtracted before plotting the re action curve 6a in Figure 14-1. 
This reaction is not valid at water press ures greater than 5 kb if anatexis 
in gneisses takes place and muscovite in the presence of quartz and pla
gioclase breaks down to form a granitic melt. 

If muscovite and quartz do not occur together witp staurolite, the 
following re action may take place at a temperature somewhat higher 
than that of the previous reaction (Hoff er , 1975; personal 
communication): 

staurolite + biotite + quartz = 

cordierite + gamet + muscovite + H20 

If neither biotite nor muscovite is present, the re action 

{staurolite + quartz} = {A12SiOs + almandine + H20} 
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shown as curve 6b in Figure 14-1 will take place only when the temper
ature has reached about 700°C; or, as seems more likely and has been 
suggested by Froese (1973, personal communication), the following 
re action may take place: 

{staurolite + K feldspar component in an anatectic melt} = 

{AI2SiOs + almandine + biotite} 

This needs experimental verification. 
It follows from this discussion that three different cases have to be 

distinguished: 

1. "Staurolite-out in the presence of Mus + Qz" in medium-grade 
metamorphic rocks, implying H20 pressure smaller than about 5 
kb; 

2. "Staurolite-out in the presence of Bio + Qz"; 
3. "Staurolite-out in migmatitic areas." 

It is clear from this discussion that staurolite need not be restricted 
to medium-grade metamorphism but may persist into high-grade. Ash
worth (1975) has indeed observed staurolite together with sillimanite in 
high-grade migmatized semipelites. 

Coexistence of almandine-rich gamet and cordierite. Wynne
Edwards and Hay (1963) were probably the first to point out the world
wide occurrence of cordierite + almandine assemblages in high-grade 
terrains. It is now evident that this coexistence is possible only at high 
temperatures and within a restricted range of intermediate pressures . 

The coexistence of cordierite and almandine is also known in some 
medium-grade rocks, as shown in Figure 14-10b; these belong to the 
zone of [cordierite-almandineJ-medium-grade. This zone occurs invari
ably in some higher temperature part of medium-grade metamorphism. 
The following parageneses are diagnostic of this special higher tempera
ture zone of medium-grade, designated as [cordierite-almandineJ
medium-grade: 

Crd + Alm + Bio + Mus + Qz ± plagioclase 
Crd + Alm + Sil + Mus + Qz ± plagioclase 
Crd + Alm + sn + Bio + Mus + Qz ± plagioclase 

It should be noted that generally sillimanite is the stable Al2SiOs species 
but it may be accompanied in medium-grade rocks by metastably per
sisting andalusite. However, in an area described by Osberg (1968), 
andalusite seems to be the only stable modification. 

The last paragenesis is not shown in Figure 14-10b but it has been 
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observed in nature. In some instances it is attributed to a further com
ponent such as MnO or CaO stabilizing almandine-rich gamet. Such 
parageneses have been recorded from the Abukuma region in Japan 
(Miyashiro, 1958; Shido, 1958; Shido and Miyashiro, 1959), where the 
almandine-rich gamet contains less than 20 mole percent spessartine 
component. In the same metamorphie zone but from a different region, 
Okrusch (1971) has observed almandine-rich gamets with a spessartine 
component between 25 and 10 mole percent and an almandine compo
nent between 66 and 79. Both regions were metamorphosed at an esti
mated press ure of about 3 kb. It is obvious that cordierite + almandine 
assemblages can be formed only in rocks of appropriate composition. If 
the Mg/Fe ratio is high and the Mn content is low, the almandine-free 
assemblage Crd + Sil + Bio + Mus + Qz will form; this is also shown 
in Figure 14-10b. Increasing temperature brings about the transition from 
[cordierite-almandine J-medium-grade to [cordierite-almandine J-high
grade metamorphism. 

High-grade metamorphism is characterized by the disappearance 
of primary muscovite in the presence of quartz (and plagioc1ase, at 
higher pressures) which makes possible the compatibility of K feldspar 
with AI2SiOs, almandine, and/or cordierite. Pertinent reactions have 
been discussed on p. 83ff. The breakdown reaction of muscovite in the 
presence of quartz is plotted in Figure 14-1 as curve 7; also shown is the 
boundary of anatexis in gneisses which, at pressures above about 4 kb, 
designates the beginning of high-grade metamorphism. 

Parageneses diagnostic of high-grade pelitic gneis ses are 

Ksp + Sil/Kya + Alm + Bio ± plagioc1ase + Qz 
for [almandineJ-high-grade; Figure 14-11c 

Ksp + Sil + Crd + Bio ± plagioc1ase + Qz 
for [cordieriteJ-high-grade; Figure 14-11a 

Ksp + Sil + Crd + Alm ± plagioc1ase + Qz 
Ksp + Bio + Crd + Alm ± plagioc1ase + Qz 
Ksp + Crd + Alm + Qz 
Ksp + Bio + Sil + Crd + Alm ± plagioc1ase + Qz 

for [cordierite-almandineJ-high-grade; Figure 14-11b 

Figures 14-11a-c are AFM diagrams as used by Reinhardt (1968); cf. p. 
53. 

The last paragenesis has even been recorded in a contact aureole by 
Okrusch (1971) where it apparently deve10ped from the paragenesis Mus 
+ Sil + Crd + Alm + Bio + Qz. Gamet from the high-grade rocks 
contains less spessartine component (only 5.5 to 8%) and more alman
dine component (79 to 85%). 
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On the other hand, Reinhardt (1968) does not regard the paragenesis 

Ksp + Bio + Sil + Crd + Alm 

as stable. He studied phase relations in cordierite-bearing pelitic gneisses 
and concluded that only the parageneses Crd + Alm + Sil and Crd + 
Alm + Bio are stable, as shown in Figure 14-11b. This discrepancy in 
interpretation may be significant. Therefore, it is advisable to consider 
the problem of determining stable mineral assemblages. For this pur
pose, we quote a paragraph from Reinhardt's publication. 

As Zen [1963, p. 936] pointed out, the enumeration ofphases in the physicochemical 
sense difIers from the straight-forward identification and tabulation of all minerals 
present within a given rock sampie. Most natural assemblages are masked by minor 
prograde and retrograde crystallization so that one must carefully assess which min
erals represent the main metamorphic equilibration. This is often a difficult task 
because a certain reliance must be placed on textural criteria. The following account 
deals with the more important petrographie observations used to separate stable 
from metastable and retrograde phase associations. 

Sillimanite occurs in several ways in gneis ses containing cordierite and gamet. 
Many cordierite-gamet-biotite gneis ses contain small sillimanite needles as inclu
sions in the cordierite and gamet. The mode of occurrence does support the conten
tion that sillimanite is a relict phase in almost all cordierite-gamet-biotite gneisses. 
This can be further explained if sillimanite and its host (either gamet or cordierite) 
are regarded as a two-phase subsystem that is stable in itself but unstable for the 
overall system made up of the minerals cordierite, gamet, and biotite. This two
phase subsystem compares with the mosaic equilibrium envisioned by Korzhinskü 
(1959, p. 19). A small number of cordierite-gamet-biotite gneis ses were observed to 
contain large independent grains of sillimanite, but these rocks are also virtually 
devoid of plagioclase. Wbere recognized, the plagioclase was fine grained and 
altered . This indicates that plagioclase and sillimanite are incompatible phases in the 
presence of cordierite, gamet, biotite, quartz, alkali feldspar, and opaque oxides. 

Sillimanite appears to be a compatible associate of cordierite and gamet in 
plagioclase-bearing gneis ses that lack stable biotite. Where biotite is present in these 
gneisses, it occurs as felted intergrowths armouring much larger grains of cordierite. 
The biotite therefore can be interpreted as a retrograde mineral, and the stahle 
assemblage in terms of indieator minerals is cordierite-gamet-sillimanite. 

It follows from this description that in the presence of plagioclase, 
cordierite + almandine + sillimanite + biotite is not considered to be a 
stable paragenesis, but ifplagioclase is absent it apparently is stable. The 
necessity for careful observation oftextural criteria is obvious. It is also 
expedient to recall the discussion in Chapter 4 conceming the determi
nation of stable parageneses. It must be ascertained which minerals in a 
thin section are in contact as only those in contact may be regarded as 
an assemblage of coexisting minerals, i.e., a paragenesis. Alteration 
products, of course, are exceptions. 

The coexistence 0/ cordierite and almandine-rich gamet is a signif-
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icant phenomenon. Except for rare occurrences in certain rocks from 
the high temperature zones of medium-grade metamorphism, the pair 
cordierite + almandine is restricted to a specific P-T range in high-grade 
metamorphism and in the regional hypersthene zone (granulite facies). 
Information about these restricted P-T conditions is available from a 
number ofrecent experimental investigations. 

Hensen and Green (1970, 1971, 1972) pointed out that a sharp dis
tinction must be made between compositions with a ratio (MgO + FeO)/ 
Al20 3 smaller than 1 and greater than 1 in the K20-free system MgO
FeO-Al20:rSi02' In the first case, the assemblage Crd + Alm + Sil + 
Qz is formed, whereas in the second case, the assemblage Hyp + Crd 
+ Alm + Qz is formed. The second assemblage is formed at pressures 
about 3 kb lower than those required to stabilize the first assemblage. 
The hypersthene-bearing assemblage is diagnostic of the regional hyper
sthene zone (granulite facies) treated in Chapter 16. Here we are pre
dominantly concemed with the paragenesis 

Crd + Alm + Sil + Qz, 
commonly accompanied by biotite, K feldspar ± plagioc1ase. 

The paragenesis Crd + Alm + Sil + Qz is attributed by Hensen and 
Green to the following reaction: 

Crd = {Alm + sn + Qz} 

If biotite is present as weIl, the re action 

{Crd + Bio} = {Alm + Ksp + H20} 

will take place, together with the former as a coupled reaction, at the 
same conditions (Currie, 1971). These are "sliding reactions," i.e., reac
tants and products coexist over a limited pressure-temperature range 
(see Figure 14-13). Therefore, there is a field of coexisting 

Crd + Alm + sn + Qz ± Bio ± Ksp 

It is of special importance that the re action Crd = {Alm + Sil + Qz}, 
unllke most other solid-solid reactions, has a negative slope, i.e., tem
perature decreases with increasing pressure. 

As well documented by Hensen and Green, and Currie, 

the position and width of the divariant field (in terms of pressure and temperature) 
in which cordierite and gamet coexist, is a function ofthe MgO/(MgO+FeO) ratio. 
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Fig. 14-12 poT diagram of coexisting Crd + Alm + Sil + Qz for various 
FeO/(MgO+FeO) ratios of the bulk composition. Shown also are the reactions 
defining the boundary between medium-grade and high-grade metamorphism and 
the approximate phase boundaries kyanite/sillimanite and andalusite/sillimanite. 
Coexistence ranges are valid only if the Mn and Ca contents of gamet are 
negligible. 

If this ratio is increased then the stability field of gamet is reduced and that of 
cordierite extends towards higher pressure. (Hensen and Green, 1971.) 

This is demonstrated in Figures 14-12 and 14-13. Hensen and Green car
ried out experiments from 800°C upward, whereas Currie worked in the 
more relevant temperature range of 600° to 900°C. In addition, he used 
an intemally heated pressure vessel and methane as apressure medium 
which assures high accuracy of P and T measurements. This may be the 
reason why Currie's reported pressures are about 2 kb lower than those 
of Hensen and Green. The data given by Currie permit the poT fields of 
the coexistence of Crd + Alm + Sil + Qz to be outlined for varlous 
FeO/(MgO+ FeO) ratios of the bulk composition. In Figure 14-12, 0.8, 
0.6, and 0.4 refer to this ratio. Each pair of lines designated by the same 
number outlines the area of stability of the assemblage at a given Fe/Mg 
ratio. It is a wedge-shaped area spreading out with increasing tempera
ture. 6 This explains why cordierite-almandine-sillimanite assemblages 

9'fhe reality of the wedge-shaped area (as opposed to a band bounded by two lines 
both with positive slope) has recently been questioned by Hutcheon et al. (1974). 
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Fig. 14-13 P-X diagram of coexisting cordierite and gamet (in the presence 
of sillimanite and quartz) at 700°C (from Currie, 1971). 

are much more common in high-grade than in medium-grade rocks. An 
even more pronounced wedge-shaped area has been found by Hirsch
berg and Winlder (1968). This area, for a ratio of FeO/(MgO+FeO) = 
0.8, is outlined by broken lines in Figure 14-12. 

The assemblage cordierite, almandine, sillimanite, biotite, quartz 
± K feldspar + small amounts of plagiodase is particularly common in 
rocks with FeO/(MgO+FeO) ratios of 0.5 to 0.6. Therefore, this com
position is shown stippled in Figure 14-12. This figure is valid for Mn
free ofMn-poor bulk compositions; the presence of more MnO probably 
will shift the area toward lower pressure. 

Although the FeO/(MgO+FeO) ratio ofthe bulk composition deter
mines the nature of the mineral assemblage, the compositions of coex
isting gamet and cordierite, in the presence of quartz and sillimanite, are 
functions only of temperature and pressure. This was experimentally 
demonstrated by Hensen and Green (1971) and by Currie (1971). From 
the work ofthe latter author, a P-X diagram at 700°C is reproduced here 
as Figure 14-13. X = FeO/(MgO+FeO). Below the lower curve only 
cordierite is stable; above the upper curve only gamet is stable. In 
between the two curves cordierite and gamet coexist, together with sil
limanite and quartz. The tie lines jOin compositions of coexisting cor
dierite and gamet at different pressures and constant temperature. 
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From additional experimental determinations at different tempera
tures, Currie obtained sufficient data to calibrate a geological thermom
eter and barometer. He pointed out: 

In equilibrated metamorphic rocks containing gamet, cordierite, quartz, and silli
manite, the exchange of iron and magnesium between cordierite and gamet offers a 
highly favourable geological thermometer and barometer, because this exchange 
reaction is insensitive to pressure. 

The investigations presented so far by Currie suggest that the presence 
ofbiotite is inconsequential. On the other hand, Hensen (1971) suggests 
that biotite may have a disturbing influence. Also, the effects of grossu
larite and/or spessartine component in gamet are not known yet. Never
theless, where these factors can be neglected, the cordierite-gamet 
geothermometer is potentially very useful in metamorphic petrology. 
For details, the reader is referred to Currie's paper and also to the more 
recent papers by Currie (1974), Hutcheon et al. (1974), Thompson 
(1976), and by Holdaway and Lee (1977). 
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Chapter 15 

A Key to Determine Metamorphic Grades 
and Major Reaction-Isograds or Isograds in 

Common Rocks 

This chapter summarizes some highlights given in previous chapters 
in order to provide a key for the determination of metamorphic grades 
and reaction-isograds. High-grade granulitic rocks diagnostic of the 
regional hypersthene zone are not considered here because they are 
treated later. Sequences of isograds are indicated by selected mineral 
reactions in common rocks. A more precise determination of metamor
phic grade may be achieved by referring to the details presented in each 
relevant chapter. Earlier, in Chapter 7, arguments were given for setting 
up major divisions of metamorphic grade within the large P-T field of 
metamorphic conditions. These are very-Iow-grade, low-grade, medium
grade, and high-grade. With respect to pressure the metamorphic grades 
have been further subdivided: 

[Laumontite]- or 
[Wairakite]
very-Iow-grade 

[Lawsonite]
very-Iow-grade 

[Glaucophane
lawsonite]
very-Iow-grade 

[J adeite-quartz]-
very-Iow-grade 

low-grade 

[Almandine]-
low-grade 

[ Glaucophane-
clinozoisite]-
low-grade 

[ Cordierite]- [ Cordierite]-
medium-grade high-grade 

[ Cordierite- [ Cordierite-
almandine]- almandine]-
medium-grade high-grade 

[Almandine]- [Almandine]-
medium-grade high-grade 

With the exception of the laumontitellawsonite boundary, no quan
titative data are available for the other pressure boundaries. Neverthe
less, these divisions of metamorphic grade are very useful as a first 
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approximation. They are easily determined in the field, but it must be 
realized that the divisions of very-Iow-grade metamorphism can only be 
identified in mafic rocks and graywackes containing mafic debris and 
that the grades indicated by cordierite and/or almandine can be identified 
only in pelitic rocks of appropriate composition. 

Very-Low-Grade Metamorphism 

In addition to laumontite, wairakite, and lawsonite, the minerals 
prehnite and pumpellyite are diagnostic of very-Iow-grade metamor
phism (see p. 174 ff and Figure 12-11). The details given earlier allow the 
distinetion of a number of reaction-isograds or isograds and conse
quently ofmetamorphic zones within very-Iow grade. In the present sur
vey only a gross division of the P-T field of very-Iow-grade metamor
phism is shown in Figure 15-1. The stability fields of laumontite, 
wairakite, lawsonite, and aragonite are marked. The boundary above 
which the conspicuous assemblage glaucophane + lawsonite is formed 
in mafic rocks may be estimated from field relations (see p. 890 to be 
situated at approximately the P-T values indicated in Figure 15-1. Simi
larly, the boundary of the formation of jadeitic pyroxene + quartz in 
nonmafic psammitic albite-bearing rocks also is only an approximation; 
it is known that the equilibrium pressure at any given temperature must 
be somewhat lower than that required for the formation of pure jadeite 
(see Chapter 13). Therefore, the curve in Figure 15-1 has arbitrarily been 
drawn at apressure 0.5 kb lower than the reaction boundary for pure 
jadeite + quartz. 

Note the reaction taking place only in Si02 richer ultramafic rocks: 

serpentine + 2 qUartz = tale + H20 (1) 

This reaction enables a distinction to be made between a field of coex
isting serpentine + quartz, on the one hand, and a field with the assem
blages talc + quartz or tale + serpentine, on the other. The reaction 
curve, designated as 1 in Figure 15-1, practically coincides at pressures 
above 4 kb with that of re action 2. 

Reaction (2) 

{pumpellyite + chlorite + quartz} = 
{clinozoisite + actinolite} (2) 

is one ofthe reactions defining the boundary between very-Iow- and low
grade metamorphism. This reaction is limited to rocks of mafic compo-
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Fig. 15-1 Very-Iow-grade. Metamorphic zones are defined by laumontite, 
wairakite,lawsonite + albite, lawsonite + glaucophane ± albite or chlorite, law
sonite + jadeitic pyroxene + quartz (± albite), serpentine + quartz, and talc + 
serpentine or talc + quartz. In addition, the following parageneses are diagnos
tic: prehnite-bearing assemblages, prehnite + pumpellyite, and pumpellyite + 
chlorite + quartz; although not shown here, they are given in Figure 12-11. 
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sitions. Ifthese are not available in a given terrain, the boundary cannot 
be determined accurately. However, in ultramafic rocks, reaction (1) 
indicates conditions which are very elose to the boundary between very
low-grade and low-grade. 

It is important to realize that mafic rocks are the diagnostically sig
nificant rocks in very-Iow-grade metamorphism. Of course, clastic sedi
ments containing such rock debris serve the same purpose. On the other 
hand, although pelitic rocks may give certain indications of very-Iow
grade metamorphism (see Chapter 14), they do not by themselves allow 
a clear-cut determination. 

In Figure 15-1 and in subsequent figures the rock type in which a 
reaction takes place has been designated by the following symbols: 

UM = ultramafic rocks 
BA = basalt and andesite (mafic rocks) 
GW = graywacke 
PO = pelitic rocks and graywacke 
OOL = dolomitic siliceous limestone 

Low-Grade 

The disappearance of lawsonite, prehnite, and pumpeIlyite and the 
formation of clinozoisite and zoisite (as contrasted to iron-rich epidote) 
mark the transition from very-Iow-grade to low-grade conditions. The 
range of low-grade P-T conditions, as shown in Figure 15-2, is limited 
by reactions (1), (2), and (3) at low temperatures and reaction (6) at high 
temperatures. Within this temperature range of about 200°C, reactions 
in pelitic rocks give rise to the mineral assemblages of the classic Bar
rovian "chlorite, biotite, and gamet zones." The absence or presence of 
the assemblagebiotite + muscovite determines the boundary between 
the chlorite and biotite zones. 

As discussed on p. 219, the reactions leading to the firstformation 
of biotite are not weIl understood. However, the following reaction cer
tainly is relevant: 

{stilpnomelane + phengite} = 
{biotite + chlorite + quartz + H20} 

This reaction provides a reaction-isograd, which is designated as 

(stilpnomelane + muscovite)-outl(biotite + muscovite)-in 

(4) 
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Fig. 15-2 Low-grade. For details see text. PO = pelites and graywackes. 

UM = ultramafic rocks. BA = basalts and andesites (mafic rocks). 

The P-T conditions of this reaction are shown as curve 4 of Figure 15-2. 
This reaction-isograd corresponds closely to the boundary between the 
classic "chlorite and biotite zones." 

Somewhat below (and at very high pressure, somewhat above) the 
beginning of the biotite zone, reaction (5) takes place, forming forsterite 
in metaserpentinites, at the lowest possible temperatures: 
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antigorite + brucite = forsterite + 3 H2ü (5) 

At higher temperatures and relatively high pressures, almandine
rich gamet is formed in rocks ofthe appropriate composition. From the 
work of Hirschberg and Winkler (1968), referred to on p. 220, it follows 
that apressure of 4 kb at 500°C must be exceeded to stabilize almandine
rich gamet with a very low content of spessartine component. The tem
perature at which gamet first forms is not yet known; it will vary depend
ing on the composition ofthe gamet. In spite ofthe variable composition 
of gamet, its first appearance, at sufficiently high pressures, invariably 
takes place in the higher temperature range oflow-grade metamorphism. 
From the compilation by Turner (1968), it is evident that this coincides 
very nearly with the first appearance of hornblende (instead of actinolite) 
in mafic rocks. 

Neither are the conditions of the first formation of hornblende 
exactly known. If an iron-poor, colorless or pale-green actinolite is pres
ent in a mafic greenschist, the formation of green hornblende would 
probably take place according to the reaction 

{actinolite + c1inozoisite + chlorite + quartz} = hornblende 

Due to the complex compositions of the minerals taking part in the reac
tion, a certain range of P-T conditions must be expected. This would 
explain why actinolite sometimes persists, together with newly formed 
hornblende, until a somewhat high er temperature is attained. Therefore, 
the reaction-isograd band observed in mafic rocks has been designated 
in Figure 15-2 as "hornblende-in" (hbl-in) and not as "actinolite-outl 
hornblende-in." As stated on p. 174, at present it is only possible to 
estimate, on the basis of other metamorphic changes, that the horn
blende probably forms at temperatures of about 500°C, the temperature 
rising only slightly with increasing pressure; this is shown in Figure 
15-2. 

Initially, hornblende coexists with clinozoisite-epidote and a plagio
c1ase. In low pressure contact metamorphism the plagioc1ase is an oli
goc1ase but at medium and high pressures the plagioc1ase is albite. If 
generally valid, this observation indicates that the boundaries for "horn
blende-in" and for the abrupt change in plagioc1ase composition cross 
over at low pressure and diverge with increasing pressures, as schemat
ically shown in Figure 15-2 by the two dotted lines. The composition of 
plagioc1ase changes abruptly from albite with up to 5 molecular percent 
anorthite to oligoc1ase with 17 to 20 percent anorthite. Albite may coex
ist with newly formed oligoc1ase over a narrow range of temperature 
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(Wenk and Keller, 1969). Therefore, it is correct to designate the isograd 
as "(An17-20 + hornblende)-in." 

The discussed petrographie observations 

in pelitic rocks: almandine-in 
in mafic rocks: hornblende-in, and further 

(An17 + hornblendeHn 

are very common but exact P-T data are not available. However, it is 
known that these transformations take place in the higher temperature 
range oflow-grade metamorphism, as indicated in Figure 15-2. 

Attention is again drawn to the reaction 

1 antigorite + 1 brucite = 2 forsterite + 3 H2ü (5) 

This reaction curve, shown as 5 in Figure 15-2, is weIl suited to subdivide 
the lower temperature range of low-grade metamorphism. This is espe
cially valuable since the only other means of distinguishing that range 
precisely is based on the presence of stilpnomelane + phengite; this, 
however, is not a common assemblage. 

A glance at Figure 15-2 shows that the whole P-T range of low
grade metamorphism is subdivided by a number of reactions which are 
approximately parallel and are only slightly influenced by pressure. 
Therefore, we can determine rather weIl the temperatures of meta
morphism in a low-grade terrain, especially if apressure estimate from 
adjacent very-Iow- or medium-grade areas is available. However, it is 
not possible from the reactions taking place in low-grade metamorphism 
to make pressure determinations. The necessary crossing reaction 
curves are not available, except elose to the beginning of medium-grade 
metamorphism. 

Medium- and High-Grade 

The first formation of cordierite andJor staurolite, in pelitic rocks of 
appropriate composition, defines the beginning of medium-grade meta
morphism. With the exception of a small range of coexistence, chloritoid 
and the assemblage muscovite + chlorite (when not Mg-rich) are absent 
in medium-grade rocks. (Note that chlorite without muscovite, e.g., in 
rocks ofmafic composition, may persist into medium-grade.) 

The following petrographie features in pelitic rocks determine the 
beginning of medium-grade: 
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(museovite + non Mg-rieh ehlorite)-out 
ehloritoid-out 
(eordierite and/or staurolite)-in 

This situation is represented in Figures 15-2 and 15-3 by eurve 6. Details 
are given on p. 77ff. 

At higher temperature, the boundary between medium and high 
grade is defined by 

a. The breakdown of museovite in the presenee of quartz 
b. At pressures greater than 3 to 4 kb, by the breakdown of mus

eovite in the presenee of quartz, plagioclase, and water, i.e., by 
the formation of migmatites in gneiss terrains. 

This has been explained on p. 83ff. 
Most reaetions indieative of medium-grade metamorphism are pres

ent at high-grade as weH. A distinetion between the medium- and high
grade part of a speeifie reaetion-isograd or zone ean easily be made with 
the help of Figure 15-3. This figure summarizes the major reaetions in 
eommon rocks whieh are useful indieators of metamorphie zones in 
medium- and high-grade terrains. It is to be expeeted that detailed petro
graphie work eombined with relevant experimental studies will suggest 
additional reaetions and establish their P-T eonditions. 

A glanee at Figure 15-3 shows that a number of reaetion eurves or 
bands intersect each other. Two implications ofthis feature are the basis 
for using mineral assemblages as geothermometers and geobarometers: 

a. The sequence and nature of metamorphie zones developed in 
response to rising temperature are different for various 
pressures. 

b. On the assumption that Ptotal = P fluid , the intersection point of 
two curves determines both pressure and temperature. 

In the following, the various reactions and significant intersections are 
diseussed and examples are given of different sequences of reaction
isograds or isograd bands at different pressures. 

The relevant reactions. Reaction (8), taking place in marls, is 

{margarite + quartz} = {anorthite + And/Kya + H 20} (8) 

The anorthite produced increases the content of anorthite in coexisting 
plagioclase. Andalusite or kyanite may have been present before this 
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Fig. 15-3 Medium-and-high grade. The stippled band designated by "ana
texis" (i.e., beginning of anatexis in gneiss) and reaetion (13) indieate the bound
ary between medium-grade and high-grade metamorphism. Common rock types 
are MARL, PO = pelite and graywaeke, DOL = silieeous dolomitie limestone, 
UM = ultrarnafie eompositions. The approximate phase boundaries kyanite/sil
limanite and kyanite/andalusite shown in this figure are values intermediate 
between those given by Althaus (1967, 1%9) and by Riehardson et al. (1968, 
1969). Curve (9) is laeking here beeause the data on the univariant equilibrium 
paragenesis Tr + Ta + Ce + Do + Qz have yet to be agreed upon. 
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reaction occurred. Therefore, the re action products are of no special 
significance. On the other hand, reaction (8) determines the upper sta
bility of margarite in the presence of quartz in the range from low pres
sure of possibly 2 to 3 kb to high pressure of 9 kb. At higher pressures, 
reaction (8) is terminated by another reaction (see Chapter 10). The Ca, 
Al-mica margarite, which is conveniently detected by its x-ray diffrac
tion pattern, is probably much more common in low-grade marly rocks 
than previously thought. At pressures lower than 5 kb, margarite disap
pears in the presence of quartz before medium-grade is reaehed. How
ever, at pressures greater than 5 to 6 kb, the assernblage margarite + 
quartz is stable in medium-grade metamorphism. Although such oeeur
rences have not been found in nature, they might be discovered in future 
petrographie studies. 

Above 9 kb, reaction (8) is not stable and margarite + quartz reaet 
to form zoisite/clinozoisite + kyanite + H20. The assemblage zoisitel 
clinozoisite + kyanite is an indieator ojpressures greater than 9 kb. The 
usefulness of reaetion (8) is limited by the fact that it supplies only the 
negative information "(margarite + quartz)-out." Therefore, the 
absence of margarite is not signifieant if the composition of the rocks 
would not allow the formation of margarite at lower grade. On the other 
hand, the interpretation of the assemblage margarite + quartz and mar
garite + quartz + andalusite-kyanite + plagioclase is straightforward. 

Paragenesis Zo + Gr + Qz + An + Ce. As outlined in Chapter 10, 
an isobaric invariant point, i.e., an univariant P-T relationship, is estab
lished for the following paragenesis observed in metamorphosed marls: 

zoisite-clinozoisite + grossularite + quartz + anorthite + calcite 

It should be repeated here that this assemblage, shown as eurve 10 in 
Figure 15-3, does not represent the first appearance of grossularite but is 
produced by two simultaneous reactions: 

{Zo + Qz} = {Gr + An + H20} 

and 

For details eonsult Figure 10-2, p. 143. 
The paragenesis Zo + Gr + Qz + An + Ce has been observed in 

medium-grade rocks in the Damara Belt of southwest Africa. In most 
rocks plagioclase, although anorthite-rieh, is not pure anorthite. In such 
cases the reduction ofthe anorthite activity by the albite component will 
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create an additional degree of freedom and displace curve 10 to lower 
temperature, which is schematically indicated by the two arrows in Fig
ure 15-3. This effect probably will be small if plagioclase with high anor
thite conte nt is present. With this restriction in mind, curve 10 is signif
icant in the P-T grid of Figure 15-3. It has a relatively gentle slope and 
therefore crosses several other reaction-isograds or isograd bands. 

Paragenesis Fo + Di + Ce + Do. The metamorphic conditions for 
the formation of the paragenesis 

forsterite + diopside + calcite + dolomite 

are restricted to large mole fractions of CO2 in the fluid phase. This 
makes the paragenesis particularly interesting. It represents the equilib
rium ofthe following reaction 

1 Di + 3 Do = 2 Fo + 4 Cc + 2 CO2 

This is reaction (14) in Chapter 9. As shown there in Figure 9-4, the 
equilibrium paragenesis ofreaction (14) is bivariant and occurs in a nar
row temperature band at a fluid pressure not exceeding about 4 kb; at a 
greater pressure, the temperature range increases considerably. Para
genesis (14) seems to be oflimited value. However, it is most useful to 
find paragenesis (14) in the field because it facilitates the search for the 
univariant paragenesis 

Fo + Cc + Tr + Di + Do 

This is the paragenesis of the isobaric invariant point IV of Chapter 9; 
its PrT data are shown as curve (12) in Figure 15-3. 

Staurolite-out. Line 11 in Figure 15-3 represents the breakdown of 
staurolite in the presence of quartz and muscovite according to reactions 
discussed on p. 228ff. Since muscovite, in addition to qUartz, is a nec
essary reactant, the reactions are commonly restricted to medium-grade 
metamorphism because, in the presence of plagioclase, muscovite plus 
quartz form an anatectic melt. Thus, all the muscovite is consumed at 
the beginning of high-grade metamorphism. Only if plagioclase is absent, 
as in some muscovite-bearing quartzites, does staurolite persist together 
with muscovite and quartz in high-grade rocks at high pressures. This 
case indicates pressures above about 4.5 kb, as deduced from Figure 15-
3. As noted earlier in Chapter 14, staurolite without muscovite will per
sist weIl into the range of high-grade metamorphism. 

The breakdown products biotite, AI2SiOs, and ± almandine could 
have been present in the metamorphic rock before the breakdown of 
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staurolite; therefore, it is not easy to prove that staurolite was originally 
present. The composition of some rocks will not allow its formation in 
the first place. In order to be sure that curve 11 has been surpassed, only 
rocks that have a composition suitable for the formation of staurolite 
should be considered. 

Muscovite-out. The band of reaction-isograds represented by 13 in 
Figure 15-3 has been discussed on p. 84ff. This constitutes the boundary 
between medium-grade and high-grade metamorphism. In high-grade 
metamorphism primary muscovite + quartz are not stable. This state
ment is valid only for pressures lower than 3 to 4 kb. At pressures 
exceeding this value, muscovite disappears at the beginning of high
grade metamorphism by the following reaction only if, as is commonly 
the case, plagioclase is also present: 

muscovite + quartz + plagioclase + water = melt 

A granitic melt is formed producing migmatitic gneisses. The stippled 
band with the designation" Anatexis" in Figure 15-3 indicates the begin
ning of melting; for this and other possible reactions involving muscovite 
and quartz, see Figure 7-3. The positive criterion ofmuscovite + quartz
out is the coexistence of K feldspar and Al2Si05 (mostly sillimanite), 
commonly with cordierite and/or almandine-rich gamet. 

Reaction (14). 

9 talc + 4 forsterite = 5 Mg-anthophyllite + 4 H20 (14) 

takes place in ultramafic rocks. Either bracketed by the assemblages Ta 
+ Fo on one side and Antho + Fo or Antho + Ta on the other or deter
mined directly by the equilibrium paragenesis. 

Antho + Ta + Fo 

this reaction-isograd subdivides the P-T field of high-grade metamorph
ism. As seen in Figure 15-3, curve 14 intersects curves 12 and 10. How
ever, the P-T data ofreaction (14) shown in Figure 15-3 are valid only 
for small values of X cO 2 as discussed in Chapter 11. This situation has 
indeed prevailed during metamorphism of serpentinites (see Figure 
11-7). 

Geothermometers and Geobarometers 

From the compilation of reaction curves or bands in Figure 15-3, 
the points of intersection can easily be read off; they constitute geo
thermometers and geobarometers. But each pair of intersecting curves 
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can supply only one specific set of P and T values. Beyond this, the 
sequence of reaction curves in a given terrain only indicates whether P 
and T has been higher or lower than that of a given intersection point. 

Unfortunately, the intersections with the phase boundaries andalu
site-kyanite and andalusite-sillimanite cannot be used with confidence. 
For reasons given on p. 92ff, special care is required in petrogenetic 
deductions based on the presence of Al2SiOs species. But with adequate 
precaution, valuable information may be obtained. However, intersec
tions with the Al2SiOs species phase boundaries have not been listed in 
the following compilation. 

The points of intersection deserve special attention in any metamor
phic area; the relevant reaction-isograds should be determined in the 
field and their point or points of intersection should be located. This 
enables adetermination of the physical conditions at the time of meta
morphism with considerable precision. As seen in Figure 15-3, the inter
sections of different reaction-isograds are relevant at different metamor
phic grades and load pressures. 

The following compilation gives a survey of P-T indicators. The 
numbers ofintersecting re action curves, given in Table 15-1, correspond 
to those in Figure 15-3. In each case, the common rock type that allows 
the formation of the appropriate mineral assemblage is given. 

Sequences of Reaction-Isograds or Isograds 
Although the sequence of isograds in pelitic rocks is commonly 

recorded, such sequences in other rocks, e.g., serpentinites, siliceous 
dolomitic marbles, mafic rocks, and marls, have not been investigated in 

Table 15-1 

Case Reaction Rock IReaction Rock T,oC P,kb 

At Boundary Low/Medium Grade 
a ( 8) MarI ( 6) PG 550-570 5-6 
b (10) MarI ( 6) PG 530-540 3-ca.4 

At Boundary Medium/High Grade 
c ( 8) MarI Anatexis PG 620-630 8-8.5 
d (10) MarI Anatexis PG 630-625 5.5-ca.6.5 
e (11) PG Anatexis PG 640-650 4.5-5 
f (12) Dol Anatexis PG 645-655 ca. 4 
g (13) PG Anatexis PG 650-665 ca. 3 

In High Grade 
h (14) UM (10) MarI 695-700 6.5-8 

(14) UM (12) Dol 680 5 
j (14) UM Anatexis PG 675-680 2.5-3.5 
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comparable detail. As progress is made in this direction, it is hoped that 
this chapter will be a helpful guide. 

In the following, some examples will be given of sequences ofreac
tion-isograds (or isograds) in the range from low-grade to high-grade 
metamorphism, which are suggested by reactions shown in Figures 15-2 
and 15-3. It is certain that future petrographie and laboratory work will 
improve our knowledge of metamorphie reactions and provide more pre
eise sequences of reaction-isograds. Some deductions are possible even 
now on the basis of information given in previous chapters, and a few 
examples are given here. 

Shallow Contact Metamorphism 

According to Turner (1968), the conventional division of metamor
phic conditions at shallow depth, i.e., in low pressure contact meta
morphism, is 

Albite-epidote-hornfels faeies Belonging to low-grade 
Hornblende-hornfels faeies Belonging to medium-grade 
Pyroxene-hornfels facies Belonging to high-grade 

Winkler (1967) proposed the more informative name "K feldspar-cor
dierite-hornfels facies" to replace the term "pyroxene-hornfels facies." 
Furthermore, he distinguished two subfacies or zones: (a) K-spar + cor
dierite zone with orthoamphibole and (b) K-spar + cordierite zone with 
orthopyroxene, where hornblende may still be present but orthoamphi
bole is absent. The appearance of orthoamphibole and the appearance of 
orthopyroxene in low pressure, high-grade rocks is indicated by a double 
line in Figure 15-3. The data are based on experiments by Akella and 
Winkler (1966) and Choudhuri and Winkler (1967). 

In place of the three facies and the two subfacies, it is suggested 
that low pressure contact metamorphism (as well as very low pressure 
regional metamorphism) be characterized by the following sequence of 
reaction-isograds or isograds. The following sequence from low to high 
grade, Table 15-2, is validfor pressures up to about 2.5 kb, correspond
ing to a depth of9 km or less. In addition, wollastonite will be formed in 
high-grade rocks and possibly other minerals which have been discussed 
on pp. 133-137. These pages should be consulted for a discussion of 
relevant reactions at very low pressures and high temperatures. 

Sequence at Medium Press ures 

At pressures between about 3 and 5.5 kb, the sequence in Table 15-
3 will develop. In the upper part of this pressure range, metamorphie 
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Table 15-2. Low pressures. 

paragenesis Curve Rock Grade 

Srp + Qz + Ta ( 1) UM Very-low 
Srp + Bru + Fo ( 5) UM Low 
(Bio + Mus)-in ( 4) PG Low 
Zo + Gr + An + Ce + Qz (10) Marl Low 

Hombl-in BA Close to 
(An17 + Hbl)-in BA boundary 

Crd-in; Stt-in (Chl + Mus)-out ( 6) PG Medium 
Srp + Fo + Ta ( 7) UM Medium 
(Stt + Mus + Qz)-out (11) PG Medium 
Fo + Tr + Ce + Do + Di (12) Dol Medium 

(Mus + Qz)-out (K-spar + Crd)-in (13) PG High 
Ta + Fo + Anthophyl (14) UM High 
Orthoamphib-out/Hypersthene-in BA High 

conditions will eorrespond to [almandinel-10w-grade, [almandinel
medium-grade, and [cordierite-almandinel-high-grade. In appropriate 
pelitic rocks, andalusite is the common species that will be replaced or 
accompanied by sillimanite near the beginning of high-grade 
metamorphism. 

Table 15-3. Medium pressures. 

Paragenesis Curve Rock Grade 

Srp + Qz + Ta ( 1) UM Very-low/low 
Srp + Bru + Fo ( 5) UM Low 
(Bio + Mus)-in ( 4) PG Low 
Hombl-in; BA Low 
possibly Alm-in PG 
(An17 + Hbl)-in BA Low 
Marg + Qz + AS + Plag ( 8) MarI Low/medium 

Stt-in; possibly Crd-in, (ChI + Mus)-out ( 6) PG Medium 
Srp + Ta + Fo ( 7) UM Medium 
Zo + Gr + An + Ce + Qz (10) MarI Medium 
(Stt + Mus)-out (11) PG Medium 

Begin anatexis; (K-spar + Sil)-in PG High 
Fo + Tr + Ce + Doa (12) Dol High 
Ta + Fo + Anthophyl (14) UM High 

8May be interchanged with previous reaction. 
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Sequence at aPressure of 7 kb 

As an example, the sequence of reaction-isograds at 7 kb is given in 
Table 15-4. Appropriate compositions of pelitic rocks will contain kya
nite. Approximately at the medium-high-grade boundary sillimanite 
crystallizes either as an additional constituent or as a transformation 
product of kyanite. In this high pressure series the metamorphie grades 
are low grade,[almandine]-low-grade, [almandine]-medium-grade, and 
[almandine]-high-grade or [cordierite-almandine]-high-grade, ifthe pres
sure is about 7 kb or somewhat lower. 

At pressures higher than 7 kb, the sequence will be very similar, 
only the following difference has to be taken into account: 

Instead ofreaction (8), the assemblage zoisite/clinozoisite + kyanite 
occurs at pressures greater than 9 kb; it appears dose to the medium
high-grade boundary. 

Table 15-4. Pressure about 7 kb 

Paragenesis Curve Rock Grade 

Srp + Qz + Ta ( 1) UM Very-Iow/low 
(Bio + Mus)-in ( 4) PG Low 
Srp + Bru + Fo ( 5) UM Low 
Hombl-in; } 
Alm-in 

BA Low 
PG 

(An17 + Hbl)-in BA Low 

Stt-in; (Chl + Mus)-out ( 6) PG Medium 
Srp + Fo + Ta} ( 7) 
Marg + Qz + AS + Plag ( 8) 

UM Medium 
MarI Medium 

Begin anatexis; (K-spar + Sil)-in PG High 
Zo + Gr + An + Ce + Qz (10) 
Ta + Fo + Anthophyl} (14) 

MarI High 
UM High 

Fo + Tr + Ce + Do (12) Dol High 

Indicators of Very High Pressure 

Apart from the high pressure indicators summarized in the section 
on very-Iow-grade metamorphism, the paragonite + zoisite + quartz 
paragenesis (p. 151), and the zoisite/clinozoisite + kyanite assemblage 
[indicating apressure greater than 9 kb (p. 148)], the pair kyanite + tale 
has been shown to be a reliable indicator for H20 press ures exceeding 
10 kb (Schreyer and Seifert, 1969). Recently Schreyer (1974) pointed out 
that this rather uncommon association has been found in a few localities. 
It may well be that in the future more localities will become known 
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where the kyanite + talc association has been formed in metasedimen
tary schists that are low in alkalies and calcium but rich in MgO and 
AI20 a• 

General Comment 

Metamorphic rocks now exposed at the surface may have been 
brought to their present position by different tectonic mechanisms. They 
may have been uplifted as separate crustal blocks of various sizes and 
from different depths. In this case, no large scale metamorphic zonation 
or c1ear-cut isograd sequence will be detectable. On the other hand, a 
large metamorhpic terrain may have been uplifted as a coherent unit 
without having been disrupted into smalIer blocks. In these cases, we 
have to distinguish between an even uplift, a tilted uplift, and a flexural 
uplift. 

If an even uplift has taken place the rocks now exposed at the 
earth's surface have been metamorphosed at the same depth. If large 
tilting has taken place, the rocks presently exposed have been metamor
phosed at progressively greater depth depending on the amount of tilt
ing. Postmetamorphic tilting accompanied by flexural uplift of a large 
crustal segment has been deduced from a study of metamorphic condi
tions in the Damara orogen in southwestem Africa by Hoffer and Puhan 
(1978, personal communication). Indeed, uneven postmetamorphic 
uplift seems to be common. Therefore, we must not assume apriori that 
a metamorphic terrain exposes rocks that have been formed at approxi
mately the same pressure. 
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Chapter 16 

Regional Hypersthene Zone 
( Granolite High-Grade) 

As pointed out in Chapter 7 (p. 880, a distinction must be made in 
high-grade metamorphism between two situations: (1) water pressure 
being approximately equal to load pressure, or (2) considerably less than 
load pressure. In the latter case and at medium to high load pressure, 
rocks called granulites are formed (the granulite facies is developed). 
Since hypersthene is the most diagnostic mineral in both mafic and 
acidic granulites, it is suggested that granulite high-grade metamorphism 
be designated as the "regional hypersthene zone." This is in contrast to 
the low pressure, contact metamorphie high-grade zone, where ortho
pyroxene is also present in rocks of appropriate composition. 

Before dealing with the mineral parageneses which are formed 
under the conditions ofthe regional hypersthene zone, it is desirable first 
to consider the problem of nomenclature of granulites and other high
grade rocks occurring with granulites. 

Nomenclature and Mineralogical Features of "Granulites" 

There is considerable confusion in the use ofthe term "granulite." 
For instance, the loose definition consistent with that successfully 
employed in Canadian reconnaissance geology is: "Granulites may be 
regarded as high-grade metamorphic rocks that characteristically con
tain pyroxene and that exhibit distinctive olive-green or brown colors on 
weathering" (Reinhardt and Skippen, 1970). A very different meaning of 
the term granulite has been proposed by Macdonald (1969): "Any rock 
which is of the granulite facies grade, as defined by Eskola, or which 
retains evidence of having reached this grade." These different defini
tions reftect only some ofthe many aspects ofthese metamorphic rocks. 

In an attempt to devise adefinition acceptable to petrologists in 
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many countries, in 1968 an ad hoc international group proposed a defi
nition and characterization of granulites; this was sent to many geolo
gists for discussion. The definition and comments were published by 
Behr et al. (1971). The discussion continued in print and by correspon
dence. Mehnert (1972) undertook the task of analyzing the accumulated 
information. The following revised definition of the term granulite, as 
presented by Mehnert, was the result: 

Granulite is a fine- to medium-grained metamorphic rock composed essentially of 
feldspar with or without quartz. Ferromagnesian minerals are predominantly anhy
drous. The texture is mainly granoblastic (granuloblastic), the structure is gneissose 
to massive. Some granulites contain lenticular grains or lenticular aggregates of 
quartz (" disc-like quartz"). Granulite is the type rock of the granulite facies. The 
composition of the minerals correspond to granulite facies conditions 0 The following 
rock types should not he included in the definition of "granulite": Medium- to 
coarse-grained rocks (> 3 mm) of corresponding composition and origin should be 
termed granofelso Granulites heing rich in ferromagnesian minerals (> 30 vol%) 
should be termed pyriclasites, pyribolites, or pyrigarnites, depending on their 
compositiono 

However, Winkler and Sen (1973) feIt that this new proposal is 
unlikely to improve matters; therefore, they advanced another system of 
nomenc1ature based on the following premises: 

1. A rock should be named on the basis of its own properties and 
not according to its association with other rocks. 

2. The mineral assemblage is the most important criterion in the 
nomenc1ature of rocks and should, in the case of metamorphic 
rocks, be used together with a supplementary textural and, if 
necessary, structural term. In the resulting compound rock 
names, one part refers to the mineral assemblage and the other 
part to texture and so me additional information. (Modal compo
sition may be the basis for a more detailed c1assification.) 

3. Mehnert's statement "granulite is composed essentially off eld
spar" is modified to "feldspar(s) are major constituents (about 
20% or more)." 

4. We agree with Mehnert: "Granulite is the type rock ofthe gran
ulite facies"; and "granulite should refer only to rocks occurring 
within granulite facies terrain" (see Oliver and Wynne-Edwards 
in Behr et al., 1971) but, of course, not all rocks in the granulite 
facies will be granulites. Thus, the term granulite bears a distinct 
genetic connotation. This may be unfortunate but is unavoida
ble. Therefore, taking into account point 1, the following restric
tion is essential to ensure that all rocks termed granulites belong 
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only to the "granulite facies": Only metamorphic rocks with 
mineral assemblages diagnostic of that facies, of the regional 
hypersthene zone, should be called granulites. 

Point 4 is fundamental to the new proposal. In order to minimize 
possible confusion, it is preferable to coin and define a new term rather 
than redefine an old one. By simply changing the spelling from "granu
lite" to "granolite" a new term is suggested which c10sely shows its 
immediate connection to the subject discussed here. Granolite is not a 
misprint, it is meant to have an 01 By making this change, the mental 
association of the old term granulite (being derived from granulum = 
small grain) with fine-grained rocks no longer exists. The new term gran
olite does not put a restrietion on grain size; this is an important aspect 
of the new definition. 

Since its introduction in 1973, the term granolite has occasionally 
been used in the literature; however, it has also been criticized as being 
"awkward". I do not agree with this because "grano" (not "granu") is 
a common prefix in petrographie terms such as granodiorite, grano
phyre, and granoblastic. 

5. All high-grade regional metamorphie rocks similar to granolites 
but lacking a diagnostic mineral assemblage must, consequently, 
not be called granolite. Because of the granoblastic textures 
which they have in common with· the granolites, Winkler and 
Sen (1973) suggested calling high-grade rocks with mineral 
assemblages not diagnostic of the regional hypersthene zone 
(granulite facies) by the new name Granoblastite. 

6. Granoblastite and Granolite are group names of high-grade 
regional metamorphie rocks. Any specific rock will have a com
pound name, e.g., 

X or Y granoblastite 
A or B granolite 

where X and Y stand for a mineral assemblage not diagnostic of 
the regional hypersthene zone, and A and B stand for a para
genesis diagnostic ofthat zone. 

7. Grain size, distinction between felsic and mafic composition, and 
amount of mafic minerals are not regarded as significant enough 
to preclude the term as a group name. Compositional differences 
are indicated by stating the mineral assemblage or the modal 
composition (see Figure 16-2). 
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Table 16-1 

GRANULITE ROCKS REDEFINED 

1. Felsic to mafic high-grade regional metamorphie rocks of any grain size. 
Excluded are ultramafic rocks, calcsilicate rocks and marbles, amphibolites, 
and biotite micashists. 

2a. Feldspar(s) are major constituents (about 20% or more) 
2b. No primary muscovite associated with quartz and feldspar. 
3. Mafic minerals are often predominantly anhydrous. 
4. Crystalloblastic, mainly granoblastic textures and their varieties. Structural 

distinctions 4a and 4b are made. 

Mineral assemblages diagnostic ofthe 
regional hypersthene zone. 

Mineral assemblages not diagnostic of 
the regional hypersthene zone. 

(4a) Massive, 
no gneissose 
structure 

A, B, orC 
Granolitea 

x, Y, orZ 
Granoblastite 

·See Figure 16-2 for hypersthene-bearing granolites. 

(4b) With 
gneissose 
structure 

Gneissose A, 
B,orC 
Granolitea 

Gneissose 
X, Y, orZ 
Granoblastite 

A, B, and C stand for a definite mineral assemblage diagnostic ofthe regional hyper
sthene zone; X, Y, or Z, for a mineral assemblage which is not diagnostic. 

The X, Y, or Z granoblastites commonly form in high-grade metamorphism in gran
olite terrains but occasionally also in [almadinel-high-grade metamorphism. 

Table 16-1 summarizes the new proposal for a nomenclature of 
granulite rocks. All four points listed are important. 

In order to apply the proposed terminology it is necessary to recog
nize the diagnostic mineral assemblages of the regional hypersthene 
zone. Also, it is expedient to draw attention to some typical mineralogi
cal features that are common in granolites and in most granoblastites. 
This has been compiled in Table 16-2. 

Textures 0/ granolites and granoblastites. The description of the 
textures of granolites and related rocks has been presented in many dif
ferent ways. In an effort to standardize the terminology, Moore (1970) 
proposed a scheme which apparently is acceptable to many petrologists 
and, therefore, is quoted here: 

The texture of the rock here refers to the mutual arrangement of the constituent 
minerals in the rock and to their size and shape. 

The textures are divided into three main groups (Figure 16-1), which are 
described below. 
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1. Granoblastic: Here the rock consists of a mosaic of xenobJastic mineral grains. 
Depending on the relative sizes of these grains the group is further divided into 
three subgroups: 
(a) Equigranular: where the majority of constituent grains are approximately the 

same size. 
(b) Inequigranular: where the frequency distribution of grain sizes is distinctly 

bimodal such that large grains of approximately the same size occur in a finer 
grained equigranuIar matrix. A special case would be platy granoblastic 
(which is characteristic of many quartzofeldspathic granulites) where long, 
platelike crystaIs, generally of quartz or feldspar, occur in a finer grained, 
equigranular matrix. These lenticles may be single crystals or, more often, 
groups of several crystaIs with lattice orientations differing only slightly (i.e., 
separated by low-angle grain boundaries). 

(c) Seriate: where the grain size frequency distribution is such that a complete 
gradation from the finest to the coarsest is represented. 

2. Flaser: This appIies to rocks in which lenses and ribbonlike crystaIs, usualIy of 
quartz, often showing undulose extinction are separated by bands offinely crys
talline, usually strain-free, material. Ovoid crystaIs, commonly feldspar or mafic 
minerals, may occur within the matrix as augenlike megacrysts around which the 
foIiation bends. Although this may be regarded as an extreme version ofthe platy 

Table 16-2 

DIAGNOSTIC MINERAL ASSEMBLAGES OF THE REGIONAL 
HYPERSTHENE ZONE 

(a) All parageneses with hypersthene 
(b) The paragenesis elinopyroxene + almandine-rieh gamet + quartz. 

Alkali feldspar 

Plagiodase 
Orthopyroxene 

Clinopyroxene 

Gamet 

Hornblende 

Biotite 

Al2SiOs 

MINERALOGICAL CHARACTERISTIcsa 
Is typieally perithitie; the Na eontent is eommonly high 
so that the albite eomponent may amount to about 50%. 
May be antiperthitie. 
Is mainly hypersthene and eontains up to 10% A120 3 ; it is 
pleoehroie in greenish, pinkish, and yellowish eolors. 
Is light-green diopside-hedenbergite low in feme iron. 
Some elinopyroxenes may be Al-rieh. 

Is usually almandine-rieh but may contain appreciable 
amounts ofpyrope and grossularite eomponent, i.e., up 
to 55% pyrope and up to 20% grossularite. Commonly, 
the amount of spessartine eomponent is very low. The 
grossularite eontent is highest in gamet eoexisting with 
elinopyroxene. 

Is olive-green to brown due to a relatively high eontent 
ofTi. 

Usually is rieh in Mg and Ti. 

Oeeurs as sillimanite or kyanite. 

"For more details, see Mehnert (1972, p. 148). 
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granoblastic texture, it is separated because rocks having flaser textures usua1ly 
have a very strong lamination and lineation, and the length-to-width ratios of the 
"ribbons" are large, giving the rock a distinctive appearance. 

3. Mylonitic: lbis tenn has the strongest genetic irnplications of the three and is 
applied to rocks which, in appearance, confonn as nearly as possible to mylon
ites as defined by lapworth (1885) and Christie (1960). The rocks are very fine
grained and have a marked lamination ("fluxion structure"). Small megacrysts 
may occur within the rock and the lamination bends around these. 

For all three texture types described above in tenns of grain size and over-all 
shape, the mutual relationship ofthe grains requires description. Following Berthel
sen (1960) and Katz (1968), the grain boundary relationships are described as polyg
onal, interlobate, and amoeboid. These are shown diagrammatically in Figure 16-1. 

Examples ofthe use ofthis proposed terminology may be given here. A rock 
showing granuloblastic texture (Binns, 1964) would, using this proposed scheme, 

a 

c 
equigranular 

a 

GRANOBLAsriC 

b a 

c 
seriate 

c 
inequigranular 

a: polygonal b: interlobate c: amoeboid 

FLASER MYLONlriC 

b 

Fig. 16-1 Textures of granolites and granoblastites (after Moore, 1970). 
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be described as having a granoblastic equigranular polygonal texture. The mortar 
gneiss and augen gneiss illustrated by Katz (1968) would both be described as having 
granoblastic inequigranular interlobate textures. The only difference between these 
rocks is in the proportion offiner grained matrix. 

Nomenclature of hypersthene-bearing granolites. Massive, gneiss
ose (foliated), flaser, and mylonitic varieties of granolites with hyper
sthene, plagioc1ase, and/or perthitic alkalifeldspar, with or without 
quartz, may be c1assified according to a scheme of nomenc1ature which 
inc1udes the composition range of common felsic to mafic granolites. 
The scheme is presented in Figure 16-2. The Streckeisen c1assification 
triangie of quartz (Q), alkali feldspar (A) and plagioc1ase (P) has proved 
its usefulness in c1assifying the igneous granite-gabbro and charnockite
norite suites ofrocks. It is weH known that metamorphie hypersthene
bearing rocks, commonly interlayered with other metasediments, have 
compositions similar to the rocks of the igneous or "igneous looking" 
charnockite suite. Therefore, an analogous grid of compositional areas 
can be drawn in a Q-A-P triangle. However, the terms assigned to the 
various fields should not be the same as those ofthe igneous chamockite 

A 

hornbl~nd~ and/or 
biotit~ may 
b~ pr~SMt 

10 

Q 

\PlUS hyp~rsth~ne I 

90 P 

Fig. 16-2 Hypersthene-bearing regional metamorphic rocks of the granolite 
group. 

Note: Hypersthene-bearing quartzite would be located elose to the corner at Q. 
Although diagnostic of the regional hypersthene zone, it does not belong 
to the group of granolites because feldspar is not a major constituent. 
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suite of rocks in order to indicate that these are metamorphic rocks of 
the granolite group. All rocks ofFigure 16-2 are either massive granolites 
or gneissose, flaser, and mylonitic granolites. 

Apart from hyp~fsthene, the fields are named according to the pre
dominant mineral assemblage. Hypersthene is present in all assem
blages. Thus, when perthite (alkali feldspar) is predominant and plagio
c1ase and quartz are present in subordinate amounts, the rocks will be 
classified as hypersthene-perthite granolite. A rock with hypersthene + 
clinopyroxene + plagioc1ase ± quartz falls into the field of hypersthene
pyroc1ase granolite; this term has been abbreviated by a contraction of 
clinopyroxene + plagioclase = pyroclase. The field of hypersthene
pyroc1ase granolites includes the rock called "pYric1asite" by Berthelsen 
(1960). If clinopyroxene is absent no abbreviation is necessary and the 
rock should be called "hypersthene-plagioc1ase granolite." 

The field intermediate between hypersthene-perthlte granolite and 
hypersthene-pyroc1ase granolite is named hypersthene-perthiclase gran
olite; here perthite and plagioc1ase are present in about equal amounts, 
and hypersthene commonly is the only pyroxene. The contraction per
thiclase stands for the assemblage perthite + plagioclase. 

In the composition fields with appreciable amounts of quartz (> 
20%) the terms chamockitic and enderbitic designate mineral assem
blages and modal compositions. Thus charnockitic granolite is a meta
morphic rock with the same mineral assemblage as igneous chamockite.1 

The "granolite" part of the rock name makes c1ear the metamorphic 
origin and the "chamockitic" part indicates only the mineral assemblage 
and modal compositign. If the rock is gneissose, it may be called 
"gneissose chamockitic granolite"; this is a long term but it is easy to 
comprehend. 

In Figure 16-2, from left to right, the following hypersthene- and 
quartz-bearing granolites are distinguished: 

Alkalifeldspar chamockitic granolit~ 
Chamockitic granolite 
Charno-enderbitic granolite 
Enderbitic granolite 

and their gneissose, mylonitic, or flaser varieties. 
If hornblende and/or biotite is additionally present in appreciable 

amounts, this should be stated as "hornblende-bearing," etc. 

lSome petrographers state that a distinction can be made between metamorphic and 
igneous rocks on the basis of texture. Other workers regard this to be often impossible and 
rely on observations, like interbedding with other metasediments, or intrusive contacts. 
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Figure 16-2 is applicable to metamorphic rocks only. Igneous and 
"igneous-looking" rocks ofthe charnockite suite have their own (differ
ent) nomenclature. The most recent nomenclature recommendation has 
been published by Streckeisen (1974). 

Metamorphism of Granolites and Related Granoblastites 

Calcareous rocks occurring in granolite terrains have developed the 
same parageneses as in high-grade terrains where they are associated 
with biotite gneis ses , migmatites, high-grade amphibolites, etc. Para
geneses like calcite + dolomite + forsterite + diopside, diopside + scap
olite + calcite, diopside + grossularite-andradite are not affected by 
the specific condition of granolite metamorphism, i. e., water pressure is 
considerably less than load pressure. This is easy to understand because 
the above assemblages can be formed, whether in a granolite or other 
high-grade terrain, only in the presence of a very CO2-rich fluid phase. 

The specific condition OfPH20 < < P total has a large effect only on 
reactions including the transformation ofhydroxyl-bearing minerals into 
anhydrous ones. Reactions in which hornblende and/or biotite are com
pletely or partly converted into anhydrous minerals like pyroxenes and 
gamet would require very high temperatures at medium and high pres
sure if Ptotal would equalPH20 • As seen in Figure 15-3, the lowest pos si
ble reaction of orthoamphibole plus quartz to form orthopyroxene takes 
place at about 700°C and 1 kb P H20 = P tota!. but at 3 and 5 kb the equilib
rium temperature is 800° and 900°C, respectively; these temperatures are 
not reached in regional metamorphism. On the other hand, lowering 
P~o relative to P total decreases the reaction temperature at constant 
P total ' This allows, for instance, the partial or complete breakdown of 
hornblende in amphibolites to ortho- and clinopyroxene. Thus, a hyper
sthene-bearing mafic granolite is formed, i.e., a hypersthene-pyroclase 
granolite, consisting mainly of hypersthene + clinopyroxene + 
plagioclase. 

Hornblende and biotite are the hydroxyl-bearing minerals involved 
in reactions leading to formation of granolites and granoblastites; other 
(OH)-bearing minerals, such as chlorite and paragonite, become unsta
ble even before high-grade conditions are reached. The breakdown of 
muscovite + quartz defines the medium-grade-high-grade boundary 
and muscovite is therefore absent from granolite terrains. 

A number ofreactions have been suggested by De Waard (1965; see 
also 1967a, 1971) to account for the diagnostic appearance of orthopy
roxene (mostly hypersthene, rarely bronzite), the formation of additional 
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almandine-rich gamet, and the decrease or disappearance of hornblende 
and biotite. 

In mafic rocks these are: 

{hornblende + quartz} = {hypersthene + clinopyroxene 
+ plagioclase + H2ü} 

{hornblende + biotite + quartz} = 
{hypersthene + K feldspar + plagioclase + H2ü} 

{hornblende + almandine + quartz} = 
{hypersthene + plagioclase + H2ü} 

In pelitic gneis ses the following reactions occur: 

{biotite + sillimanite + quartz} = {almandine + K feldspar + H2ü} 

{biotite + quartz} = 

{hypersthene + almandine + K feldspar + H2ü} 

Hypersthene is produced by several reactions, and it may occur in 
many of the common rock types but certainly not in all rocks of granolite 
grade. For example, the felsic type "granulite" from Saxony contains 
gamet + kyanite but not hypersthene and is not diagnostic2 ofthe "gran
ulite facies" or the regional hypersthene zone. However, in regional 
metamorphosed terrains, hypersthene is the diagnostic mineral of the 
regional hypersthene zone. Therefore, in agreement with De Waard 
(1965), the best boundary between common high-grade metamorphism 
(high-grade almandine-amphibolite facies) and granolite metamorphism 
is the hypersthene isograd, based upon the first appearance of hyper
sthene (or bronzite), regardless ofrock type and the nature ofthe hyper
sthene-producing reaction. If a specific reaction can be recognized, a 
specific reaction-isograd can be mapped. 

All reactions involving hornblende and/or biotite are "continuous" 
reactions or, in other words, with a "sliding" equilibrium, i.e., at a given 
total pressure and water pressure, the reaction starts at a certain tem
perature but all equilibrium phases will be present over a temperature 
range. The Fe/Mg ratios of the ferromagnesian phases will vary with 
temperature. Thus, although orthopyroxene will be produced from horn
blende, the re action need not proceed to completion, and decreasing 
amounts of hornblende will coexist with the newly formed hypersthene 
until, with rising grade, all hornblende has disappeared. Therefore, De 

2Therefore, this nondiagnostic "granulite" is called here gamet-kyanite-quartz 
granoblastite. 
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Waard (1965) made the distinetion between (a) hornblende-orthopyrox
ene-plagioclase subfacies ofthe granulite facies, and (b) orthopyroxene
plagioclase subfacies (free from hornblende and biotite). 

The hornblende-free assemblage is an end stage which is stable 
when a certain temperature at some given water pressure has been 
reached. Therefore, the boundaries (which also depend on bulk compo
sition) will be very difficult to assess. However, the hornblende-free 
assemblage may be interpreted as lying in a prograde direction. 

Mineral assemblages in mafic rocks. Mineral assemblages formed 
in mafic rocks (hut not only in these rocks) are diagnostic of granolite
forming conditions of the regional hypersthene zone. The diagnostic 
mineral assemblages developed in the regional hypersthene zone may be 
represented in an ACF diagram. Figure 16-3 shows the assemblages of 
the hypersthene-plagioclase-granolite subzone . The possible presence 
of hornblende, biotite, and rarely zoisite/clinozoisite need not be graph
ically recorded, because these minerals are not diagnostic; however, 
they should be stated in the petrographie description. 

According to petrographie observations of De Waard (1965), the 
assemblage orthopyroxene + plagioclase becomes unstable if load pres
sure exceeds a particular value at constant temperature. The two min
erals react to produce clinopyroxene + almandine-pyrope-grossularite 
gamet + quartz: 

A 

I: ~~spar 7 .. rutif~ 
or/and 
i/mMit~ 

C L...-_________ -, 

Cpx 

Fig.16-3 Hypersthene-plagioclase-granolite subzone ofthe regional hyper
sthene zone of high-grade metamorphism. Only parageneses of mafic rocks are 
represented. Hornblende and/or biotite may also be present. 
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{hypersthene + plagioc1ase} = 
{clinopyroxene + gamet + quartz} 

3(Fe,Mg)2SiZOS + 2CaAlzSizOs = 
Ca(Fe,Mg)SizOs + 2C80.5(Fe,Mg)2.5AI2(Si04>a + Si02 

Again, this re action is eontinuous over a eertain range of physical con
ditions and, during a transitional stage, reaetants and produets coexist. 
Eventually, the new mineral assemblages 

c1inopyroxene + gamet + quartz + either plagioc1ase or hypersthene, 

shown in Figure 16-4, become stable. They represent the higher pressure 
clinopyroxene-almandine-quartz granolite subzone of the regional 
hypersthene zone. In rocks ofthe transitional stage, hornblende and bio
tite may also be present. The paragenesis hypersthene + gamet + diop
side + plagioc1ase ± hornblende ± biotite + quartz has been recorded 
from several different areas (Turner, 1968). 

It is worth noting that in mafic rocks the grossularite eontent of 
almandine-rich gamets is eonsistently high, amounting up to about 20 
molecular percent. On the other hand, almandine-rieh gamets in pelitic 
metamorphie rocks eontain very little grossularite component. 

A 
+ rutile 

orland 
ilmenite 

(5'Q';:80~ 

\/~m 
C L-__ ---1.:l!:::== ...... :"O F 

Cpx Hyp 

Fig. 16-4 Clinopyroxene-almandine-quartz-granolite subzone of the 
regional hypersthene zone. ünly parageneses in mafic rocks are represented. 
Hornblende and/or biotite may also be present. Because thejoin clinopyroxene
garnet-quartz is produced by a continuous reaction, the assemblage including 
reactants and products is common, i.e., clinopyroxene + gamet + hypersthene 
+ plagioclase + quartz. 
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The reaction 
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{orthopyroxene + plagioclase} = 

{clinopyroxene + garnet + quartz} 

has been investigated experimental1y (e.g., Green and Ringwood, 1967). 
At 700°C, apressure of 8 to 10 kb will stabilize the five-phase assemblage 
clinopyroxene + garnet + quartz + hypersthene + plagioclase. The 
association clinopyroxene + garnet is known in eclogites as wen but in 
eclogites plagioclase is absent, indicating pressures even greater than 8 
to 10 kb. 

When interpreting a given granolite terrain it should be taken into 
account that the association clinopyroxene + almandine-rich gamet, rel
ative to the orthopyroxene + plagioclase assemblage, does not neces
sarily indicate a higher pressure at constant temperature, but could alter
natively represent a lower temperature at constant pressure. Thus, the 
"retrograde" formation of the assemblage Ga + Cpx + Qz, postulated 
by Martignole and Schrijver (1971), can be understood. Further, Manna 
and Sen (1974) made the observation that mafic granolites with ortho
pyroxene + clinopyroxene + plagioclase are intimately associated with 
granolites containing orthopyroxene + clinopyroxene + gamet + pla
gioclase; however, the latter rocks have a higher Fe/Mg ratio. This sug
gests that, at a given temperature, the pressure necessary to initiate the 
clinopyroxene + garnet assemblage is somewhat lower when the Fe/Mg 
ratio ofthe rock is higher. 

Mineral assemblages in pelitic rocks and graywackes . In the 
regional hypersthene zone, hypersthene may also form in pelitic and 
semipelitic rocks due to the partial decomposition ofbiotite according to 
the reaction 

{biotite + quartz} = {hypersthene + almandine + K feldspar} 

or possibly according to a more complicated reaction. Rocks with hyper
sthene, even if the amount is very small, are classified as granolites. If 
quartz, alkali feldspar, and plagioclase in variable amounts are the major 
constituents, the rocks are granolites of charnockitic to enderbitic com
positions (see Figure 16-2). 

However, many semipelitic rocks in a granolite terrain do not con
tain either hypersthene or the association clinopyroxene + gamet + 
quartz, which is diagnostic as wen. A large variety of mineral assem
blages are formed at granolite metamorphic conditions which are not 
diagnostic of these conditions. These rocks, according to our terminol
ogy, are called granoblastites. 
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Reinhardt and Skippen (1970) have presented a tentative interpre
tation of phase relations in granolites and granoblastites, all containing 
quartz, alkali feldspar (abbreviated K feldspar), and plagioclase as major 
constituents, from the Westport area in the Grenville Province (Figure 
16-5). The observed mineral assemblages are summarized in the fonn of 
an extended AFM diagram previously used by Reinhardt. Various min
eral assemblages are represented by a single mineral, two minerals con
nected by a tie line, or three minerals, shown in Figure 16-5, together 
with those minerals common to all assemblages and indicated at the 
upper right of the figure. 

Three-mineral assemblages of granolites proper are 

Hyp + Alm + Bio 
Hyp + Rbl + Bio 
Hyp + Cpx + Alm 
Hyp + Cpx + Rbl 

A': A.I~..o3-
(K;U + Na]O + CaO) 

F : F~ -Ft!]03 - Ti02 
M:MgO 

~----------v~----~ 
to Cpx 

~ 

+ Qz 
+ K-spar 
+ Plag 
+Mgt 
+]Im 

(3) 
(4) 
(5) 
(6) 

Fig. 16-5 Tentative interpretation of phase relations in gneis sie granolites 
and granoblastites from the Westport area, Grenville Provinee; valid for eon
stant P HzO , P ootah and T. (After Reinhardt and Skippen, 1970). Cpx = clinopy
roxene. Plag stands for plagiocl&Se ofnearly eonstant eomposition. 
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Three-mineral assemblages of granoblastites are 

Sil + Alm + Bio 
Sil + Crd + Bio 
Cpx + Rbl + Bio 

Kyanite, instead of sillimanite, may be present in other terrains. 

(1) 
(2) 
(7) 

The exact reactions producing the various assemblages are not 
known. However, Figure 16-5 might give some indication of possible 
reactions among phases. This provides valuable guidance in petro
graphie studies. 

The coexistence of almandine and cordierite in pelitic rocks has 
been recorded in several granolite terrains. However, the occurrence of 
cordierite without almandine is rare (Turner, 1968) being restricted to 
rocks having a very low FeO/MgOratio (Figure 16-5). 

There is another point which deserves attention: It is commonly 
observed that biotite decreases in amount and obviously contributes to 
the fonnation of anhydrous ferromagnesian minerals. It might be 
expected that eventually the reaction would go to completion leading to 
the elimination of biotite in the regional hypersthene zone. However, 
according to Reinhardt and Skippen, the assemblages in Figure 16-5 
emphasize "the apparent necessity ofhaving biotite as a stable associate 
in granulite facies metamorphism. If this were not the case, we should 
expect the association sillimanite-hypersthene and this appears to be 
extremely uncommon." 

The coexistence of sillimanite and hypersthene is also precluded by 
the assemblage cordierite + gamet which is common in granoblastites 
and in some granolites. About 15 years ago, petrographers found the 
presence of cordierite in the regional hypersthene zone (granulite facies) 
puzzling because cordierite was regarded as a "low pressure mineral." 
This has since been shown to be wrong; see Schreyer (1965) and 
Schreyer and Yoder (1964). We know from further experimental work 
that almandine + cordierite may coexist at high metamorphie tempera
tures over a certain pressure range which increases with increasing tem
perature (see Figure 14-12). Undoubtedly, cordierite and almandine-rich 
gamet may coexist in rocks fonned at conditions of the regional hyper
sthene zone as weIl as in other high-grade and even medium-grade rocks, 
i.e., [cordierite-almandine]-high-grade and -medium grade. Various 
parageneses in high-grade pelitic gneisses with typically granoblastic 
texture, i.e., gneissose granoblastites and granolites, have been reported 
by Reinhardt (1968). He distinguished two sets ofparageneses which are 
related by the following "discontinuous" reaction: 
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{almandine-rieh gamet + biotite} = 
{eordierite + hypersthene} 

(This reaetion does not eause the first appearanee ofhypersthene.) 
Figures 16-6 and 16-7 have been sehematieally drawn from Rein

hardt's paper. The parageneses are: 
In Figure 16-6: 

In Figure 16-7: 

Sil + Alm + Crd 
Alm + Crd + Bio 
Alm + Bio + Hyp 

Sil + Alm + Crd 
Alm + Crd + Hyp 
Crd + Hyp + Bio 

Petrogenetic Considerations 

(1) 
(2) 
(3) 

(1) 
(4) 
(5) 

As emphasized in the first edition of tbis book (1965) the essential 
eondition ofgranolite formatipn iSPH20 « P total ' This has been widely 
aeeepted and supported by further work by De Waard (1967a), Althaus 
(1968), Weisbrod (1970), Newton (1972), and Chatterjee and Sehreyer 

A' 
Sil 

A',Fand M 
os In Fig . 16-5 

Fig. 16-6 Cordierite-almandine-bearing granoblastites and granolites and 
their associated rocks (after Reinhardt, 1968). 
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A',Fand M 
as in Flg. 16-5 

A' 
* Qz 
* K-spar 
.. Plag 
.. Mgr 
.. Jlm 

F'-----==--~M 

Fig. 16-7 Cordierite-almandine-bearing granoblastites and granolites and 
their associated rocks at a prograde stage compared to Figure 16-6 (after Rein
hardt, 1968). 

(1972). The latter authors concluded that the assemblage sapphirine3 + 
quartz found in some high pressure granolite terrains indicates that water 
pressure was very much lower than total pressure. Newton (1972) 
attached the same significance to the paragenesis hypersthene + silli
nianite + quartz. 

The presence of either sillimanite or kyanite indicates medium to 
high pressures. The association sapphirine + quartz indicates pressures 
greater than about 8 kb. The assemblage hypersthene + sillimanite + 
quartz is the high pressure equivalent of cordierite and is stabilized at 
pressures of about 10 kb (Newton, 1972). 

The temperature in granolite terrains is estimated to range from 650" 
to 800" or 850°C. This estimate is substantiated by the work of Bohlen 
and Essene (1977). On the basis oftwo-feldspar thermometry and oxide 
thermometry, they deduced a temperature of formation of 650° to 800"C 
for granolites from the Adirondacks; this temperature determination is 
independent of pressure. In other areas and in a few cases only, even 
higher temperatures (at high pressures) are indicated by the rare occur
rence of the parageneses hypersthene + sillimanite + quartz and sap
phirine + quartz (Hensen and Green, 1973). These assemblages are 
related by the reaction 

hypersthene + sillimanite ~ sapphirine + quartz 

3Sapphirine is (Mg,Fe)zAI.0iSiO.) with Fe substituting for less than 20% of Mg. 
Under the microscope, this mineral can be mistaken for corundum . 
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Although very high temperatures may have been reached occasionally, 
it is most significant that granolites do not require exceptionally high 
temperatures and pressures for their formation; the ordinary tempera
ture and pressure range of high-grade regional metamorphism is suffi
cient, provided that H20 is much lower than P tota1 • 

Conditions suitable for the formation of granolites will, in general, 
be fulfilled when magmatic rocks are metamorphosed without the intro
duction of additional water. The petrographic observations of Budding
ton (1963) on highly metamorphosed orthogneisses provide convincing 
evidence in favor of the existence of such metamorphic conditions. For 
his area in the northwest Adirondacks, Buddington concludes: "The 
rocks have, in general, been impermeable either to access or to loss of 
H20 during plastic flow and any subsequent recrystallization." Thus, 
the premetamorphic H20-free pyroxene-syenites have been isochemi
cally recrystallized to orthopyroxene-clinopyroxene garnet-bearing 
granolites. However, underthe very same set ofconditions, hornblende
quartz syenite, etc., have been recrystallized to hornblende-bearing 
granolites because the H20 set free by the partial breakdown of horn
blende was unable to leave the system. A certain H20 pressure was 
hereby set up and most ofthe hornblende was preserved. 

Thus, the association of granolites with or without hornblende is 
attributed not to differences in temperature at the same press ure but 
rather to the metamorphism of rocks having different original water con
tents in closed systems. On the other hand, if some water is available 
from the environment, the rocks behave as a partially open system. As 
pointed out by Buddington, on the basis of his field observations, this 
situation is also of great importance in the genesis of granolites: 

If we envision aseries of geosync1inal sediments with intruded sheets of I!<lbbro 
downfolded to a zone of high temperature and pressure, then the outer borders of 
the gabbro sheets may be subjected to recrystallization under conditions of T, P" 
and PH•O adequate to produce the mafic mineral assemblages hornblende + hyper
sthene + (clinopyroxene) or the same plus gamet, while the inner portions were 
being recrystallized to a mineral assemblage characteristic of the pyroxene-granulite 
subfacies. 

In the inner portions, water did not have access and hydroxyl-bearing 
minerals could not form. In the outer portions, a little water had access, 
moving along grain boundaries; some hornblende (and biotite) formed 
where water was available. Therefore, orthopyroxene may coexist with 
hornblende and biotite. A sufficient amount of water would convert the 
mineral assemblages of the regional hypersthene zone to those of 
[almandine]-high-grade metamorphism. 
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Some granolites are products of the metamorphism of pelitic and 
psammitic rocks. It is difficult to understand how a single period of 
metamorphism could give rise to rocks of such low water content. It 
would be necessary to assurne that most water produced by progressive 
metamorphism was able to leave the rocks during the process of meta
morphism. This could occur if the period of high-grade metamorphism 
lasts for an exceptionally long period oftime. However, it is more likely 
that metasedimentary granolites represent originally high-grade rocks 
which were subjected to a second period of metamorphism without 
access ofwater. On the basis ofhis extensive geological and petrograph
ical studies of the classical "granulites" of Saxony, Scheumann (1961) 
came to this conclusion: 

The original geosynclinal sediments consisted of c1ays with graphitic and quartzitic 
intercalations, in which ophiolitic (gabbroie) intrusions were also incorporated. This 
whole complex, caught in an orogenesis, was transfonned to crystalline schists with 
migmatitic gneisses in the core. In a subsequent period, this presumably anatecti
cally granitized migmatitic gneiss was subjected to high temperatures and strong 
shear movements as a result of which it was altered to granulite .... The melano
cratic rocks remained either amphibolitic or were thereby changed to garnetiferous 
amphibolites at their boroer zones. In the central part of the newly set up P-T field, 
they were unifonnly reconstituted to granulitic mineral facies and were squeezed 
between the leucocratic granulites in the fonn oflenses or bands. 

Therefore, the conditions leading to the formation of granolites are 
high temperatures, very low P~o, and high or very high Ps. The condi
tion of P HzO < < Ps can be realized only in the deeper (though not nec
essarily deepest) parts ofthe crost where very little water has had access 
to igneous rocks and to metamorphosed sediments which had lost most 
of their water either during an exceptionally long period or during a pre
vious period ofhigh-grade metamorphism. 

The condition ofPHzO < < Ps could also be produced by a dilution 
of the fluid phase with CO2 • This process is suggested by the nature of 
fluid inclusions studied by Touret (1971). He found that fluid inclusions 
in quartz from [almandineJ-high-grade rocks consisted essentially of 
water, whereas in rocks from [granoliteJ-high-grade (i.e., from the 
hypersthene zone) the predominant gas species was CO2 • This explains 
why P HzO was very much smaller than Ptotal during granolite formation. 
At the same time, this unexpected discovery raises a new problem: How 
did the CO2 fluid phase originate in a variety of rocks that have been 
metamorphosed to granolites or related granoblastites in the absence of 
carbonate rocks? 
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Chapter 17 

Eclogites 

Eclogites are rocks of gabbroic-basaltic composition and consist 
primarily oftwo minerals: a grass-green clinopyroxene called omphacite 
and a red or red-brown gamet. In spite of the basaltic composition, pla
gioclase does not occur in eclogites. Petrogenetically, this is very signif
icant. Eskola attributed the origin of eclogites to very high pressures, 
and this suggestion has been substantiated by modem experimental 
work. Eskola also established an "eclogite facies." However, eclogite 
zones cannot be mapped in metamorphic terrains. Eclogites are usually 
encountered as bands or lenses in metamorphic complexes of different 
grades: in the granolite zone, [almandine]-high-grade and [almandine]
medium-grade, low-grade, and [glaucophane-Iawsonite]-very-Iow
grade. Eclogites also occur as inclusions in kimberlites and basalts and 
as bands and layers in dunites and peridotites. In some localities, they 
appear to have been tectonically squeezed into an alien environment. 
Eclogites therefore occur in a wide range of environments, as has been 
pointed out, among others, by Smulikowski (1964). 

Three compositional groups of eclogites may be distinguished. 
Eclogites of group A consist almost entirely of omphacite and gamet. 
Also present in small amounts may be quartz and either hypersthene or 
kyanite (never sillimanite). Rutile is a very common accessory mineral. 
Eclogites of group B may contain primary hornblende and zoisite 
(Angel, 1957; Heritsch, 1963; Binns, 1967); the hornblende is a Na-Al
rieh amphibole, ealled barroisite or "karinthin." Eclogites of group C 
may carry primary glaucophane and epidote. 

Omphacite is a eomplex clinopyroxene eontaining significant 
amounts of jadeite, diopside, hedenbergite, Tsehermak eomponent, and 
acmite components. The ehemical eompositions of these components 
are NaAlSi20 s, CaMgSi20 s, CaFeSi20 S, CaAI(SiAl)Os, and 
NaFe+3Si20 S• The last eomponent generally does not exceed 15 mole 
percent. Some typical metal ratios in omphacites reported by Clark and 
Papike (1968) are: 
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Na/(Na + Ca) between 0.2 and 0.8 
AV(Al + Fe+3) greater than 0.5 
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The gamet of eclogites is primarily a solid solution of pyrope, 
almandine, and grossularite components; the content of chromium may 
also be appreciable. Details of gamet composition in relation to the con
ditions of eclogite formation will be given further on. 

The chemical composition of basaltic rocks can be expressed by a 
combination of garent, omphacite, rutile, hypersthene' or kyanite, and 
quartz, gamet and clinopyroxene being the major constituents. The 
transformation of gabbro to eclogite may be schematically represented 
(disregarding the FeO component) as 

(NaAISi30 s + CaAI2Si20 s) + CaMgSi20 6 + Mg2Si0 4 = 

labradorite diopside olivine 
(CaMgSi20 6 + NaAISi20 6) + CaMg2Al2Si3012 + Si02 

omphacite gamet quartz 

There is no doubt that eclogites have crystallized under very high pres
sures. Their high specific gravity (about 3.5 glcm3 as compared to about 
3.0 glcm3 for isocheniical gabbros), the presence of kyanite and jadeite
bearing pyroxene, the absence of plagioclase, and the occasional appear
ance of diamonds in group A eclogites all indicate a high pressure origin. 
Diamond-bearing eclogites (so-called griquaites) are associated with per
idotite nodules in kimberlite pipes and are thought to originate within the 
mantle of the earth. Experimental work has shown that it is possible to 
transform basalt into eclogite at high pressure in the absence of water. 

Using various basaltic compositions, the stability of eclogite has 
been determined by Ringwood and Green (1966), Green and Ringwood 
(1967, 1972), and Ito and Kennedy (1970). Figure 17-1 shows an extrap
olation of experimental results obtained at high temperatures to lower 
temperatures and pressures of relevance in the metamorphic origin of 
eclogites. Figure 17-1 is based on a graph given by Green and Ringwood 
(1972). 

The formation of gamet in rocks of basaltic composition produces 
the mineral assemblage of a granolite, i.e., gamet, plagioclase, and 
pyroxenes. At any given temperature, the pressure required to stabilize 
gamet varies considerably, depending on slight differences in the com
position of the rocks. A similar dependence of pressure on composition 
has been demonstrated by Ringwood and Green (1966) for the disap
pearance of plagioclase leading to the formation of eclogites. The pres
sure at which plagioclase disappears at 1100°C and gamet, clinopyrox-
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ene ± quartz make up the new assemblage is indicated in Figure 17-1 for 
(1) quartz-tholeiite, (2) alkali-olivine-basalt, and (3) olivine-tholeiite. 

The lower double Une indicates the lowest possible P-T conditions 
ofthe transition from gabbro to garnet-granolite observed in olivine-thol
eiite. The bold dotted Une gives an approximate indication of the lowest 
possible P-T conditions of the transition to eclogite (plagioelase-out 
reaction) observed in olivine-tholeiite. Also, tbis line shows approxi
mately the uppermost transition boundary from gabbro to granolite 
observed in quartz-tholeiite. 

In the stippled area eelogites of compositions (2) and (3) are stable 
as wen as granolite of slightly different composition, if water is absent 
(Ringwood and Green). Above the line G + R (Green and Ringwood) 
only eelogite is stable. According to Ho and Kennedy (1971), tbis bound
ary is given by line I + Kat a higher pressure. This line has been derived 
from the plagioelase-out reaction in rocks of olivine-tholeiite composi
tion, wbich is elose to that of oceanic tholeiite. This boundary implies a 
p-T field larger than the stippled area in Figure 17-1 where mafic gamet 
granolite (gamet-hypersthene-pyroelase granolite) and eelogite of 
slightly different composition are stable. The differences may be due, in 
part, to the extrapolation of experimental data. 

The differences in the extrapolation of the experimental data of the 
plagioclase-out lines may be significant. Thus, Green and Ringwood 
(1972) believe eclogite to be stable "in dry basaltic rocks along normal 
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Fig. 17-1 Extrapolation to lower temperatures of experimentally deter
mined boundaries between eclogite, garnet-granolite, and gabbro (basalt). Water 
press ure is zero. 
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geothermal gradients throughout the continental crust in stable or shield 
areas," whereas Kennedy and Ito (1972) "find feldspar-rich garnet-rich 
assemblages to be the stable mineralogy along normal geothermal gra
dients in the continental crust." However, this discrepancy is of no great 
concern in considering the metamorphic origin of eclogites, because so
called normal geothermal gradients are the exception rather than the rule 
in orogenie metamorphism. 

Figure 17-1 illustrates that eclogites are stable over a very large tem
perature range if press ures are high and water is absent. If some water is 
present, zoisite andlor hornblende-bearing eclogite will form. Several 
occurrences are known (see for instance Heritsch, 1973) where such 
eclogites contain kyanite as weH as zoisite .. This assemblage indicates 
pressures exceeding 9 kb at temperatures higher than about620-650°C 
(see Chapter 10, p. 148 and Figure 15-3). 

Some eclogites originate under very high pressures and tempera
tures below the earth's crust and are incorporated as inclusions in kim
berlites, basalts, and ultramafic rocks; others may originate within lower 
parts of the crust. 

Eclogites are also formed at lower pressures and temperatures, as 
suggested by the in situ occurrence of eclogitic layers in [almandine]
medium-grade rocks. Bearth (1966) described eclogites as being geneti
cally related to low-grade rocks, and Coleman et al. (1965) observed 
interlayered glaucophane schists and eclogites within the same block 
tectonically transported as a whole. Apparently the two rock types were 
formed under similar P-T conditions of very-Iow-grade metamorphism, 
but the eclogites reflect a local water-free environment. 

The relative scarcity of eclogites compared to other metamorphic 
rocks ofbasaltic composition (e.g., amphibolites and greenschists) indi
cates that the essential requirement for their formation, i.~., a very low 
P H 2 0 due to a very smaH water content of the rock, is commonly not 
realized in the environment ofmetamorphism. Thus, in the pennine zone 
of the Swiss Alps, Bearth (1966) found that eclogites are encountered 
only where eruptive rocks of very low water conte nt predominate, 
whereas greenschists (prasinites) are found in other areas where abun
dant water-rich metasediments were able to supply H20 during 
metamorphism. 

The mineral assemblage of eciogites is stable only under unusual 
conditions. For this reason many eciogites are highly altered when they 
are exposed, at shallower depths, to lower pressures and the access of 
water. 

In the field, eomplete gradation may be traced from unaltered eclogite through eclo
gite amphibolites eontaining reliet gamet and omphacite together with newly gener-
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ated plagioclase and hornblende, to amphibolites of normal composition. In some 
cases myrmekite-like intergrowth of diopside and plagioclase first replace omphac
ite, and then in turn pass over into the amphibole-plagioclase association of the 
almandine-amphibolite facies. Elsewhere (e.g., in the Franciscan of California), 
eclogites show every stage of retrogressive metamorphism to glaucophane schists 
... (Turner and Verhoogen, 1960). 

In the inner part of the pennine zone of the Swiss Alps, the various 
occurrences of eclogites exhibit a transition to a glaucophanitic assem
blage, i.e., to lawsonite-free glaucophane-chloritoid-gamet-epidote
paragonite-muscovite schist. This, in turn, is transformed to the so
called prasinites having the albite-epidote-actinolite-chlorite assemblage 
typical of the lower temperature part of low-grade metamorphism 
(greenschist facies) (Bearth, 1966). 

The composition of garnets. In considering the petrogenesis of eclo
gites, it is interesting to note that the chemical composition of eclogite 
gamets is related to the geological setting of the eclogites. This relation
ship was pointed out by Coleman et al. (1965) in a study based in part 
on Tröger's (1959) compilation of gamet analyses. Garnets from three 
genetic groups were distinguished. Group A eclogites associated with 
kimberlites, dunites, and peridotites are richer in pyrope component 
than gamets from group B eclogites, which are encountered in [alman
dine]-medium- and high-grade areas. Gamets from group C eclogites 
associated with glaucophane schists have the lowest pyrope content. All 
gamets have a very low spessartine content. 

It is apparent that increasing P-T conditions of the formation of 
eclogites are reflected by greater pyrope contents . However, the corre
lation between gamet composition and environment of eclogites is sta
tistical only. There is a considerable overlap in the composition of gar
nets from groups A and Band from groups Band C. This is weIl 
documented by a more recent compilation by Lovering and White (1969) 
shown in Figure 17-2. The composition is plotted in terms ofthe molec
ular proportions of pyrope, grossulatrie + andradite = Ca-bearing gar
net, and almandine + very little spessartine. It is remarkable that gamets 
from those group A eclogites which are associated with kimberlite pipes 
may have a very high Ca gamet content. Gamets from other gorup A 
eclogites, as weIl as those from group Band group C eclogites, only 
contain about 25% Ca gamet component. 

It is of interest to compare gamets from eclogites with those from 
granolites. Tröger reported a content of 24 ± 15 mole percent pyrope 
and 60 ± 11 mole percent almandine in gamets from granolites. This 
suggests a composition intermediate between gamets from eclogite 
groups B and C. However, more recent data (White, 1969) show that the 
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Fig. 17-2 Composition of gamets from eclogite groups A, B, and C. For 
comparison, the compositional field of gamets from granolites and granoblastites 
("granulites") is also shown by the stippled area. 

compositional field of granolite garnets is much larger and, as shown in 
Figure 17-2, overlaps the compositional field of all eclogite garnets. 

According to Coleman et al. (1965), omphacites do not display any 
systematic variation in composition. The jadeite content of these pyrox
enes ranges from a few percent to 40 mole percent. Only the omphacites 
of group C eclogites have a higher jadeite content of 28 to 40 mole per
cent. However, Smulikowski (1965) believes that the jadeite content of 
omphacites increases continuously from group A through group B to 
group C eclogites. Banno and Matsui (1965) have suggested methods of 
distinguishing the temperatures of formation of eclogites on the basis of 
the distribution of Mg, Fe, and Mn between omphacite and gamet; see 
also Chappell and White (1970). 

References 

Angel, F. 1957. Neues Jahrb. Mineral. Abhand. 91: 151-192 
Banno, S. and Matsuie, Y. 1965. Proc. Jap. Acad. 41: 716-721. 
Bearth, P. 1966. Schweiz. Mineral. Petrog. Mitt. 46: 12-23. 
Binns, R. A. 1967. J. Petrol. 8: 349-371. 
Chappell, B. W. and White, A. J. R. 1970. Mineral Mag. 37: 555-560. 
Clark, J. R. and Papike, J. J. 1968. Am. Min. 53: 840-868. 
Coleman, R. G., Beatty, L. B., and Brannock, W. W. 1965. Geol. Soc. Am. 

Bull. 76: 483-508. 
Eskola, P. 1939. In Barth, Correns, and Eskola, Die Entstehung der Gesteine. 

Springer-Verlag, Berlin. 



282 Petrogenesis of Metamorphic Rocks 

Green, D. H. and Ringwood, A. E. 1967. Geochim. Cosmochim. Acta 31: 767-
833. 

-- 1972. J. Geol. 80: 277-288. 
Heritsch, H. 1963. Mitt. Naturw. Ver. Steiermark 93: 178-198. 
-- 1973. Tschermaks Min. Petr. Mitt. 19: 213-271. 
Ito, K. and Kennedy, G. C. 1970. Mineral Soc. Am. Speeial Paper 3: 77-83. 
-- 1971. In J. G. Heacock, ed. The Structure and Physical Properties ofthe 

Earth's Crust. Geophys. Monograph Am. Geophysics Union, Washington. 
Kennedy, G. C. and Ito, K. 1972. J. Geol. 80: 289-292. 
Lovering, J. F. and White, A. J. R. 1969. Contr. Mineral. Petrol. 21: 9. 
Ringwood, A. E. and Green, D. H. 1966. Tectonophysics 3: 383-427. 
Smulikowski, K. 1964. Bull. Acad. Polon. Sei. 12: 17-34. 
-- 1965. Bull. Akad. Polon. Sei. 13: 11-18. 
Tröger, E. 1959. Neues Jahrb. Mineral. Abhand. 93: 1-44. 
Turner, F. J. and Verhoogen, J. 1960. Igneous and Metamorphic Petrology. 2nd 

edit., McGraw-Hill Book Company, New York. 
White, A. J. R. 1969. Geol. Soc. Australia Speeial Publ. 2,353. 



Chapter 18 

Anatexis, Formation of Migmatites, and 
Origin of Granitic Magmas 

In metamorphic terrains, high-grade metamorphic rocks are spa
tially, and presumably genetically, related to migmatites. Read (1957) 
describes this general observation as follows: "One of the most firmly 
established facts in metamorphic geology is the close association in the 
field of highest-grade metamorphic rocks and migmatites." 

Sederholm (1908) introduced the term, "migmatite," to designate 
certain gneissic rocks "which look like mixed rocks." These are coarse
grained, heterogeneous, and megascopically composite rocks, compris
ing portions of magmatic rocks (or looking like magmatic rocks) and 
portions of metamorphic rocks. 

The following genetic characteristic features of migmatites have 
been proposed in a symposium on the nomenclature of migmatites1: 

(a) Megascopically composite rocks that once consisted of geo
chemically mobile and immobile (or less mobile) parts (Dietrich 
and Mehnert). Mehnert designates as mobilization the increase 
of geochemical mobility of rocks or portions of rocks beyond 
the dimension of individual crystals, regardless of the state of 
aggregation of the rocks and of the mechanism of migration. 

(b) Composite, heterogeneous rocks, consisting of pre-existing 
rock material and of granitic material, subsequently intruded or 
originated in situ (Polkanov). 

A comment on point (b) is necessary: It is of major importance to 
describe and give a name to such migmatites which have attained their 
migmatitic appearance by the injection of granitic magmas in the form of 

'Symposium on migmatite nomenc1ature (ed. by H. Sörensen). Intern. Geol. Con
gress, Copenhagen, 1960, Part 26,54-78. 
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apophyses, smaller or larger dykes, etc. into a metamorphic country 
rock. It is suggested to call such migmatites injection migmatites. These 
should be clearly distinguished from in-situ migmatites, i.e., from those 
migmatites whose light-colored granitic portions are overwhelmingly not 
of an intrusive origin from an outside source, but have formed within a 
high grade metamorphic gneiss or schist itself. The leucocratic portions 
in in-situ migmatites typically have the form of stringers andlor layers 
which are limited in lateral extent and are of such a scale that the com
posite appearance of the rock can frequently be ascertained in a hand 
specimen. On the other hand, injection migmatites often need outcrop 
size to display themselves, but they may also show very small scale 
injections which make a megascopic distinction from in situ migmatites 
impossible. 

The most common type of migmatite is the in-situ migmatite, and it 
is only in in-situ migmatites that the formation of the light-colored gra
nitic portions within the composite rock must have been govemed by 
physicochemicallaws. 

Following Mehnert (1968), the following parts can generally be dis
tinguished in in-situ migmatites (they are illustrated in Figure 18-1): 

(1) The paleosome, i.e., the unaltered or only slightly modified par
ent rock or country rock, a gneiss. 

(2) The neosome, i.e., the newly formed rock portion. Here again 
two rock types are distinguishable as a rule, viz., 
(a) the leucosome containing more light minerals (quartz andl 

or feldspar) with respect to the paleosome. 
(b) the melanosome containing mainly dark minerals, such as 

biotite, hornblende, cordierite, gamet, sillimanite, and oth
ers. The melanosome seams surrounding a leucosome are 
commonly very narrow and may not even be discernible. 

The minerals of the dark-colored layers, like those in gneis ses and 
crystalline schists, generally have a preferred orientation, whereas the 

Fig. 18-1 Sketches of typical trondhjemitic migmatites, as seen in thin sec
tion (from Ashworth, 1976); (a) paleosome, (b) melanosome, (c) leucosome. 
Quartz shown blank, plagiodase stippled, and biotite ruled. 
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fabric of the leucosome is characteristic of a rock formed by magmatic 
crystallization. The structure ofmigmatites may vary considerably. The 
foliation characteristic of gneisses is modified so that individual light
and-dark-colored layers may have a thickness of a few centimeters or 
tens of centimeters or even meters. Some of the heterogeneous rocks 
show folds of various dimensions, others have the appearance of brec
cia; the latter type of migmatite is known as an agmatite. Nebulites are 
migmatites which have reached an advanced stage of homogenization of 
the heterogeneous portions of the rock, so that a parallelism of fabric 
elements of the metamorphic rocks is only vaguely preserved in the form 
of schlieren. For examples of migmatite structures, see Mehnert (1968), 
p. 10 ff. 

Some time ago, Sederholm suggested that the "strongly contorted 
structure" generally observed in migmatites "originated when the rock 
was in a melting condition." The concept of a "melting condition" is 
indeed supported now by experiments. The leucosomes of granitic com
position may be explained as products of partial melting of the original 
gneisses, a process known as anatexis. It is shown further on that partial 
melting of a gneiss gives rise to melts of granitic composition and to a 
crystalline residue composed mainly of mafic minerals like biotite, etc., 
which make up the melanosomes. 

Other views conceming the origin of migmatites invoke an intro duc
tion of material by "emanations" or by a metasomatic exchange of 
material without the participation of a melt, i.e., without an intervening 
magmatic stage. The mechanism of such an imagined process is not 
known, although some authors even see in it an explanation of the origin 
of granitic rocks in the basement complexes where characteristic fea
tures of magmatic intrusion are not evident (granitization). In this con
nection, Buddington (1963) remarks, "There are neither experimental 
physicochemical data nor dependable physicochemical theory upon 
which to base a valid hypothesis for the origin of granite (of normal 
average composition) by emanations." This is corroborated more 
recently by experiments by Luth and Tuttle (1969), see p. 332. 

A discussion of the origin of granites and migmatites should take 
into account the well-established observation of geologists, which Read 
formulates as follows: "When we follow rocks into higher metamorphic 
grades, we finally end in a granitic core. This cannot be accidental; the 
association of metamorphites, migmatites, and granites must mean 
something." This worldwide observation suggests that the spatial asso
ciation of these rock types is due to processes occurring at similar tem
perature and pressure conditions in the deeper part of the crust, giving 
rise to high-grade metamorphic rocks, as well as to migmatites and gran
ites. The origin of granites and migmatites in deep-seated parts of oro
genic belts must be considered as directly connected with high-grade 
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metamorphism. Experiments attempting to elucidate the origin of mig
matites and granites show that the process of anatexis is of major petro
logical importance. 

Anatexis: General Considerations 

Clays and shales are the commonest sediments, and graywackes are 
the most important clastic sediments. The metamorphism of these sedi
ments was experimentally investigated by Winkler et al. (1957 tl). The 
highest-grade metamorphic rocks formed atPH20 = 2000 bars consist of 
quartz + plagioclase + alkali feldspar + biotite accompanied by cordier
ite, opaque minerals, and, in many cases, sillimanite. At higher pres
sures, gamet occurs instead of cordierite, and, at very high pressures, 
kyanite takes the place of sillimanite. 

The amount of calcite originally present in the sediments determines 
the amounts of cordierite and biotite produced by metamorphism. Con
sidering a shale to which various amounts of calcite are added, the 
experiments by Winkler and von Platen (1960) show that in highest
grade metamorphic rocks an increase of the amount of calcite in the 
original sediment decreases the amount of cordierite and increases the 
amount of biotite. The explanation is simple. The CaO of calcite leads 
to the formation of anorthite component. This, in turn, uses up much of 
the Al20 a of the rock, decreasing the amount of Al20 a available for the 
formation of cordierite. Consequently, more of the MgO and FeO of the 
rock is combined in biotite (causing a slight decrease in the amount of K 
feldspar). A shale having the average chemical composition of shales is 
transformed, when subjected to highest-grade metamorphism, into a 
paragenesis free of cordierite, consisting of quartz + plagioclase + K 
feldspar + biotite. This paragenesis, in which the amount of plagioclase 
greatly exceeds the amount of K feldspar , is a very common one in 
paragneisses. 

The parageneses of these highest-grade paragneisses remain 
unchanged within a certain temperature interval (at constant pressure). 
However, when the temperature of metamorphism reaches a certain 
value, anatexis sets in, i.e., the gneiss is partially melted in the presence 
of H20. The resulting melt is predominantly composed of quartz, plagio
clase, and alkali feldspar. Only very small amounts ofbiotite, cordierite, 
and sillimanite can be dissolved in the melt; together with surplus plagio
clase and/or some quartz, they form the crystalline residue. The temper
atures required for anatexis are remarkably low; at PH • O = 2000 bars, 
the temperature is about 700°C, at P H20 = 4000 bars, it is about 680"C, 
and at higher water pressure, temperatures are even lower. These con
ditions are the same as those of high-grade metamorphism. 
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The composition and the amount of the melt formed by anatexis of 
gneisses depends on the chemical and, therefore, mineralogical compo
sition ofthe gneisses, in addition to H20 pressure and temperature. This 
is best realized by considering the equilibria between melt + crystals + 
gas in the system of components Si02, NaAISi30 s, CaAI2Si20 s, 
KAlSi30 S, and H20, i.e., a system consisting of quartz, plagioclase, 
alkali feldspar , and H20. The system 

may be designated as the granitic system, because these components 
constitute 90 to 95% of granitic rocks, comprising granite, adamellite, 
granodiorite, and tonalite or trondhjemite; the latter two are often 
grouped under the term quartz-diorite, but this should not be continued 
(see Streckeisen, 1973). 

Approximate Granitic System 

U ntil recently, the system Si02-N aAISi30s-CaAI2Si20s-KAISi30 s-
H20 had not been investigated, but very important data for the system 
Si02-NaAISi30s-KAlSi30s-H20, i.e., the granitic system without the An 
component, have been available for some time (Tuttle and Bowen, 
1958). Before proceeding to the more complex granitic system, their 
results in the approximate granitic system are reviewed. They studied 
the equilibria among crystals, melt, and gas in the system Si02-
NaAISi30 s-KAISiaOs-H20 at various pressures and in the presence of 
sufficient water to form an H20-rich gaseous phase in all experiments. 
The silicate melt, which under pressure dissolves some water, was in an 
cases saturated with water. In Figure 18-2 the system is shown in per
spective view at a certain H20 pressure. The concentration triangle, Q, 
Ab, and Or, forms the base ofa trigonal prism (Q = quartz = Si02; Ab 
= albite = NaSiAl30 s; Or = orthoclase = KAISi30 s). The temperature 
axis is parallel to the edges ofthe prism. H20 is present "in excess," so 
that H20 need not be represented graphically as a component. This sys
tem is bounded by the marginal systems Si02-NaAISiaOs-H20, 
Si02-KAISi30 s-H20, and KAISi30s-NaAISi30s-H20, represented by the 
three sides of the prism. Each of the first two marginal systems have a 
eutectic point; these are connected by a cotectic line. The cotectic line 
is curved and passes through a temperature minimum. The position of 
the cotectic line and the position of the temperature minimum of the 
cotectic line depend on pre s sure ; an increase in pressure causes a shift 
of the temperature minimum toward the Ab corner (see Table 18-2 p. 
295). 
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or 

Ab 
Fig. 18-2 Three-dimensional model of the system Q-Ab-Or-H20 at PH20 

= 1000 bars; H20 is present in excess. Vertical direction = temperature axis 
(drawn on the basis of data from Tuttle and Bowen, 1958). Shown are the liqui
dus surfaces which intersect in the cotectic line. Along the cotectic line, quartz 
+ alkali feldspar + melt + gas coexist in equilibrium. The three marginal sys
tems are shown, including their solidus relations. The field ofleucite, existing up 
to 2600 bars at and near the Or corner, is not shown. 

Figure 18-3 shows a projection of the three-dimensional model (Fig
ure 18-2) onto the base, Q-Ab-Or, at PH 2 0 = 2000 bars. The isotherms 
of the liquidus surface, also shown in the projection, indicate the steep 
rise of the liquidus surface toward the Q and Or corners and the gentler 
rise toward the Ab corner. The gentle rise of the cotectic line from the 
temperature minimum M toward the eutectic points EI and E2 should 
also be noted. At constant pressure, a cotectic line connects the eutectic 
points EI and E2 in the system Q-Ab-Or-H20. This line divides the liqui-
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dus swface into two regions, the quartz field and the alkali feldspar field. 
If the composition of a melt is represented by a point lying within the 
quartz field, quartz begins to crystallize when the liquidus temperature 
is reached on cooling. Further cooling causes the crystallization of more 
quartz, and the point representing the melt composition migrates toward 
the cotectic line. When the cotectic line is reached, alkali feldspar crys
tallizes in addition to quartz, i.e., alkali feldspar, quartz, melt, and gas
eous phase are in equilibrium. Cotectic crystallization continues upon 
further cooling until all melt has crystallized. The point representing the 
melt composition migrates along the cotectic line toward the tempera
ture minimum, which, however, is generally not reached. The last por
tion of melt has the composition corresponding to the cotectic minimum 
in the case of pronounced fractional crystallization, i.e., if conditions 
are such that equilibrium between crystals and melt is not always 
established. 

As a next step, the melting behavior at constant pressure of rocks 

Q 
IIJO·C 

645 ·C '---""'----~--""--=----,'!---''''--.::<:---'''-''---:'':--........ -''----> 990·C 

Ab w.ight ':I. Or 
2000 bar. H20 pruaur. 

Fig. 18-3 Projection of the isotherm.s and of the cotectic line of the system 
Si02-NaAISi30s-KAlSi30s-H20 at PH20 = 2000 bars. Ei and E2 are eutectic 
points; M marks the composition of the temperature minimum on the cotectic 
line. Compositions are given in weight percent [drawn on the basis of data from 
Tuttle and Bowen (1958) and from Shaw (1963)]. Lc = leucite. 
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consisting of components Q, Ab, and Or will be considered. The forma
tion of the first melt always takes place under equilibrium conditions. 
Therefore, the composition of the first melt, in general, is not that of the 
cotectic minimum. The eomposition does lie on the cotectie line, but the 
position on the line depends on the particular eomposition of the rock. 
With the aid of Figure 18-3, the melting of a rock with the eomposition 
Q:Ab:Or = 50:40:10 will be diseussed as an example. The first melt is 
formed at a temperature slightly higher than 700°C, not at the tempera
ture of the coteetic minimum. The composition of the first melt is given 
by a point on the coteetic line having an approximate eomponent ratio 
of Q:Ab:Or = 35:50: 15. Alkali feldspar and quartz have formed a melt. 
An increase in temperature of 5° to 10°C eauses the melting of all alkali 
feldspar, together with the appropriate amount of quartz, to give a eotee
tic eomposition. When the last alkali feldspar disappears, the melt 
reaches its limiting composition on the eotectic line; its composition now 
is Q:Ab:Or = 36:52: 12. Any additional melting of appreciable amounts 
of quartz, whieh is the only remaining crystalline phase, requires a eon
siderable increase in temperature. In the ease of the rock composition 
chosen as an example, 850°C is required to eompletely melt the mixture 
of quartz and alkali feldspar. 

This consideration shows that in the process of partial melting, the 
coteetie minimum has no greater significance than any other cotectic 
eomposition in the system Q-Ab-Or-H20. However, at H20 pressures 
greater than approximately 2.2 kb, two different alkali feldspars may 
exist together with quartz and the eoteetic minimum is therefore 
replaced by an euteetie point in the isobarie system Q-Ab-Or-H20 
(Morse, 1970). 

Aeeording to Seck (1971), the euteetie appears at approximately 3 
kb rather than 2.2 kb. Even at water pressure greater than 3 kb, not an 
eompositions within the system may attain the state of euteetie equilib
rium; this is possible only for eompositions in the central region of the 
composition trlangle. The range of such compositions increases with 
pressure (see Luth et al., 1964) beeause erystallization temperatures 
decrease and thus progressively restriet the amount of solid solution 
between Na and K feldspar components. Restrietion of solid solution 
causes two alkali feldspar phases to coexist, an Ab-rieh and an Or-rich 
phase; only in this case is an eutectic equilibrium possible. 2 

The presence of a eutectic phase relationship causes a fundamental 
difference in the melting behavior of the system: The eutectic point indi-

2Euteetie equilibrium is defined as a univariant heterogeneous equilibrium involving 
a liquid phase. In the four-eomponent system Q-Ab-Or-HzO, eutectie equilibrium demands 
the eoexistence ofthe following five phases: quartz, Ab-rieh alkali feldspar, Or-rieh alkali 
feldspar, vapor, and liquid. 
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cates the temperature and composition (at a given water pressure) ofthe 
first melt fonned upon heating of any composition in the system that 
consists of a mixture of the three crystalline phases, Or-rich alkali feld
spar, Ab-rich alkali feldspar, and quartz. Eutectic temperatures and 
compositions at various pressures are given in Table 18-2, p. 295. 

Formation of Melts in the Granitic System 

Previously it was assumed that the phase relations in the system Q
Ab-Or-H20 provide an adequate basis for an understanding ofthe crys
tallization of granitic melts and of the anatexis of gneisses. However, 
although phase relations in this system are a valuable demonstration of 
general principles, they do not supply quantitative data about anatectic 
melts. Conceming the anatexis of gneisses, it is absolutely necessary to 
consider the anorthite component present in the plagioclase of gneis ses 
and granites in addition to other components, even though the anorthite 
component constitutes only 5 to 20% of gneisses and granites; its amount 
is always subordinate to that of the Ab component. 

The phase relations iIi the five-component system Qz-Ab-An-Or
H20 at a constant H20 pressure of 5000 bars will be described with the 
aid of Figure 18-4. The tetrahedron is bounded by four triangles, each 
representing a four-component system; three components are indicated 
by the corners of the triangle and H20 (not shown) is present as a fourth 
component. The four systems are: 

1. Qz-Ab-An-H2 0 system. A cotectic line connects the eutectic EI 
on the Qz-Ab edge ofthe tetrahedron and the eutectic E2 on the 
Qz-An edge. E2 has been detennined by Stewart (1957, 1967). 
Yoder (1968) has investigated the system Qz-Ab-An-H20 at 5 
kb; he has shown that the melt compositions coexisting with 
quartz and plagioclase are located on a straight line extending 
from E2 with decreasing temperature to EI' 

2. Qz-Or-An-H2 0 system. There is a temary eutectic Es. From it 
three cotectic lines extend to binary eutectics: E2 on the Qz-An 
edge, Ea on the Qz-Or edge, and E4 on the An-Or edge. The 
position of Es has been detennined by Winkler and Lindemann 
(1972) and Winkler and Ghose (1974) at various pressures (see 
Table 18-1). 

3. Ab-An-Or-H20 system. A cotectic line passes from the eutectic 
E4 on the Or-An edge (near the Or corner) toward the eutectic 
E6 of the Or-Ab system. The Ab-An-Or system has been inves
tigated at 5000 bars H20 pressure by Yoder et al. (1957). 
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An 

Or 

Fig. 18-4 System Qz-Ab-Or-An. Diagrammatic phase relations at a given 
H20 pressure. Above approximately 3 kb point P is an eutectic point. 

4. Qz-Ab-Or-H2 0 system. This system is already known from the 
previous seetion. In Figure 18-4 three cotectic lines radiate from 
the eutectic P to the eutectics EI, Ea, and E6 , respectively. 

Table 18-1 

Eutectic 
compositions of E5 Temperatures 

kb Or Qz An oe ±7° 

2 51 40 9 730 
4 49 39 12 708 
5 48 38 14 700 
7 44 38 18 686 
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Note that the small amount of An component that may substitute in 
alkali feldspar has not been taken into account in this presentation of the 
Qz-Ab-Or-An-H20 system. 

The space of the Qz-Ab-An-Or tetrahedron is divided by three 
cotectic surfaces. A large cotectic surface (E1-E2-Es-P) separates the 
quartz space from the plagioclase space. A small cotectic surface (Es-E3-

P) separates the quartz space from the alkali feldspar space. A further 
cotectic surface (E4-Es-P-Es) separates the small alkali feldspar space 
from the large plagioclase space. Accordingly, there are three cotectic 
surfaces along which quartz + plagioclase + melt, quartz + alkali feld
spar + melt, and alkali feldspar + plagioclase + melt coexist (together 
with the gaseous phase). These three cotectic surfaces intersect in a 
cotectic line, P-Es, which indicates the compositions of melts coexisting 
with quartz + plagioclase + alkali feldspar + gaseous phase. The cotec
tic line begins at P at the eutectic of the system Qz-Ab-Or and passes 
with very gende inclination through the An-poor region of the tetrahe
dron to the eutectic Es ofthe system Qz-An-Or. It should be noted that 
the cotectic line is located in apart of the tetrahedron characterized by 
a very low An content. For this reason, small contents of An component 
have a pronounced effect on the composition of cotectic melts. 

Beginning of Me/ting 

Let us visualize the situation ofthe beginning ofmelting in this sys
tem-the melt being in equilibrium with quartz, alkali feldspar, plagio
clase, and a gaseous phase. Aplane through the tetrahedron of Figure 
18-4 connecting the points of quartz, of alkali feldspar composition, and 
ofthe coexisting plagioclase composition determines the base of a four
phase (irregular) tetrahedron, the apex of which represents the coexist
ing melt. The melt lies below the basal plane and is a point on the 
cotectic line P-Es, as shown in Figure 18-5. This point represents the 
composition of the first melt formed when any mixture of the three solid 
phases defining the base ofthe mentioned tetrahedron is heated up. That 
point is therefore referred to as the minimum-temperature melt compo
sition, or, more briefly, as the minimum melt. With rising temperature, 
the melt moves along the cotectic line P-Es in the direction of Es until 
one of the three solid phases has been completely melted; the coexisting 
feldspar phases thereby also change their compositions. The end of 
cotectic equilibria with three solid phases and melt depends on the com
positions of the feldspars and on the amounts ofthe three solid phases; 
the end of cotectic equilibrium is only from a few degrees up to about 
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An 

Fig. 18-5 Schematic representation of the coexistence of alkali feldspar, 
plagioclase, quartz, and cotectic melt. A water-rich gas phase is present as weil. 

25°C higher than the beginning of melting in common gneiss 
compositions. 

Experimentally it is not possible, of course, to determine the exact 
composition of the minimum-temperature melt but of a melt which exists 
at a temperature about 10° to 15°C higher than at the true beginning of 
melting. Here, this will also be called "minimum-temperature melt," or 
"minimum melt," but notice that it has been set in quotation marks. 
This "minimum melt" then has a composition between that of the true 
beginning of melting and that of the end of coexistence of three solid 
phases and melt. With further rise in temperature, the melt composition 
leaves the cotectic line in Figure 18-4. Now only two solid phases are in 
equilibrium with the melt, and the compositon of the melt is represented 
by a point on one of the three cotectic surfaces in Figure 18-4. 

Any late crystallizing melt and, vice versa, any melt formed at the 
beginning of anatexis of gneisses, wbich contain the two feldspar species 
and quartz, is situated on the cotectic line P-Es, valid for the given water 
pressure. Bearing tbis in mind, a knowledge of the position of the iso
baric cotectic line in the tetrahedron is necessary to understand the 
beginning of anatexis in gneisses that contain alkali feldspar, plagio
elase, and quartz. The following points are noteworthy: 

1. Gneisses never contain plagioelase very rich in anorthite com
ponent; commonly the plagioelase composition is in the range 
An lO-An40• Therefore, the possible range of melt compositions 
formed on the cotectic line P-Es during the early stage of ana
texis is restricted. The melt can never reach a position elose to 



Anatexis, Formation of Migmatites, and Origin of Granitic Magmas 295 

Es; its composition is restricted to the lower half of the cotectic 
line. Thus, during anatexis of a gneiss, at the condition OfPH20 

= Ptotal• plagioc1ase, alkali feldspar, quartz, and melt (and gas) 
can coexist only within a fraction of the total temperature range 
represented by the line P-Es (about 50° at 5 kb). In various exper
iments it has been shown (Winkler, 1%7; Winkler and Breitbart, 
1978) that the two feldspars, quartz, and melt coexist only within 
a temperature range of a few degrees up to about 25°C. Piwinski 
and Wyllie (1970) report a range of about 30°C. This experimen
tal observation is now wen understood. 

2. An increase in pressure shifts the composition of Es toward 
somewhat higher An content (see Table 18-1). Increasing pres
sure also shifts point P mainly in the direction of Ab. Table 18-2 
gives the compositions represented py point P at various pres
sures. The data are taken mainly from Tuttle and Bowen (1958) 
and from Luth et al. (1964). However, the stated temperatures 
for 2, 5, and 10" kb deviate slightly from those given by the 
authors. At 2 kb von Platen (1965) determined a value of 670°C 
(instead of 6856). At 5 kb a value of 640°C (instead of 650°) was 
determined in our laboratory, which agrees with the value given 
by Merrill et al. (1970). The temperature of 615°C at 10 kb is 
from the latter source. 

3. The cotectic line P-Es stays in the region of low An content in 
the tetrahedron Qz-Ab-Or-An. 

4. For petrogenetic considerations, compositions within the tetra
hedron Qz-Ab-Or-An are commonly projected from the An apex 
onto the plane Qz-Ab-Or. The eutectic Eslying in the plane Qz
Or-An of the tetrahedron will then project onto the edge Qz-Or; 
this projection point E~ is one of the two end points of the pro
jected isobaric univariant cotetic line P-E~. It is noteworthy that 

Table 18-2 Data for minima or 
eutectics in the system Qz-Ab-Or-

H20 at various pressures. 

PH20 Q Ab Or T, oe 
500 39 30 31 770 

1,000 37 34 29 720 
2,000 35 40 25 670 
4,000 31 46 23 650 
5,000 27 50 23 640 

10,000 23 56 21 615 
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the ratio Qz:Or of the eutectic Qz:Or:An composition of Es is 
hardly influenced by pressure. The Qz:Or ratio of the projected 
point E~ on the line Qz:Or is 44:56 at 2, 4, and 5 kb and 46:54 at 
7kb. 

As has been discussed under point 1, melt formed in the early stage 
of anatexis in plagioclase-alkali feldspar-quartz gneisses will lie some
where on the left part of the cotectic line shown in Figure 18-4. 

In order to know exactly the compositions of early melts along the 
cotectic line P-Es, it is necessary to know not only the projection points, 
i.e., the ratio ofcomponents Qz:Ab:Or, but the amount ofthe An com
ponent as weIl. In other words, the amount of all four components must 
be known. These have been determined by Winkler et al. (1975) for 
several points on the line P-Es at 5 and 7 kb. Table 18-3 gives the data 
which are also graphically represented in Figure 18-6. Note that at the 
site of the melt composition the amount of the An component is 
indicated. 

The above data clearly show that in the space of the tetrahedron the 
isobaric cotectic line does not rise from P to Es with a constant slope. 
Rather, pronounced inflections are present. This is schematically shown 
in Figure 18-4 and it is weIl demonstrated (although in exaggerated man
ner) in the lower half of Figures 18-8 and 18-9. 

Adeparture of the compositions of early-stage melts from the rele
vant cotectic line (supposing the pressure is known) seems possible only 
in the three following cases: 

Qz 
Or 
Ab 

a. If some HCI is present in the fluid phase. According to experi
ments by von Platen (1965), the presence of HCI will shift the 
projection of the cotectic line P-E~ toward compositions with 
about 5% less Qz. 

Table 18-3. Melt compositions (wt. %) coexisting with plagioclase + alkali 
feldspar + quartz + vapor at 5 and 7 kb. respectively. 

5 kb HzO pressure 7 kb HzO pressure 

27 27 32 34 35 38 25 26 31 34 38 
23 22 27 30 36 48 22 25 32 37 44 
50 47 36 27 15 0 53 45 27 14 0 

An 0 4 5 9 14 14 0 4 10 15 18 

Temp. 640 655 660 670 685 700 630 640 655 670 686 

Note: Compositions with zero An content from Luth et al. (1964) and compositions 
with zero Ab content from Winkler and Undemann (1972) and Winkter and Ghose (1974). 
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Fig. 18-6 Cotectic line P-Es at 5 and 7 kb projected down ward radially 
through the An apex onto the side Qz-Ab-Or ofthe tetrahedron shown in Figure 
18-4. The site of each determined melt composition is indicated by a number 
stating the amount of the An component. The An content is in weight per cent 
on the basis ofQz + Ab + Or + An = 100. The temperature in centigrade is also 
given for each melt composition on the two cotectic lines. 

b. If the early stage of anatexis has already been surpassed, i.e., 
when the melt no longer coexists with the three solid phases 
plagioclase, alkali feldspar, and quartz. 

c. If the original gneiss did not contain alkali felds par in addition to 
quartz and plagioclase. In this rather common case no melt can 
form that coexists with solid alkali feldspar, plagioclase, and 
quartz; therefore, its composition does not plot on the cotectic 
line P-E5• 

Von Platen (1965) has empirically found that rocks of various com
positions and containing plagioclase, alkali feldspar , and quartz give rise 
to a "minimum melt" of practically the same composition if the various 
bulk rock compositions have the same Abi An ratio. In other words, the 
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Table 18-4. Data valid for 2 kb. 

Ratio of "minimum melt" 
Ab/An "Minimum melt" composition 
ratio temperature, oe Qz Ab Or 

00 670 34 40 26 
7.8 675 40 38 22 
5.2 685 41 30 29 
3.8 695 43 21 36 
2.9 695 44 19 37 
1.8 705 45 15 40 

Abi An ratio of any rock that contains plagioclase, alkali feldspar , and 
quartz determines the composition of the "minimum" anatectic melt 
within rather narrow limits. 

Using mixtures of plagioclase, alkali feldspar, and quartz having 
bulk compositions with different Ab/An ratios, von Platen determined 
"minimum melt" compositions,3 that is, piercing points with different 
compositional planes of the cotectic line P-Es at 2 kb water pressure. 
These are listed in Table 18-4 together with their corresponding temper
atures ("minimum melt' , temperature) and Ab/An ratios of the bulk 
composition. The small amounts of An component and H20 dissolved in 
the melt are not included in the table. 

Table 18-4 clearly shows that a decrease of the Abi An ratio in the 
system is accompanied by a decrease of Ab and an increase of Qz and 
Or contents in the "minimum melt." In other words, a higher An! Ab 
ratio in the bulk composition, essentially due to a higher An content of 
the plagioclase, shifts the composition ofthe "minimum melt" along line 
P-Es toward Es. These empirical results are now weIl understood from 
the position of the isobaric cotectic line P-Es within the system Qz-Ab
Or-An-H20. 

It follows from Table 18-4 that, even at the same depth (i.e., at the 
same pressure), the melts first formed in gneisses ("minimum melts") 
do not originate at exactly the same temperature. In a gneiss complex, 
anatexis, due to the temperature rise in high-grade metamorphism, 
begins first in those layers having the most Ab-rich plagioclase. The 
higher the An content of plagioclase in a gneiss, the higher the tempera
ture of the beginning of anatexis. This is clearly demonstrated by the 
experiments of Winkler and von Platen (1%1), in which graywackes 
were subjected to high-grade metamorphic conditions. It was shown that 
temperature differences of 30°C are not unusual. For instance, if at 

3Erroneously termed "eutectic" by von PIaten. 
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PH 20 = 2000 bars the temperature does not exceed 685°C, partial melting 
is not observed in paragneisses having an Ab/An ratio< 5.2, whereas in 
other gneisses (including many orthogneisses) an anatectic melt is 
formed (see also Table 18-4). 

Furthermore, it must be taken into account that the gaseous phase, 
composed essentially of H20, may contain other components such as 
HCl and HF. As von Platen (1965) has shown, these components also 
influence the "minimum melt" compositions and the values oftheir tem
peratures in the granitic system. The presence of a small amount of HCl 
in the gaseous phase is very probable in metamorphic terrains. Many 
sediments contain salt solutions, and, in some cases, their concentration 
increases considerably with depth. The salt solution between mineral 
grains is preserved even in rocks compacted at depth. Experiments 
show that NaCI hydrolizes at metamorphie conditions. Some NaCI 
reacts with the minerals ofthe rocks and is combined in silicates primar
ily as Ab component, and an equivalent amount of HCl constitutes a 
component of the fluid phase present during metamorphism. Nothing is 
known about the concentration of HCI, but its presence must be 
accounted for in many cases. The effect of HCI during anatexis is such 
that the "minimum melt" compositions in seetions through the system 
Qz-Ab-An-Or-H20-HCl are somewhat poorer in Qz and correspondingly 
somewhat richer in Or, as compared to the HC1-free system. Further
more, the "minimum melt" temperatures are somewhat lower. The fol
lowing examples are taken from the experimental investigation of von 
Platen (1965). The gas pressure is 2000 bars and the concentration of 

Table 18-5 

Ratio of "minimum melt" 
Ab/An "Minimum melt" composition 
ratio temperature, oe Qz Ab Or 

00 With Hel 660 29 38 33 
Without Hel 670 34 40 26 

7.8 With Hel 655 34 35 31 
Without Hel 675 40 38 22 

5.2 With Hel 680 38 30 32 
Without Hel 685 41 30 29 

3.8 With Hel 690 39 23 38 
Without Hel 695 43 21 36 

1.8 With Hel 700 40 15 45 
Without Hel 705 45 15 40 
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HCI is 0.05 moles/liter. Tbe values are compared with those oftbe HCI
free system, only containing H20 as a volatile component. 

In order to understand tbe process of anatexis of gneis ses , it must 
be realized that tbe composition of tbe gaseous pbase is commonly only 
a minor factor, wbereas water pressure and tbe ratio of components Abi 
An are of major importance. 

In tbe absence of an H 20-ricb gaseous pbase between tbe mineral 
grains of a gneiss, anatexis cannot take place at tbe stated temperatures. 
Only volatile constituents, whicb under pressure can dissolve in the 
melt, are able to lower tbe melting temperatures drasticaIly. If H20 is 
absent, tbe temperatures required for partial melting of gneis ses are 
higher (see p. 316). However, temperatures of 650° to 700°C are certainly 
reacbed and exceeded in bigh-grade metamorphism. In tbe presence of 
HP tbese temperatures are sufficiently bigb to induce anatexis at H20 
pressures as low as 4 to 2 kb. Tbe maximum temperature attained in 
metamorphic terrains may be about 800°C. Tbe amount of water present 
bas no effect on tbe temperature at whicb tbe first melt is formed or on 
tbe composition of tbis melt. Only tbe amount of melt formed by ana
texis depends on tbe amount of H20 (+ HCI, etc.) available. A "mini
mum melt" or any other melt in tbe system bere considered contains 
HP as weIl as silicate components and Si02• At 3 kb, tbe amount of 
HP in tbe melt is 8 weigbt percent if tbe melt is saturated witb H 20. If 
the ratio of components of a mineral mixture corresponds to tbe "mini
mum melt" composition, but only 2% H 20 instead of 8% or more is 
available, tbe total amount of minerals cannot be melted; tbe amount of 
HP is insufficient. A very considerable temperature rise is required to 
melt the remaining crystalline substances completely. Tuttle and Bowen 
(1958) give a fine experimental example of this, wbicb is referred to in 
Figure 18-11. 

As a general rule, tbe maximum amount of melt whicb potentially 
could be formed by anatexis can only be produced if sufficient H20 is 
avaiIable. Observations in migmatite complexes suggest tbat sufficient 
H20 is often present durlng anatexis. However, tbe writer (unpublisbed 
data) has investigated migmatite areas in tbe Black Forest (Germany) 
and in Soutbem Norway wbere only narrow portions of tbe gneis ses 
underwent anatexis wbile tbe predominant part of tbe rocks remained 
unaffected. Determination of tbe solidus temperatures of tbe leuco
somes, on the one band, and of tbe unaffected gneisses in tbe immediate 
neighborbood, on tbe otber, revealed in most cases identical solidus tem
peratures in tbe presence of water. This sbows clearly tbat no water was 
available at the sites of tbe unaffected gneisses (tbe paleosomes) and 
tbus anatexis was not possible at tbese sites. 
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Further Temperature Rise 

So far, those principles have been discussed wbich are pertinent to 
the beginning-of-melting stage of anatexis in plagioc1ase + alkalifeldspar 
+ quartz rocks. The early-stage melts have granitic compositons that are 
situated in the central field of Figure 18-6 or, more precisely, on the 
cotectic line P-Es which is valid for a given water pressure. However, a 
further temperature increase of about 10° to 30°C brings about the end 
of the early stage of melting, marked by the complete melting of one of 
three mineral phases; plagioc1ase, alkali feldspar, or quartz. As tbis 
phase disappears, the composition ofthe melt leaves the cotectic line P
E5 and moves onto one of the three cotectic surfaces shown in Figure 
18-4. 

In many common cases of anatexis of paragneisses, the melt will 
now be situated on the plagioc1ase + quartz + melt + gas cotectic sur
face (as will be pointed out on p. 309ft). With only slight increases in 
temperature the melt will change its composition on that cotectic surface 
but it will remain in parts of the surface representing relatively low-tem-

perature melts. Winkler et al. (1975 and 1977) have explored, at 5 and 7 
kb water pressure, the low temperature regions in the system Qz-Ab-Or
An-H20. The authors outlined isotherms on the three cotectic surfaces. 
A perspective view is given in Figure 18-7 wbich is valid for 5 kb water 
pressure; it shows the isotherms 670°, 685°, and 700°C on the two cotec
tic surfaces plag + qtz + L + V and plag + alk feldsp + L + V. The 
exact data of the melt compositions that are situated on isotherms on all 
three cotectic surfaces at 5 kb are presented in Figure 18-8; Figure 18-9 
is valid for 7 kb. 

These two figures are believed to be significant in any discussion on 
genetic aspects of granitic and granodioritic rocks. The reader is there
fore asked to make himself familiar with these representations. The fol
lowing remarks should be useful. 

Any composition which is situated within the space of the tetrahe
dron Qz-Ab-Or-An can only be properly represented in a plane by using 
a projection and by providing, in addition, for each point of the projec
tion, a coordinate value indicating the amount of the fourth component 
wbich lies outside the triangular plane. Thus, the ratio of three compo
nents is shown in triangular coordinates, and the amount (in wt. %) of 
the fourth component is indicated by a number. This number has been 
drawn in the figures at the spot where the projected point would plot. 
From the ratio of three components (to be read off the projection) and 
the value of the fourth component, the complete melt composition can 
be calculated. 
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Isotherms on 
cotectic surfaces 
Plag. Qz • L • V and 
Plag. Alkfsp • L • V 
at 670o,685°and 700 0 e 

Ab 

An 

Or 

Fig.18-7 Perspective view ofthe system Qz-Ab-Or-An-H20 with low tem
perature regions, indicated by isotherms, shown on the cotectic surfaces plag + 
qtz + L + V and plag + alk feldsp + L + V. 

Points on the cotectic surface plagioclase + alkali felds par + melt 
+ vapor are best represented by radial projection from the An apex 
downward onto the Qz-Ab-Or side of the tetrahedron. The number at a 
projection point indicates the An content of the melt in weight percent. 
Thin lines connecting points representing melt compositions that exist at 
a specific temperature are isotherms on the cotectic surface. 

The cotectic surface between points P, Es, and E 3 where a melt 
coexists with quartz, alkali feldspar, and vapor is roughly perpendicular 
to the previously mentioned cotectic surface (see Figure 18-4). There
fore, a different apex must be chosen for the projection. It is obvious 
from the arrangement of the surface quartz + alkali feldspar + melt + 
vapor in the space of the tetrahedron that points on this cotectic surface 
are best projected radially from the Qz apex onto the An-Ab-Or side. 
This is shown in the lower part of Figures 18-8 and 18-9. Again, numbers 
at the spot of analyzed melts indicate the amount of the fourth compo-
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Projection of cotectic tine 
and of isotherms on 
cotectic surfaces. 

Ab 

L+V+ 

plag + quartz 

An 

,'. plag + quartz + L + V 
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Fig. 18-8 Projection of the isobaric cotectic line P-Es and of isotherrns on 
the three cotectic surfaces of the system Qz-Ab-Or-An-H20. Data valid for 5 kb 
water pressure. Numbers give percent An (top) and Qz (bottom) component. 
(For further explanation see text.) 
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Projection of cotectic line and 
of isotherms on cotectic 
surfaces 

Qz 

quartz + plag + L + V 

Ab 

An 
! 

An 
\. 

Or 

Fig. 18-9 Projection of the isobaric cotectic line P-Es and of isotherms on 
the three cotectic surfaces of the system Qz-Ab-Or-An-H20. Data valid for 7 kb 
water pressure. 
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nent in weight pereent; i.e., in this ease the amount of Qz. The points 
are conneeted by isotherms shown as thin lines. The thick line is the 
cotectie line P-Es. This coteetic surfaee is only slightly bent in a complex 
way. 

The third eoteetie surface where melts eoexist with plagioelase, 
quartz, and vapor is strongly inelined towards the projeetion rays from 
the An apex as wen as from the Qz apex. Therefore, it is best to show 
points that are situated on the eoteetic surface plagioelase + quartz + 
melt + vapor in projection on side Qz-Ab-Or as weH as on side An-Ab
Or. Thus, in the upper and lower parts of Figures 18-8 and 18-9, in the 
parts above the projeetion of the cotectic line (thick line), isotherms on 
the plagioclase + quartz + liquid + vapor eoteetic surface are shown. 

When the positions of the isotherms on the three eoteetic surfaces 
are compared at 5 and 7 kb, i.e., if Figure 18-8 on one hand and Figure 
18-9 on the other are eompared, it is obvious that the isotherm positions 
resemble each other very elosely, provided a temperature reduetion of 
10° to 15°C is applied to the values obtained at 5 kb as eompared with 
those at 7 kb. The compositions are only slightly different by not more 
than 1-2% of a eomponent. The same result has been pointed out when 
eomparing the positions of the cotectic line P-Es at 5 and 7 kb. 

When we are not concerned about the exact value of temperatures 
but rather about all the possible melt eompositions that may exist at 
relatively low temperatures, i.e., at temperatures surpassing solidus 
temperatures by only a few tens of degrees, the isotherms on the three 
eoteetic surfaces as determined at 5 kb H20 press ure can be applied to 
evaluate melt eompositions that have formed under very different pres
sures ranging from about 3 kb to very high pressures of 10 kb. Only at 
low pressures of 2 kb and less will deviations from the eonditions deter
mined at 5 kb be large enough to make a further eorreetion necessary. 
This correction involves mainly a relative increase of the Qz component 
in low-temperature melts. It is to be expected that very elose to the 
coteetic surfaces where melts eoexist with only one solid phase, namely, 
with either plagioclase, quartz, or alkali feldspar, temperatures will have 
increased only slightly as compared to those for melt compositons 
nearby but which are loeated on the eotectic surface and coexist with 
two solid phases. However, when melt eompositions that eoexist with 
only one solid phase of our system are located not very elose to but at a 
larger distanee from a coteetie surface or from the eotectie line (at any 
given pressure), the temperature is expeeted to increase with the dis
tance from the eotectie surface or line. This should be most pronounced 
in the case of melts situated in the quartz space and in the plagioelase 
space of the Qz-Ab-Or-An tetrahedron and less pronounced when melts 
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are situated in the alkali feldspar space. Proof of the former cases has 
been given by Winlder and Breitbart (1978). 

Relatively low temperature melts in the alkali felds par space plot 
between (a) the low temperature part of the cotectic surface plagioelase 
+ alkali felds par + L + V, (b) the low temperature part of the cotectic 
surface quartz + alkali feldspar + L + V, and (c) the K-rich alkali feld
spar + L + V field of the Qz-Or-Ab-H20 system (the base of the tetra
hedron as shown in Figure 18-4). Therefore, when a melt composition 
plots both in the upper and the lower part of Figure 18-8 in an area of 
the alkali feldspar field which is surrounded by a low temperature iso
therm (say that of 685°C), this melt can also be taken as a relatively low 
temperature melt, although such a melt may have a temperature several 
tens of degrees higher than that melt which has an adjacent composition 
but which is located on one of the two cotectic surfaces. 

For melts located in the plagioelase space or in the quartz space, 
the temperature increases very substantially with increased distance 
from a cotectic surface. Melts in the plagioelase space having about 2% 
more An content and thus lying still very elose to the quartz + plagio
clase + L + V cotectic surface have a temperature only 10° higher than 
melts on the cotectic surface in the low temperature area. But with larger 
departures from the cotectic surface a very marked temperature increase 
has been observed (Winkler and Breitbart, 1978). 

It follows from this discussion that a rather large compositional 
variety of low temperature anatectic melts can be formed. These are 
situated in the An-poor part ofthe Qz-Ab-Or-An tetrahedron. When pro
jected onto the Qz-Ab-Or composition triangle, it occupies a large cen
tral part, which, after considering apressure range of about 2 to 10 kb, 
may well coincide with the frequency distribution of the composition of 
granitic-granodioritic rocks, as shown in Figure 18-14. However, atten
tion is drawn to the discussion on pp. 333ff. 

The Petrogenetic Significance 

The significance of the above considerations becomes particularly 
evident when the previous petrogenetic interpretations of granitic com
positions are reviewed. 

Since the work of Tuttle and Bowen (1958), the system Si02-

NaAISiaOs-KAISiaOs-H20 has been considered by many workers as the 
theoretical framework ofthe petrogenesis of granitic rocks. Commonly, 
the weight percent of the three components designated as Qz, Ab, and 
Or were calculated from the chemical analyses of granitic rocks and plot
ted in the Qz-Ab-Or triangle. The minimum melting compositions and, 
at H20 pressures higher than 2.3 kb, the eutectic points trace out a line 
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in response to rising pressure. Ifrocks plotted elose to tbis line, valid for 
the pressure range of 0.5 to 10 kb, it was assumed that they were mag
matic granites, i.e., that they had crystallized from a melt. In contrast, 
granites plotting at a greater distance from tbis line were thought to rep
resent products of metasomatic transformation ("granitization") of 
preexisting rocks. However, these conelusions are not valid. The system 
Qz-Ab-Or-H20, sometimes referred to as the "granite system," pro
vides no help in understanding the genesis of granitic rocks. The reasons 
for tbis statement, based on the previous discussion, are summarized 
below: 

a. Granitic melts having the minimum melting or eutectic compo
sition in the system Qz-Ab-Or-H20 can be produced only in the 
early stage of anatexis of albite-hearing gneisses. Gneisses ofthis 
composition are rare. 

b. A composition approximating the minimum melting composition 
exists only witbin a very narrow temperature range beyond the 
beginning of melting. 

c. At any given pressure, late differentiates of calc-alkaline magmas 
and early anatectic melts of gneisses consisting of quartz, K feld
spar, and plagioelase (not albite) are not located near the mini
mum melting or eutectic composition in the system Qz-Or-Ab
H20. Instead, they plot on the isobaric cotectic line of the 
system Qz-Or-Ab-An-H20. The exact position of the melt on 
that cotectic line is determined by the composition ofboth alkali 
feldspar and plagioelase coexisting with quartz, melt, and vapor 
at any particular T andPH 20' 

d. The composition of melts formed at temperatures higher than 
those of the early stage of anatexis (or the late stage of crystalli
zation) commonly departs considerably from the relevant cotec
tic line. The great variety of relatively low temperature melts are 
situated at a given pressure on one of the three cotectic surfaces 
of Figure 18-4 or in a narrow volume elose to these surfaces. 
They have a granitic-granodioritic composition which can he 
produced by the anatexis of common gneisses and, conse
quently, they may form, after separation, large bodies of granitic 
igneous rock. 

e. In order to ascertain whether a given granitic composition is on, 
elose to, or further away from the cotectic line or a cotectic sur
face, it is necessary to know the amount of An component in 
addition to the ratio Qz:Ab:Or, and/or the amount of the Qz 
component in addition to the ratio An:Ab:Or. In other words, it 
is necessary to know the amounts of all four components Qz, 
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Ab, Or, and An that constitute all the quartz, plagioclase, and 
alkali feldspar of a granitic or granodioritic rock. These data can 
be obtained when the composition of the two feldspar species 
and the modal composition of the rock are known. The ratio 
Qz:Ab:Or:An can also be obtained by ca1culating the meso-norm 
from the rock analysis. Mielke and Winkler (1979) have used to 
advantage a revised method of meso-norm calculation, which 
differs somewhat from the methods of Barth (1959) and Parslov 
(1969). 

From the position of a rock composition within the Qz-Ab
Or-An tetrahedron, the crystallization sequence ofa melt having 
this composition can be deduced, as weIl as the reverse, namely 
the melting steps. Examples for this have been given by Winkler 
et al. (1975) and Winkler and Breitbart (1978). 

The Trondhjemitic Part of the Qz-Ab-Or-An-H20 System 

In trondhjemites and tonalites, the amount of alkali feldspar relative 
to plagioclase is less than 1: 10 (Streckeisen, 1973). Many trondhjemites 
and tonalites do not contain any alkali feldspar. Nevertheless, the chem
ical analysis of such rocks reveals a small amount of Or component, 
which is present as a constituent in plagioclase solid solution. Trond
hjemites and tonalites cannot be adequately represented in the Or-free 
system Qz-Ab-An-H20; in fact, their composition plots in the Or-poor 
part ofthe system Qz-Ab-Or-An-H20. 

The solubility limit of Or in plagioclase of compositions Abs5/ An15 
and Ab75/An25 has been determined approximately (Winkler et al., 
1977). The dotted lines in the projections of Figure 18-8, near the Ab-An 
side and near the Ab-Qz side approximately indicate the boundary 
between the one feldspar (plagioc1ase) field and the two feldspar (plagio
clase and alkali feldspar) field. Thus, from a melt situated in the Or-poor 
part of the system, left of the dotted line, only quartz and plagioclase 
will crystallize. Therefore, during crystallization, the melt composition 
will move on the cotectic surface plagioc1ase + quartz + L + V in a 
direction of lower temperature but will never reach the cotectic line P
E5; in other words, no alkali feldspar will crystallize. Similarly, melting 
a plagioc1ase-quartz rock not containing alkali feldspar cannot produce 
an early anatectic melt situated on the isobaric cotectic line P-E5; it must 
lie on a low-temperature portion of the plagioclase + quartz + L + V 
cotectic surface. If, however, a trondhjemitic gneiss does contain a small 
amount of alkali felds par , the earliest formed anatectic melt must lie on 
the isobaric cotectic lin~; the amount of this melt can only be small. 
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Experimental Anatexis of Rocks Composed of Alkali 
Feldspar, Plagioclase, and Quartz 

When rocks consisting of alkali feldspar , plagioclase, and quartz are 
subjected to anatexis, the process of partial melting in the presence of 
excess water can be weIl understood in terms of phase relations in the 
system Qz-Ab-Or-An-H20. Anatexis will also be considered in situa
tions where only a limited amount of water is available. 

Anatexis with Water Available 

Most experiments have been carried out with sufficient water to 
ensure the presence of a vapor phase consisting essentially of water. 
Thus Ptota1 was very nearly equal to P H2Ü and the anatectic melts were 
saturated with water. Winkler and Winkler and von Platen were the first 
to investigate, at the condition OfPH2Ü = Ptotal, the metamorphism and 
subsequent anatexis of c1ays (1957), NaCI-bearing clays (1958), CaCOa-
bearing c1ays (1960), and graywackes (1961). Later, the anatexis of 
gneisses was investigated by Steuhl (1%2), von Platen and HöHer (1966), 
and investigators of other laboratories. 

Most of the earlier work was carried out at 2 kb. In nature, how
ever, greater pressures commonly prevailed during anatexis. Therefore, 
experimental anatexis of common paragneisses has been carried out at 
5 kb (Winkler and Breitbart, 1978). The unpublished data are presented 
here. As representative ex amples, two paragneisses are treated, one 
containing much alkali feldspar, in addition to plagioclase and quartz, 
and the other one containing only a smaH amount of alkali feldspar. 

Example 1: A paragneiss from the southem part of the German 
Black Forest containing a large amount of alkali feldspar . Its modal com
position is: 

Vol.% Wt.% 

Plagioc1ase, An28 34 33 
Alkali feldspar , Ab17 20 20 
Quartz 26 25 
Biotite 20 22 

Melting experiments carried out by raising the temperature from run to 
run in small increments of 5-lOoC give the following results at 5 kb H20 
pressure: 
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Solidus 
Alkali feldspar-out; residue plag + qtz + bio; 
about 60% melt 
Quartz-out; residue plag + bio; about 70-75% melt 
Plagioclase-out; residue bio; about 80% melt 

The experiments show that a temperature rise of only 10°C above 
the solidus temperature (655°C at 5 kb) leads to melting of the total 
amount of alkali feldspar (20%) together with cotectic (almost equal) 
amounts of quartz and plagioclase. At temperatures above 665°C, only 
quartz ahd plagioclase (and biotite) are present as solids suspended in 
the melt. It is remarkable that a temperature rise of merely l00C (from 
655° to 665°C) causes about 60% of the rock to melt. 

In the temperature interval from 665° to 675°C, the small amount of 
remaining quartz melts, together with an appropriate amount of plagio
clase. At 675°C, only 20°C above the solidus temperature, the total 
amount of quartz and alkali feldspar and most of the plagioclase have 
formed a melt of granitic composition corresponding to 70-75% of the 
original rock. The remaining plagioclase (7-10%) and the practically 
unchanged amount ofbiotite (20%) fom the solid residue. 

A further temperature increase of 40°C, from 675° to 715°C, is 
required to melt the remaining small amount ofplagioclase (7-10%). The 
melt still has a granitic composition and most of the biotite is present as 
asolid. 

Generally , a temperature rise of 60°C above the solidus temperature 
causes part of the biotite to dissolve incongruently in the granitic melt, 
thereby adding to the amount of KAISi30 g-component in the melt (see 
also p. 321ft). However, in this particular experiment, a decrease in the 
amount ofbiotite could not be detected. Possibly this resistance to melt
ing is due to the unusually Mg-rich composition of the biotite. 

The various steps in the anatexis of this paragneiss can be under
stood very well with the help of the granitic model system Qz-Ab-Or
An-H20. Figure 18-10 illustrates the process of anatectic melting of two 
different paragneisses. The sequence of projection points relevant for 
the paragneiss with 20% alkali feldspar is 4-6-10-12. Note that all the 
points lie inside the tetrahedron Qz-Ab-Or-An. The points are projected 
from the An apex onto the Qz-Ab-Or plane, and the number noted at 
each projection point indicates the height above that plane in terms of 
the percentage of An-component. 

Melting starts at point 4 situated on the cotectic line. Alkali feldspar 
+ plagioclase + quartz coexist with liquid and vapor along the cotectic 
line from point 4 at 655°C to point 6 at 665°C. As the temperature rises, 
the melt composition must leave the cotectic line, because an alkali feld-
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Fig.18-10 Stages ofexperimental anatexis oftwo paragneisses as indicated 
in the legend. 

spar has melted, together with cotectic amounts of plagioc1ase and 
quartz. From point 6 to point 10 only quartz and plagioc1ase coexist with 
liquid and vapor along the relevant cotectic surface. At point 10 (675°C) 
all quartz, together with a cotectic amount of plagioc1ase, has melted. At 
higher temperature, only some plagioc1ase remains; the melt is now sit
uated in the plagioc1ase space of the granitic system. It takes a relatively 
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large temperature rise from 675° to 715°C, as shown by the experiments, 
to dissolve the small amount (7-10%) ofremaining plagioelase. Point 12 
(square) gives the ratio ofthe components for the paragneiss 

33% Qz : 35% Ab : 20% Or : 12% An; 

hence, number 12 = 12% An designates the square which has been pro
jected at 

37% Qz : 40% Ab : 23% Or, where Qz + Ab + Or = 100. 

Since the amount of biotite has remained unchanged, square 12 also 
gives the composition of the melt at 715°C; here, about 80% of the pre
vious gneiss has become liquid. 

The state of having 80% of the rock melted was reached at a rela
tively low temperature which is only 60°C above the solidus. It is even 
more remarkable that at a temperature only 20°C above the solidus, 70-
75% ofthe rock was already melted. This behavior is generally expected 
in the case of all paragneisses with a relatively high percentage of alkali 
feldspar, approaching that of quartz and plagioclase. Indeed, the exper
imental results can be deduced from the composition of the rock in terms 
of Qz : Ab : Or : An in the granitic system. The square numbered 12 is 
situated inside the plagioc1ase space elose to the plag + qtz + L + V 
cotectic surface and also elose to the cotectic line. Such a composition 
must give rise to a large percentage of melt within a small temperature 
interval above the solidus, because melting along part of the cotectic line 
generates large amounts of melt within a very small temperature range. 
This is particularly obvious if a rock happens to have the composition of 
a point on the cotectic line. In this case, the whole rock will melt within 
a temperature range of a few degrees. 

Example 2,' A paragneiss from a locality elose to that of the first 
paragneiss, but containing only a small amount of alkali feldspar. Its 
modal composition is: 

Vo1.% Wt.% 

Plagioc1ase, An27 59 58 
Alkali feldspar , Ab17 6 6 
Quartz 26 26 
Biotite 9 10 

Melting experiments at 5 kb H20 pressure gave the following data: 
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Solidus 
Alkali feldspar-out; residue plag + qtz + bio, 
approx. 20% melt 
Quartz-out; residue plag + bio, about 65% melt 
Still appreciable plag + bio present, approx. 75% melt 

As in the previous case, a decrease in the amount of biotite could not be 
detected, again suggesting a rather Mg-rich biotite. Due to the much 
smaller amount of alkali feldspar present in the paragneiss, the course of 
melting is distinctly different from that of the first example. Again, this 
is best shown in Figure 18-10 by the sequence ofpoints 4-12-19. 

When the solidus temperature has been reached at point 4 on the 
cotectic line, the small amount of alkali feldspar (6%) in the rock melts 
together with some plagioclase and quartz. Only a few degrees above 
the solidus temperature, the total amount of alkali feldspar melts and, 
therefore, the melt composition must leave the cotectic line P-E5 and 
move onto the cotectic surface plag + qtz + L + V. With increasing 
temperature, it moves along this surface from about 657° to 700°C, at 
which temperature the total amount of quartz melts. Here, at point 12, 
the melt has incorporated all the alkali feldspar (6%) and quartz (26%) of 
the paragneiss, and 35-30% of the original plagioclase. About 65% 
ofthe rock has melted and 23-28% plagioclase together with 10% biotite 
of the original paragneiss constitute the solid residue at 700°C and 5 kb 
H20 pressure. 

During the process of anatexis, the melt composition changed from 
granitic to granodioritic to almost trondhjemitic over a temperature 
range of about 500C. It is not surprising that at the stage of anatexis 
where the melt leaves the cotectic surface plag + qtz + L + V, at 700°C 
and 5 kb, about 25% plagioclase is still present. This is simply due to the 
fact that the gneiss contained a very large amount of plagioclase (58%), 
more than twice as much as the amount of quartz. 

Above 700°C, the melt composition is situated inside the plagioclase 
space of the granitic system and a very considerable temperature 
increase will be required to dissolve appreciable amounts of the remain
ing plagioclase. This is evident from the fact that square 19 is situated 
very high above the plag + qtz + L + V cotectic surface within the 
plagioclase space. It is unlikely that metamorphic temperatures would 
have been sufficiently high to dissolve all of the remaining 25% plagio
clase. Therefore, the position of point 19 (square) in the granitic system, 
giving the ratio 29% Qz : 46% Ab: 6% Or : 19% An of the paragneiss, 
would never represent the composition of a liquid, i.e., of magma with 
dispersed biotite as the only solid phase. Rather, an appreciable amount 
of solid plagioclase in addition to biotite remains suspended in the melt. 
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After crystallization, the total rock will, of course, have a composition 
given by the above ratio. This represents a trondhjemite (tonalite) of 
quite common composition. 

The preceeding considerations are of great petrogenetic significance 
because they bear on the question of whether granitic to tonalitic mag
mas are totally liquid or not. 

The two examples of anatexis of common paragneisses demonstrate 
two important points: 

a. Anatexis of the same gneiss can produce melts of different com
positions, depending on the temperature reached during high
grade metamorphism. 

b. The trend of the melt composition generally does not follow a 
simple path because it is governed by phase relations in the sys
tem Qz-Ab-Or-An-H20. 

Other aspects of anatexis are demonstrated in an experimental 
study of four paragneisses derived from graywackes in the same area. 
The results are summarized in Table 18-6, taken from Winkler and von 
Platen (1961), with some corrections applied. The experiments were car
ried out at 2 kb water pressure, and the amounts given in the table should 
be regarded as estimates rather than exact quantities. The four rocks 
have a very similar mineralogical composition and contain only a small 
amount of alkali feldspar . However, the An content of the plagioclase 
increases from rocks (a) to (d) and the ratio of quartz to plagioclase var
ies. Due to these differences in chemical composition, the rocks exhibit 
a very different behavior during experimental anatexis. 

The following points are evident from Table 18-6: 

c. Melting begins at progressively higher temperatures as the An 
content of the plagioclase increases. 

d. The amount of melt formed at a given temperature is very differ
ent from rock to rock. 

e. The type and amount of solids remaining even at rather high tem
perature are very different. 

These observations can be understood in terms of phase relations in 
the Qz-Ab-Or-An-H20 system. Given the ratios of the components 
Qz:Ab:Or:An from the chemical analyses ofthe rocks, it can be deduced 
from the granitic system that, at the same temperature, rock (a) will have 
only a small amount of quartz as residual solid, rocks (b) and (c) will 
have considerably more residual quartz, and rock (d) will have plagio-
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Table 18-6. The anatexis offour paragneisses produces different amounts of 
melt at the same temperature and pressure: PH20 = 2000 bars. 

Beginning Amount of melt at different 

Original rock: Ab/An ofmelting temperatures, °C 

graywaeke ratio ± 5°C 700 720 740 770 

(a) IV/25 83: 17 685 48 59 68 73 
(b) IV/29 85: 15 685 20 49 68 68 
(e) IV/16 69: 31 700 31 48 63 
(d) 1 d 62: 38 715 30 50 70 

Mineralogieal composition (in weight percent) ofthe highest-grade gneisses: 

Plagio-
clase; 

An 
eontent K Cor- Opaque 
given in feld- die- Bio- Silli- mine-

Original rock Quartz 0 spar rite tite manite rals 

(a) IV/25 31 31 (13) 7 8 11 8 4 
(b) IV/29 47 28 (18) 5 8 5 5 3 
(e) IVI16 52 31 (30) 4.5 7 5 2 
(d) 1 d 28 44 (40) 9 4 10 4 

Approximate amounts (in weight percent) of the unmolten residual minerals in 
eomparison to the amount of melt at 770°C: 

Cor- Opaque 
Plagio- die- Bio- Silli- mine- Amount 

Original Quartz clase rite tite manite rals ofmelt 

(a) IV/25 3 11 4 5 4 73 
(b) IV/29 23 4 2 3 68 
(e) IV/16 30 5 2 63 

(d) 1 d 15 6 5 4 70 

c1ase but no quartz as residual solid, in addition to minerals like eordier
ite, biotite, ete. For readers wishing to eonvinee themselves, the ratios 
of eomponents are given below. It should be remarked that the system 
valid for 5 kb (Figure 18-8) ean be used (disregarding the absolute tem
peratures) to interpret the experimental results obtained at 2 kb. 

(a) IV/25 
(b) IV/29 
(e) IVI16 
(d) lId 

Qz 

49 
62 
61 
38 

Ab 

37 
29 
25 
32 

Or 

6.5 
4 
3 

10 

An Qz 

7.5 53 
5 66 

11 68 
20 47 

Ab 

40 
30 
28 
40 

Or 

7 
4 
4 

13 
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Minerals like cordierite, gamet, ore, sillimanite, and hornblende, 
either previously present in the rock or formed during anatexis, will 
remain as a crystalline residue at any stage of anatexis, because only 
small amounts, if any, can dissolve in the anatectic melt. The special 
role of biotite will be discussed later. However, if much biotite is present 
in a rock being subjected to anatexis, biotite is a major constituent of the 
crystalline residue and it may be associated with hornblende. In addition 
to these mafic minerals, one or two of the minerals quartz, alkali feld
spar, and plagioclase may be present as weIl in the crystalline residue; 
see Table 18-6. Plagioclase or quartz are the most common felsic min
erals in the "melanosome" ofmigmatites, but some instances are known 
where both quartz and plagioc1ase are present. The former statement is 
very weH substantiated by extensive petrographie observation. Thus, 
quoting Mehnert (1968), "it is remarkable that melanosomes exist that 
contain as the sole light mineral only quartz, and again others contain 
only feldspar (plagioc1ase or potash feldspar)." This is now weH under
stood in the light of the system Qz-Ab-Or-An-H20: The anatectic melt 
was in equilibrium with either quartz or plagioclase and only rarely was 
its composition still situated on the cotectic surface where quartz and 
plagioc1ase could be in equilibrium with the melt and thus form part of 
the crystalline residue. 

By the process of anatexis, a gneiss or quartz- and feldspar-bearing 
mica schist is "split" into a melt portion which consists essentially of 
feldspar components and quartz component, thus having a granitic, 
granodioritic, or tonalitic composition, and into a crystalline residue 
enriched in Mg, Fe, Al, and possibly Ca. The portion of anatectic melt 
is very large in paragneisses derived from graywackes. 

The anatexis of gneis ses derived from clays and shales gives rise to 
a smaller amount of melt, but the melt still comprises about half of the 
original paragneiss if the temperature of metamorphism exceeds by 50° 
to 70°C the temperature of the beginning of anatexis. In the presence of 
free water, the temperature of the beginning of melting decreases with 
increasing pressure (see Table 18-2). The lowest possible temperatures 
of the beginning of melting in gneis ses at various water pressures are 
shown by curve 1 in Figure 18-11. 

Anatexis with Limited Amount of Free Water Available 

In the presence of free water, the anatexis of gneis ses composed of 
alkali feldspar, quartz, and plagioclase begins at the temperatures given 
in Table 18-2 and shown in Figure 18-11, if the plagioclase is pure albite. 
However, if the plagioc1ase contains An component, the temperature of 
the beginning of melting is increased (see Table 18-4). The lowest possi-
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ble temperatures of the beginning of anatexis in gneisses are identical 
with the beginning of melting in the system Q-Ab-Or-H20, shown as 
curve 1 in Figure 18-11. 

As has been pointed out (Table 18-6), the amount of melt produced 
at a given temperature, say 500e higher than the beginning of anatexis, 
strongly depends on the proportion of alkali feldspar, plagioclase, and 
quartz and on the compositions of the feldspars in a gneiss. If the bulk 
composition corresponds to a melt on the cotectic line P-E5 at a given 
pressure, an minerals would melt weH before a temperature rise of 500e 
had taken place. 

Let us assume that 50% of the composition of a gneiss corresponds 
to a melt composition on the cotectic line P-E5 valid for the acting water 
pressure. This gneiss will yield 50% melt within the initial 10° to 300e of 
anatexis. However, this statement is correct only if enough free water is 
available to saturate that amount of melt. If anatexis takes place at 15 
km depth, corresponding to about 4 kb pressure, one half of 9% = 4.5 
weight percent water is required to saturate the melt. If tbis amount of 
water is not available, a smaller amount of melt will be formed if the 
temperature remains constant. As Tuttle and Bowen (1958) pointed out, 
"the amount of water and other volatiles available to ftux the silicates 
determines the amount of liquid formed at any depth at which the melt
ing temperature and pressure have been reached." 

Therefore, if during anatexis only a limited amount of free water is 
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available, only a portion of the cotectic mixture in the gneiss can be 
melted at a given temperature and pressure. In other words, in addition 
to the leucosome and melanosome (residue portion), a migmatite may 
have portions unaffected by anatexis (the so-called paleosome). A bigher 
An content of the unaffected portions, requiring a higher temperature for 
melting, could be the reason for the lack of anatexis. However, in the 
absence of such mineralogical differences, it is most likely that not 
enough water was available to liquefy all portions of a gneiss that poten
tially could melt, given sufficient water. Tbis point deserves elose scru
tiny in petrographic, chemical, and experimental work, and should also 
take into account the following: The probability of inadequate amounts 
of water for maximum melting at any given P-T conditions increases 
with pressure because more water is needed to saturate a melt at bigher 
pressures. For saturation a granitic melt requires about 8 weight percent 
water at 3 kb, 12% at 5 kb, and 20% at 9 kb. 

Tuttle and Bowen (1958, p. 122) illustrated that the lack of a suffi
cient amount of water is an effective obstacle to complete melting of 
granites. Tbis consideration also applies to the early-stage melts pro
duced by the anatexis of gneisses. According to Tuttle and Bowen (1958, 
p. 123), the anhydrous chemical composition of most granites is such 
"that given the required quantity of volatiles they would melt com
pletely, or nearly completely, at the temperature of the beginning of 
melting."4 The beginning ofmelting ofa "minimum" granite takes place 
at 4 kb and 655 C, and at slightly higher temperature the granite melts 
completely if about 10 weight percent water is available. However, if 
only 2% water is present, the temperature has to be increased to 870°C 
in order to bring about complete melting; if 4% water is available, the 
temperature required for complete melting is about 780°C. This is illus
trated in Figure 18-11, where the liquidus curve for granite with 2% 
water available has been taken from the work of Tuttle and Bowen and 
the equivalent curve for 4% water has been estimated. 

Recently, Brown and Fyfe (1970) have suggested that free water 
may not be available during anatexis in granitic terrains. In tbis case the 
OR-bearing minerals of a gneiss will supply water on decomposition and 
thus initiate the formation of a melt. Commonly, the OH-bearing min
erals are biotite and muscovite. Brown and Fyfe performed experiments 
to determine the beginning of melting in a dry granite and in a dry ton
alite with biotite, muscovite, or hornblende as OH-bearing minerals. 

4We now know that this statement of Tuttle and Bowen is not entirely correct. 
Indeed, it is known that some granites melt completely at a temperature only slightly above 
the solidus, but many granitic rocks behave differently, e.g., as shown by Winkler and 
Breitbart (1978). 
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Most relevant to natural occurrences is the melting behavior of the bio
tite granite; its solidus is shown as curve 2 in Figure 18-11. Curve 2 has 
a positive slope like curve 5 of a dry mixture of quartz + alkali feldspar 
+ plagioclase (without biotite). 

The melts formed in the temperature range 20°C above the begin
ning of melting have granitic-granodioritic compositions, similar to those 
obtained when excess water is available. However, the temperatures 
necessary to form melts in the absence of free water are approximately 
100°C higher at medium pressures and 150°C higher at high pressures. 
The melts thus formed are undersaturated in water, which is easily seen 
by comparlng the solidus curve 2 with that of curve I, valid for water 
saturation. In the case of water undersaturation, PH 20 is always lower 
than P total. 

Only a small amount of biotite decomposes incongruently at the 
beginning of melting, and a considerable temperature rise is required to 
decompose a significant amount of biotite and thus increase the amount 
of melt. Therefore, very high temperatures are necessary to melt appre
ciable amounts of paragneiss commonly containing about 15 to 25% bio
tite. If at most only 2% water can be supplied by the decomposition of 
biotite, the temperature of melts must exceed 900°C at pressures greater 
than 5 kb. These temperatures seem to be unrealistically high for most 
migmatite areas. Therefore, we believe that partial melting in the 
absence of any free water is not of petrogenetic significance. However, 
the situation of water being available in limited amounts only, particu
larly in some layers within a paragneiss, will be common. The facts dealt 
with on page 300 clearly support this: there are large volumes of unaf
fected paragneiss (paleosomes) in migmatite areas. 

Experimental Anatexis of Rocks Composed of Plagioclase 
and Quartz but Lacking Alkali Feldspar 

In the preceding account, anatexis of rocks containing alkali feld
spar has been considered. However, there are many paragneisses and 
quartz-plagioclase-mica schists which do not contain K feldspar. What 
changes occur in these rocks during anatexis? It might be thought at first 
that such metamorphic rocks would not give rise to a granitic or grano
dioritic melt during anatexis because K felds par , which constitutes an 
essential component of such melts, is absent. Experiments, however, 
have shown that these considerations are not correct. In fact, metamor
phic rocks marked by the absence of K feldspar may be the source of 
anatectic melts containing an appreciable amount of K felds par 
component. 
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The antexis of rocks consisting of plagioclase + quartz + biotite + 
muscovite will be discussed first and then muscovite-free rocks com
posed of plagioclase + quartz + biotite, wbich are even more common, 
will be considered. 

The equilibrium, 

muscovite + quartz = K feldspar + Al2Si05 + H 20 

is of particular significance in the melting behavior of muscovite-bearing 
rocks. The reaction curve of tbis equilibrium is shown in Figure 7-3. Its 
position indicates that the stability field of K feldspar in the presence of 
Al~i05 and H20 is rather limited, i.e., the stability field of muscovite 
+ quartz is very large and, at H20 press ures greater than 3 to 4 kb, it 
overlaps the pressure-temperature field ofanatexis. The stability ofmus
covite + quartz extends as far as curve 2 in Figure 7-3. It has been 
observed, however, that in the presence of plagioclase, muscovite + 
quartz become unstable at a lower temperature (see also Figure 7-3). In 
tbis case, anatexis causes the disappearance of muscovite. The lower 
the An content ofthe plagioclase, the lower the temperature of anatexis. 

As an example, the anatexis of a muscovite-plagioclase-quartz 
gneiss will be examined. At P HzO = 5 kb and 680°C an anatectic melt 
will begin to form. At tbis stage it is observed that muscovite disappears 
and the melt contains K feldspar component (Winkler, 1966). Tbis com
ponent, together with the Ab and Qz and a small amount of An compo
nent, forms a granitic melt. Except for the effect of higher H 20 pressures 
causing somewhat different compositions of the anatectic melts, the 
results are the same as those obtained at lower H 20 pressure in the case 
ofrocks composed of alkali feldspar in addition to plagioclase and quartz 
and some Al~i05. The process may be described as foUows: instead of 

muscovite + quartz ~ K feldspar + sillimanite + H 20 

the reaction is 

muscovite + quartz + plagioclase ~ K feldspar-plagioclase-quartz 

components in the anatectic melt + An-richer plagioclase 
+ sillimanite + H20 

If biotite is present as weU as muscovite in association with quartz 
and plagioclase, the muscovite breakdown reaction is succeeded at 
slightly higher temperature, when a melt has already formed, by the fol
lowing reaction (von Platen and HöUer, 1966): 
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2 biotite + 6 sillimanite + 9 quartz ~ 2 K feldspar component 
+ 3 cordierite + 2 H20 

At pressures sufficiently high to allow the formation of almandine in 
addition to cordierite or instead of cordierite, the following reactions 
take place: 

or 

2 biotite + 8 sillimanite + 13 quartz ~ 2 K feldspar component 
+ 3 cordierite + 2 almandine + 2 H 20 

biotite + sillimanite or kyanite + 2 quartz ~ K feldspar component 
+ almandine + H 20 

(The last re action has not yet been verified by experiment but it is prob
ably valid.) 

The Al2Si05 required in these reactions is produced by the previ
ously discussed breakdown of muscovite in the presence of quartz. 
Some Al2Si05 may have been present in the metamorphic rock in addi
tion to muscovite + biotite prior to anatexis. (Other reactions involving 
biotite but not Al2SiOs will be discussed later.) 

The essential feature is that biotite as weIl as muscovite constitutes 
a source of K feldspar component which is produced in the presence of 
quartz and plagioc1ase at the beginning of anatexis. Plagioclase, quartz, 
muscovite, and/or biotite supply the components of the anatectic melts 
of granitic or granodioritic composition. 

According to the investigations of von Platen and HöHer (1966), the 
anatectic melts produced from quartz-plagioc1ase-muscovite-biotite 
gneisses not containing any K feldspar have the same "minimum melt" 
composition as melts produced from rocks in the system Qz-Ab-An-Or
H20 having the same Ab/An ratio as the gneisses. The reactions during 
anatexis are different, however, if a metamorphic rock consists of biotite 
only, besides plagioc1ase and quartz, i.e., if muscovite is absent. This 
mineral assemblage is common in paragneisses. In such rocks, the total 
amount of K20 is contained in biotite. Knabe (1970b) has investigated 
the anatexis, at PH2Ü = 2000 bars, of biotite + quartz + plagioc1ase 
mixtures and of metamorphosed graywackes of corresponding compo
sition. It is certain that, unlike muscovite, only a small amount of the 
biotite disappears at the beginning of anatexis. The amount of biotite 
diminishes as the temperature is increased, and even at temperatures 70° 
to 100°C higher than the temperature of the beginning of anatexis, an 
appreciable portion of the biotite is still preserved. Over a considerable 
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temperature range, melt + biotite + plagioclase + quartz + gaseous 
phase are in equilibrium. As a rule, during anatexis a portion of the bio
tite forms part of the erystalline residue, together with other minerals 
like gamet, sillimanite, eordierite, ete. The rest ofthe biotite, by ineon
gruent melting and reaetion with other minerals, supplies K feldspar 
eomponent for the anateetie melt. 

In addition to the previously mentioned reactions producing K feld
spar eomponent from biotite and Al2SiOs in the presenee of quartz and 
plagioc1ase, the following experimentally observed reactions are of 
petrogenetie importanee (Knabe, 1970a): 

Al-rieh biotite + quartz ~ K feldspar eomponent + gedrite + H20 

The formation of orthorhombic gedrite has been observed at 2 kb 
water pressure when using as starting material Al-rieh biotite (from bio
tite-quartz-plagioelase metagraywacke) whieh had (FeO + Fe20a + 
MnO)/(MgO + FeO + Fe20a + MnO) = 0.5. 1fthis ratio is lower, i.e., 
ifthe biotite is Mg rieher, formation ofhornblende is observed aceording 
to the following reaction: 

biotite + plagioclase + quartz ~ 
K feldspar eomponent and albite eomponent + hornblende 

If the biotite involved in the re action has a high eontent of Ti and Fe, 
ilmenite is formed during experimental anatexis. Hornblende is a reac
tion produet as weIl, even though the biotite is Fe rieh rather than Mg 
rieh. At higher oxygen fugacity, magnetite is formed whieh ineorporates 
an appreciable amount of Ti. 

In natural oeeurrenees, sphene + hornblende are typical re action 
produets, in addition to K feldspar, when biotite-plagioclase-quartz 
gneisses are subjeeted to anatexis leading to the formation of migmatites. 
This is demonstrated by Büseh (1966, 1970) whose petrographie studies 
lead him to postulate the following reaction: 

biotite + plagioc1ase + quartz = 
hornblende + K feldspar + sphene 

The breakdown of biotite in the presenee of quartz and plagioelase, 
as indieated by the sehematic reaetion equations, provides a souree of K 
feldspar eomponent if the roek is heated through an appreciable temper
ature range extending beyond the beginning of anatexis. At the beginning 
of anatexis, only a fraetion of the biotite is eonsumed; therefore, the 
amount of K feldspar eomponent, relative to the amount of plagioclase 
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and quartz components, is generally small. For this reason, at the begin
ning of anatexis, a melt of granodioritic composition is generally formed. 
A small increase in temperature causes very little change in composition, 
in contrast to the melt formed by the anatexis of paragneiss containing 
K feldspar (Figure 18-10). This is due to the fact that no crystalline phase 
melts completely at a temperature only slightly higher than that of the 
beginning of melting. As the temperature is increased, more biotite 
reacts and provides additional K feldspar component, which, together 
with appropriate amounts of plagioclase and quartz component, 
increases the amount of anatectic melt without appreciably changing the 
composition of the melt. Accordingly, a melt of granodioritic composi
tion produced by anatexis of a quartz-plagioclase-biotite gneiss main
tains this composition even if the temperature is increased by several 
tens of degrees. The rocks designated 1, 2, and 4, which are further 
described in the legend of Figure 18-12, gave rise to such anatectic melts 
of granodioritic composition. The ratio Qz:Ab:Or of the melt is shown 
in Figure 18-12. The plotted composition of the anatectic melt produced 
from rock 3 indicates that not only granodioritic melts but occasionally 
granitic melts may be produced as weIl. This happens in the case of 
rocks containing very Fe-rich biotite, which melts incongruently to a 
greater degree in comparison to other biotites at a given temperature and 
pressure. 

If aseparation of the melt from the crystalline residue occurs, as is 
the case in migmatites, the anatectic melts of granitic or granodioritic 
composition give rise to mineral assemblages of granites and granodio
rites on crystallization. Also, tonalitic or trondhjemitic melts may be 
produced by the anatexis of K20-poor plagioclase-quartz-biotite 
gneisses, as our experiments have shown. It appears reasonable that the 
melt segregates not only in lenses and veins but also collects in the form 
of large magmatic bodies. 

This process leads to a concentration of the crystalline residue con
sisting of biotite + hornblende + gamet ± cordierite + ore + commonly 
some quartz or plagioc1ase. Such anatectic "restites," together with 
metamorphie rocks which do not melt at the temperatures of anatexis, 
would be expected to underlie the large granitic and granodioritic plu
tons. Metamorphic rocks which remain solid during anatexis include 
amphibolites, plagioclase-free quartz-biotite schists, and, in more sub
ordinate amounts, calc-silicate rocks, marbles, and pure quartzites. 

The formation of large amounts of granitic, granodioritic, trond
hjemitic, and tonalitic melts by anatexis is a process having asound 
physicochemical basis. In terrains of high-grade metamorphism, the for
mation of such melts is inevitable if quartz-feldspar-mica gneisses and 
H20 are present. Melting begins, independent ofthe amount offree H20 
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Fig. 18-12 Melts produced by experimental anatexis atPH20 = 2000 bars. 
Starting materials were rocks composed of quartz, biotite, and plagioclase. Typ
ically they contained neither muscovite nor K feldspar. Circles 1 and 2 indicate 
the composition of anatectic melts at 720°C and crosses 3 and 4 at 760°C. The 
dotted line marks the composition field of granitic, granodioritic, and trondhjem
itic rocks taken from Figure 18-11. Composition ofthe rocks: 

Plagioclase Beginning 
Rock Quartz Biotite (An content) ofanatexis Amount of melt 

(1) 20 37 40 (An 25) 715 ± 10°C About 45% at 720°C 
(2) 21 30 45 (An 21) 690 ± 10°C About 50% at 7200C 
(3) 38 34 28 (An 13) 670 ± 10°C About 55% at 6WOC 

About 75% at 7600C 
(4) 38 34 28 (An 13) 690 ± 10°C About 55% at 720°C 

About 60% at 760°C 

The very low temperature of the beginning of melting of rock (3) is due to its 
large Abi An ratio and the fact that its biotite is very Fe rich. The mole fraction 
FeO/FeO + MgO ofbiotite from rock (3) is about 0.8; from rocks (1) and (2) it is 
about 0.5; and from rock (4) it is only 0.3. The compositions of rocks (4) and (3) 
ditIer only in containing biotite of different composition. 
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available, at temperatures commonly attained during high-grade 
metamorphism. 

Formation of Migmatites 5 

Occasionally the opinion is advanced that the formation of the leu
cocratic, granitic-granodioritic portions of the heterogeneous in-situ 
migmatites is due to a metasomatic process, i.e., to the addition of 
"emanations" from depth.6 The emanations, although not precisely 
described, are supposed to have supplied alkalis, in some terrains espe
cially Na, whereas in others mainly K. On the other hand, anatexis is 
generally recognized at present as an essential process in the formation 
of migmatites, but the nature of this process was not known until the 
experiments discussed in the previous sections had been carried out. No 
c1ear conception existed regarding the nature of the melts produced, so 
that the formation of migmatites without an addition of alkalis was 
deemed impossible. Therefore, it was to the great merit of Mehnert 
(1953) that he ascertained the following: "In simple cases,where a quan
titative estimation was possible, a summation of (leucocratic, granitoid) 
metatect + (dark-colored) residue indicated a constancy of material." 
Supplementing this observation, Mehnert and Willgallis (1957) came to 
the following conclusion: "The granitization (formation of migmatites) 
of the intermediate paragneisses of the Black Forest took place, on the 
whole, without the addition ofalkalis." In this area which has been very 
carefully studied petrographically, there is no indication of a general 
alkali supply from depth. Merely arearrangement, aseparation into leu
cocratic, granitic portions and into biotite-rich, so-called restite portions, 
which also contain cordierite, sillimanite, and in many cases quartz, has 
taken place in situ. The composition of migmatites, integrated over a 
certain area about the size of a quarry, is the same as that of the unmig
matized rocks. 7 This same conc1usion has also been reached by Suk 

5See also the introduction to Chapter 18. A book by K. R. Mehnert (Migmatites and 
the Origin of Granitic Rocks, Amsterdam, 1%8) is highly recommended for further study. 
It presents a different treatment, emphasizing petrographie aspects and field relationships 
of migmatites. 

6See briefhistorical survey in Barth (1952). 
7This statement applies, of course, only to migmatites formed in situ. The other type 

ofmigmatites, called iIijectionmigmatites, is formed by the injection of granitic melt, e.g., 
into fractured portions of amphibolite, older granitic, or other rock. Such injection mig
matites, which, in comparison to in-situ migmatites, are of subordinate occurrence, pose 
no genetic problem, and are not considered in the discussion presented here. 
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(1964) in Bohemia and by Büsch (1966) who, continuing Mehnert's 
work, has investigated migmatites that have leucosomes oftrondhjemitic 
compositions. 

This result is to be expected if the anatexis of gneisses, which is 
inevitable in terrains of high-grade metamorphism, was responsible for 
the formation of migmatites. Anatexis produces in situ, i.e., within the 
gneiss complex itself, mobile melts of granitic, granodioritic, and trond
hjemitic composition which initially segregate as lenses and veins and 
thus separate, on a scale of a few centimeters to tens of centimenters, 
from the crystalline residue. Naturally, very extensive material transport 
takes place over only a small distance, as a consequence of the segre
gation ofmobile melt and less mobile residual portions ofthe rocks, but, 
viewed on a large scale, the composition of the rock volume, i.e., the 
summation ofboth portions, remains the same. 

Migmatites exhibit a great variety of structures. Migmatites with 
phlebitic (vein) structure and with stromatic (layered) structure contain 
various amounts of granitic material (leucosome) in the form of segre
gations in the gneiss, mainly produced in situ. Agmatites resemble brec
cias; angular fragments of darker gneiss are surrounded by more or less 
homogeneous granitic material. Schlieren structure is characterized by 
biotite-rich segregations. If migmatites are nearly homogeneous they are 
said to have a nebulitic structure. All gradations exist between the var
ious structural types. Excellent drawings and photographs of migmatite 
structures are given in Mehnert' s book (1968). 

The origin of such manifold forms can be understood if it is kept in 
mind that a rock complex subjected to metamorphism and subsequently 
to anatexis consists of various sediments such as graywackes, shales, 
sandstones, tuffs, etc. In order to illustrate the main principle, it suffices 
to restrlct the discussion to one rock group ofmetagraywackes. We refer 
to Table 18-6 where the results of high-grade metamorphism and ana
texis of four different paragneisses derived from graywackes are 
documented. 

The four gneisses, although having qualitatively a very similar min
eralogical composition, exhibit a very different behavior during anatexis. 
The temperatures of the beginning of artatexis are appreciably different 
because ofthe different Ab/An ratio ofthe gneisses. Gneisses (a) and (b) 
begin to melt at 685°C, gneiss (c) at 700°C, and gneiss (d) not until715°C, 
because its plagioc1ase has the highest An content (the original gray
wacke contained 5% calcite). As a consequence of these different tem
peratures ofinitial melting, partial melting at, e.g., 700°C can only take 
place in layers of the gneiss complex having a composition of gneisses 
(a) and (b), whereas other layers remain completely solid. Even in the 
parts of the gneiss complex where anatexis has started, the amounts of 
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melt at 700°C are very different, e.g., in gneiss (a) the amount of melt is 
48%, whereas in gneiss (b) it is about 20%. If thin layers of composition 
(c) or (d), which are completely solid, are separated by the thick layers 
of composition (a) containing almost 50% melt, it is readily visualized 
that, in response to tectonic deformation, the thin solid layers break and 
angular fragments are embedded in the anatectic melt from layers of 
composition (a). Thus, agmatites are formed. The liquid portion of (a) 
can also penetrate into fractures and schistosity planes of(c) and (d). On 
the other hand, in gneisses of composition (b), the anatectic melt consti
tutes only 20% ofthe rock, and veined or layered migmatites are formed. 
The amount of melt increases as the temperature rises, but the extent of 
this increase varies from rock to rock, because of differences in quanti
tative mineralogical composition. 

At no°c, an anatectic melt is formed in all four gneiss layers, con
stituting 60% of gneiss (a), but only 30% of gneiss (d). It is to be expected 
that the mechanical behavior of layers with greatly differing amounts of 
melt will vary considerably during deformation and give rise to diverse 
structures, such as folds of various sizes and shapes, etc. 

At 770°C the melt produced in all four gneiss layers constitutes two
thirds to three-quarters of the rock. At this stage, an extensive mixing 
and homogenization may take place (nebulites). At 770°C (andPH20 = 
2000 bars), the residual portions of gneisses derived from these gray
wackes may contain either considerable or small amounts of quartz or 
plagioc1ase in addition to the other minerals listed in the table, in which 
predominantly Mg, Fe, and much Al are fixed. 

The formation of the different types of migmatites has been dis
cussed using graywackes as an example of original rocks. If c1ays, 
arkoses, sandstones, and tuffs of a sedimentary sequence are taken into 
consideration, the process of anatexis remains the same in principle. At 
a given temperature, some layers will remain solid, whereas others will 
contain various amounts of melt. Layers consisting of quartzite or 
amphibolite remain solid during anatexis. If they fracture, the fragments 
are engulfed by more or less homogeneous anatectic melts. 

As mentioned previously, it is a worldwide observation that in areas 
of high-grade metamorphism, migmatites are always present as weH. 
Experiments have made the reason for this association obvious. 
Regional metamorphism is induced by a supply of heat. At the highest 
temperatures of metamorphism, regional anatexis and the formation of 
migmatites are inevitable if some H 20 is present. 

Depending on the amount of melt formed, two categories of mig
matites are sometimes distinguished: metatexites and diatexites. These 
are considered by Mehnert (1968) to be the products of the foHowing 
anatectic stages: 
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Metatexis refers to incipient partial melting, when molten and 
unmolten portions can still be distinguished petrographically (i.e., parent 
rock with metatects ± restites). 

Diatexis refers to complete or nearly complete melting, when mol
ten and unmolten portions can no longer be distinguished (i.e., schlieric, 
nebulitic, or nearly homophanous rocks of plutonic habit). 

The amount of melt formed in a given gneiss at a given pressure has 
been shown to depend on the temperature, on the composition of pi agio
clase and alkali feldspar , on the ratio of quartz:alkaIi feld
spar:plagioclase, and on the availability ofwater. 

A good illustration of an anatectic massif is given by Mehnert 
(1968); his figure is reproduced here as Figure 18-13. High-grade para-
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Fig. 18-13 Anatectic massif in the southem Black Forest (from Mehnert, 
1968). 

1: granite porphyry; 2: aplitic granite, 
3: homogeneous diatexite from the center, 
4: inhomogeneous diatexite from outer zones, 
5: metatexite = phlebitic and similar migmatite, 
6: orthogneiss as relles, 
7: paragneiss as rellcs, 
8: amphibolite. 
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gneisses have been converted to metatexites, i.e., migmatites withphle
bitic or stromatic structure. Toward the higher temperature part of the 
massif, this type of migmatite progressively gives way to inhomogeneous 
"diatexites" and then to homogeneous "diatexites" with prevailing 
nebulitic structures. Mainly in the southeast part of the massif, some 
areas of nonmigmatitic paragneiss persist, and two areas of nonmigma
titic orthogneiss are present in the south and southwest of the massif. 
Probably, these areas have remained unaffected by anatexis due to a 
1ack of water. This reason is especially plausible in the case of the 
orthogneiss derived from a granite because its metamorphism would not 
produce any water. 

Formation of Granitlc Magmas by Anatexls 

The commonest sediments are shales, but in geosynclinal basins 
graywackes constitute a considerable portion of the sediments as weIl. 
It is thought that in Precambrian times, graywackes were particularly 
common. The large migmatite terrains and granite complexes are gen
erally very old, constituting huge parts of the basement complexes. It is 
impossible to imagine that these immense granite bodies were formed 
from melts produced by fractional crystallization of gabbroic magma. A 
different possibility of forming granitic magma bad not been examined in 
its quantitative aspects until recently. For this reason, about 40 years 
ago, granitization hypotheses were advanced which attempted to explain 
granites as products of transformation of sediments by a process of 
metasomatism in the absence of a melt. For a long time, the origin of 
granite has been vehemently discussed by "transformists" and "mag
matists." In tbis connection, the publications by Gilluly (1948), Read 
(1957), Raguin (1965), and Mehnert (1959) are very interesting. Mehnert 
undertook the task of reviewing the state of the granite problem in 1959, 
citing about 300 publications. His 1968 book is a more recent treatment 
of the subject. 

Experimental investigations ofthe anatexis of gneis ses derived from 
clays, shales, and graywackes lead to the conclusion that 1arge amounts 
of granitic, granodioritic, and (to a lesser extent) tonalitic or trondhjem
itic magmas must be produced by the anatexis of paragneisses and 
quartz-feldspar-bearing micaschists. In high-grade metamorphic terrains 
or orogenic belts, anatexis takes place on a large scale. The anatectic 
melts may constitute 50% of the rock and, in the case of graywackes, 
70% or even 95%. Large volumes of these melts may accumulate. The 
higher the temperature of anatexis, the higher the temperature of the 
magma produced. The maximum temperature attained by anatectic 
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melts is probably about 800°C. The anatectic magmas of granitic-grano
dioritic composition may crystallize at the same level on which they orig
inated, or they may rise to higher levels in the crust, i.e., they may 
intrude. The level to which a melt, separated from its crystalline residue, 
is able to rise depends on the difIerence between the temperature of the 
melt and the solidus temperature of the melt. A granitic magma saturated 
with H20 but having a temperature not appreciably higher than its soli
dus temperature cannot rise at all. It must remain at the place of its 
formation, because a decrease of press ure on rising would immediately 
raise the solidus temperature and, therefore, cause the crystallization of 
the magma (see Winkler, 1962; Harris et al., 1970). This effect is partic
ularly strong when the water pressure is smaller than about 3kb. On the 
other hand, a granitic magma having attained a temperature considerably 
higher than its solidus temperature for a given water pressure can very 
weIl rise to higher levels in the crust, whether saturated or undersatu
rated with water (compare Figure 18-11). 

Read (1957) recognizes several groups of granitic rocks on the basis 
oftheir relation to the country rocks. The preceding discussion provides 
a reasonable explanation of this subdivision. (a) Autochthonous granites 
have remained at the place of their formation and are closely associated 
with migmatites and metamorphic rocks. (b) Parautochthonous granites 
have moved somewhat from the place of their formation and their con
tacts with the country rocks are diffuse. (c) Intrusive granites have left 
the place of their formation in regionally metamorphosed terrains and, 
at present, are found to cut the metamorphic zones and to have sharp 
contacts with the country rocks. (d) Granite plutons have risen to a shal
low depth in the crust (shallow-seated plutons). 

It is probable that some granitic magmas are differentiation prod
ucts of gabbroic magmas, but their amount is very subordinate. These 
magmas have temperatures of about 950°C and therefore can even reach 
the surface of the earth as rhyolitic lavas or obsidian. However, by far 
the larger amount of granitic magmas are products of anatexis. In the 
opinion of the author, granites, like the granitic portions of migmatites, 
have crystallized from magmas. Only locally, in the vicinity of intrusive 
contacts, have rocks become "granitelike" by feldspar metasomatism. 
This is commonly observed on a local scale. 

The experimental work of Tuttle and Bowen (1958) was a most 
important contribution to the study of granite speaking in favor of the 
"magmatists." Experimental studies of anatexis and of the granite sys
tem, which have been discussed, further consolidate the position of the 
"magmatists." The following two points summarize the most significant 
arguments: (1) The composition ofgranitic rocks (i.e., granites, adamel
lites, granodiorites, trondhjemites, and tonalites) with respect to the 
main chemical components Qz, Ab, and Or is restricted to a relatively 
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small range. The compositions do not show a random scatter but are 
c1early grouped about a small field of most frequent compositions. Fig
ure 18-14 shows the frequency distribution of the normative Qz:Ab:Or 
ratio of 1190 granitic rocks. The frequency maximum lies in the central 
(black) field. Within the black field and the surrounding finely stippled 
field lie 53% of all granitic rocks. Such a systematic frequency distribu
tion could hardly be the result of a metasomatic process. (2) On compar
ing the frequency distribution of granitic rocks (Figure 18-14) with Figure 
18-15, it is apparent that the compositions of melts formed by experi
mental anatexis coincide with the field of granitic-granodioritic compo
sitions in Figure 18-14. This is particularly true if it is rea1ized that most 
ofthe melts indicated by dots have been produced at 2 kb water pressure 
and that the composition of melts formed at higher pressures will shift 
somewhat in the direction indicated by the arrows in Figure 18-15. 

In Figure 18-15 the significant parts of the cotectic lines P-Es at 2 
and 10 kb are also shown in projection. These lines bound the area where 

Qz 

Ab Or 

Fig. 18-14 Frequency distribution ofthe normative Qz:Ab:Or ratios of 1190 
granitic rocks (from Winkler and von PIaten, 1961). The fields bounded by the 
outermost line include 86% of all granites; the three pattemed fields, 75%: the 
finely-stippled field and the black field, 53%; the black field alone, 14%. The 
frequency maximum lies within the black field. 
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Qz 

Fig. 18-15 Normative Qz:Ab:Or ratios of anatectic melts produced experi
mentally, mostly at 2 kb water pressure. The arrows indicate the direction in 
which the projection points of melts shift when water pressure is greater than 2 
kb. Data taken from previous figures and from Winkler and von Platen (1961). 

melts must form in the early stage of anatexis of rocks composed of 
plagioclase, alkali feldspar, and quartz. This area is petrogenetically sig
nificant. However, the composition of melts formed at relatively low 
temperatures willlie not only on and close to the cotectic line, valid for 
a given water pressure, but also further away as demonstrated in Figure 
18-15 and in Figure 18-10. 

The points representing the compositions of anatectic melts in Fig
ure 18-15 do not, of course, indicate any frequency; however, on the 
basis of the average composition of shales and graywackes, it may be 
said that the commonest anatectic melts willlie in the central part of the 
shown field. 

It is now evident that granites crystallized largely from melts pro
duced by the anatexis of gneisses. It is difficult to imagine metasomatism 
being effective over great distances and causing migmatite formation 
and "granitization" in rock volumes ofmany cubic kilometers by means 
of the introduction of an "ichor" of high alkali and silica concentration. 
Furthermore, in view of experiments by Luth and Tuttle (1969), the for
mation of a fluid phase of appropriate composition is not possible (except 
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at very high pressures of about 10 kb). Their experiments show that the 
generation of a gas phase wbich can deposit feldspars, in addition to 
quartz, is possible only in the presence of granitic magma but not when 
melt is absent. Therefore, metasomatic transformation of rocks into 
granite-Iooking rocks can be expected only in the proximity of a granitic 
magma and only on a restricted scale; large scale metasomatic transfor
mation is not possible. On the other hand, the process of anatexis must 
lead to the formation of migmatites and large amounts of granitic 
magma. 

A word of caution which, however, does not invalidate the general 
genetic conelusions must be mentioned: It is known that the generation 
of granitic, granodioritic, and tonalitic melts cannot be properly under
stood without taking into account the An component in addition to the 
Qz, Ab, and Or components. The amount of An component is not indi
cated in Figure 18-15; in fact, the An component was not determined in 
our early work. However, most experimentally produced melts form at 
a temperature not very much above the solidus, i.e., the melts are situ
ated on or elose to a cotectic surface of the system Qz-Ab-Or-An-H20 
at 2 kb. On the other hand, the points representing rock compositions 
that have been used to draw the frequency distribution of Figure 18-14 
may be situated on a cotectic surface or at a considerable distance from 
a cotectic surface. In the latter case, an appreciable amount of solid 
plagioelase or quartz would be suspended in the melt, and the ratio 
Qz:Ab:Or:An of the total rock would not give the composition of the 
liquid part of the magma. Therefore, a frequency distribution ca1culated 
on the basis of total rock analyses can be misleading. 

Tbis discussion makes it evident that we must inquire as to whether 
granitic magmas generally were totally liquid at relatively low tempera
tures or whether variable amounts of crystals were suspended in the 
melt. 

The Physical State of Granitic Magmas 

Since the introduction of Bowen' s view of granitic magmas as a late 
product of crystallization differentiation of gabbroic magma, all discus
sions of magmatic genesis of granitic rocks have taken for granted that 
the composition of a granitic rock represents the composition of the liq
uid magma (e.g., Tuttle and Bowen, 1958). It is commonly thought that 
only the crystallization of a granitic magma will produce minerals which 
may remain suspended in the melt. 

Are granitic magmas completely molten? When asking tbis question 
we are not concemed with minerals like gamet, cordierite, sillimanite, 
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or andalusite as constituents of some granitic rocks; it is generally 
accepted that these minerals represent unmelted portions of the original 
rock subjected to anatexis. To answer the question ofwhether a granitic, 
granodioritic, or tonalitic magma was completely liquid, Winkler and 
Breitbart (1978) used an approach based on the fol1owing reasoning: 
Leucosomes of in-situ migmatites (not of iqjection migmatites) consti
tute the only easily accessible place where crystallized granitic, grano
dioritic, or tonalitic magma is still found at its site of generation. In these 
migmatites, the leucosomes have been formed by partial melting (ana
texis) of gneisses and certain schists under high-grade metamorphic con
ditions. By means ofmelting experiments at small temperature intervals, 
it can be determined whether such leucosomes were completely liquid 
under anatectic high-grade metamorphic conditions or not. In the latter 
case, temperatures much higher than those prevailing during meta
morphism would be required to achieve complete melting of the leuco
some. Our experiments were carried out at apressure of 5 kb and in the 
presence of excess water. 

Leucosomes of in-situ migmatites from various European and Afri
can localities were col1ected and a selection of nine leucosomes was 
made to ensure a great variety of leucosome compositions. The total 
analyses are given by Winkler and Breitbart (1978). The ratios of com
ponents Qz:Ab:Or:An are listed in Table 18-7 and graphical1y shown in 
Figure 18-16. 

In our selection, leucosomes of granitic, granodioritic, and trond
hjemitic/tonalitic compositions are represented. Figure 18-16 shows 
most clearly the diversity of the leucosome compositions. Although 
phase relations in the system Qz-Ab-Or-An-H20 indicate that low tem
perature melts of very different compositions may be generated, the 
observed melting behavior of sampies 723, 30hl, NoAl, and 18c was not 
expected. 

Sampie 723, consisting of alkali felds par and an abundance of 
quartz, represents an extreme composition of very rare occurrence. 

Table 18-7. Ratio of components ofleucosomes. 

633 630 723 44L CeAl 3.13 18c NoA1 30bl 

Qz 33 40 66 28 35 29 27 38 46 
Ab 28 26 4.5 37 46 48 60 37.5 32 
Or 35.5 32 29.4 21 15 8 3 3.5 3 
An 3.5 2 0.1 14 4 15 10 21 19 

granitic granodioritic trondhjemiticl 
tonalitic 
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Fig. 18-16 Projection of the isobaric cotectic line and of isotherms on the 
three isobaric cotectic surfaces of the system Qz-Ab-Or-An-H20 at 5 kb water 
pressure. Shown are also the compositions of nine leucosomes (see Table 18-7) 
plotted within the Qz-Ab-Or-An tetrahedron. Numbers give percent An (top) and 
Qz (bottom) component of melt compositions situated on cotectic surfaces and 
the cotectic line. 



336 Petrogenesis of Metamorphic Rocks 

However, the other three leucosomes of tonalitic composition are 
believed to be quite common. 

As can easily be deduced from Figure 18-16, the types of melting 
behavior of the leucosomes can be grouped into four categories: 

a. Samples CeAl, 630, and 633. The composition ofthe leucosome 
is situated close to or on a cotectic surface within a low temper
ature region. For example, the composition of sample 633 falls 
on the cotectic surface quartz + alkali feldspar + L + V. Con
sequently, these leucosomes were completely liquid at low tem
peratures. The experiments show that at 5 kb the melt composi
tion left the cotectic surface at the following temperatures: 
sample CeAl at 680°C with 4% quartz as residue; sample 630 at 
675°C with 11% quartz as residue; sample 633 at 680"C with no 
residue. A slight temperature rise will lead to the complete melt
ing of the felsic constituents of samples CeAl and 630. 

b. Sample 30bl. The composition of the leucosome is situated c10se 
to a cotectic surface within a high temperature region. Conse
quently, a small amount of solids is present in the melt even at 
relatively high temperatures. The experiments show that, even 
at 730°C, the melt has not left the cotectic surface quartz + pla
gioclase + L + V; at this high temperature about 5% plagioclase 
and 3% quartz remain suspended in the melt. 

c. Samples 44L and 18c. The composition of the leucosome is sit
uated far away from a cotectic surface, within a low temperature 
region. Consequently, a small amount of solids is present in the 
melt even at relatively high temperatures . Both samples lie 
within the plagioclase + L + V volume. Experiments show that 
the melt composition left the cotectic surface at the following 
temperatures: sample 44L at 675°C with 20% plagioclase as res
idue; sample 18c at 695°C with 25% plagioclase as residue. At 
730°C, 8% and 5% plagioclase remained solid in samples 44L and 
18c, respectively. 

d. Samples 3.13, NoAl, and 723. The composition of the leuco
some is situated far away from a cotectic surface within a high 
temperature region. Consequently, a large amount of solids is 
present in the melt even at high temperatures. In order to dis
solve such a large amount of solids, a considerable temperature 
increase would be necessary, so much so that this commonly 
will not be encountered in high-grade regional metamorphism. 
Samples 3.13 and NoAllie within the plagioclase + L + V vol
urne, and sample 723 lies within the quartz + L + V volume. 
Experiments show that the melt composition left the cotectic 
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surface at the following temperatures: sampie 3.13 at 705°C with 
21% plagioclase as residue; sampie 723 at 715°C with 47% quartz 
as residue; sampie NoAI at >730°C with 20% plagioclase and 
3% quartz as residue. It is obvious that very high temperatures 
must be attained to dissolve the remaining amounts of solids. 

The leucosomes in category (a) show that magmas formed by anatexis 
may be completely liquid at low temperatures, if mafic minerals are dis
regarded. However, this is rather the exception than the rule. In most 
cases, represented by categories (b) and (c), there will be a small amount 
of plagioclase andfor quartz suspended in the melt even at the relatively 
high temperatures attained in high-grade regional metamorphism. The 
leucosomes of category (d) show most c1early that an anatectically gen
erated magma may never have been completely liquid but may have 
included crystals of plagioc1ase and/or quartz amounting to 15%, 25%, 
and rarely even a greater percentage, at 730°C and 5 kb water pressure; 
such large amounts will not completely melt in response to a geologically 
reasonable temperature increase. 

Summing up: From the results of our investigation it is clear that, 
in most cases, small to appreciable amounts of felsic solids were present 
in granitic, granodioritic, and tonaliticftrondhjemitic magmas. These sol
ids could not separate from the anatectically formed melt of the leuco
somes. Indeed, a complete separation of solids from the melt cannot be 
expected. Thus, part of the plagioc1ase orfand quartz constitutes 
"resisters," such as gamet, cordierite, and sillimanite which are occa
sionally found in granitic rocks generated by anatexis (see Mehnert, 
1968, p. 244, Figs. 89 and 90). However, some ofthese minerals concen
trate at the borders of leucosomes in the form of melanosome seams, as 
does a great deal of the biotite. Nevertheless, a portion of the undis
solved biotite can not separate from the melt; it remains, together with 
some plagioc1ase orfand quartz, suspended in the melt. Hornblende 
exhibits a similar behavior. 

Previous to our experiments, it was thought that the felsic minerals 
in granitic rocks had been completely molten and that they had all crys
tallized from the melt. Now it is known that this is only an exceptional 
case and not the rule. It may be appropriate to recall the following defi
nition: A magma is a naturally occurring, mobile liquid within the earth 
that may contain suspended crystals or rock fragments as weIl as dis
solved or exsolved gasses and that can form a rock (Yoder, 1976, p. III). 
The "suspended crystals" cannot be ignored in discussing the nature of 
granitic, granodioritic, and tonalitic magmas because they may have 
been nonseparated "resisters" of a partially molten paragneiss. 

The bulk composition of a granitic, granodioritic, or tonalitic rock 
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commonly does not represent the composition of the liquid part of 
magma from which the rock crystallized. It is clear that this fact has to 
be considered in any petrogenetic argument which is based on the chem
ical and/or modal composition of granitic rocks. However, all previous 
petrogenetic discussions of granitic rocks did not distinguish between 
rock composition and the composition of the liquid part of the magma. 
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Appendix 

Nomenclature of Common Metamorphic 
Rocks 

Magmatic rocks are usually named after some locality. Only in rare 
cases does the rock name give any indication about the fabric and min
eralogical composition of the rock. The names of magmatic rocks have 
to be memorized like words of a foreign language. Fortunately, this dif
ficulty is not encountered in the nomenclature of most metamorphic 
rocks. It is only necessary to leam a few names of rock groups, which 
are characterized by a certain fabric andJor mineralogical composition. 
Furthermore, the presence of the main or critical minerals is indicated 
by placing their names in front of the group name. For instance, there is 
the group of marbles, all of which contain well-crystallized carbonates 
as their main constituent. A particular marble may be designated as 
dolomite marble, diopside-grossularite marble, tremolite marble, etc. 
Thus, the nomenclature of most metamorphic rocks is clear and easily 
understood. 

A more elaborate nomenclature based on quantitative mineralogical 
composition was proposed by Austrian petrographers after a discussion 
with colleagues from other countries. 1 This nomenclature is recommend
able and is to a large extent adopted here. 

Names of Important Rock Groups 

Phyllite. Fine-grained and very finely schistose rock, the platy min
erals of which consist mainly of phengite. Phengite sericite gives an 
overall silky sheen to the schistosity planes. The grain size is coarser 
than in slates but finer than in mica schists. 

'''Ein Vorschlag zur quantitativen und qualitativen Klassifikation der kristallinen 
Schiefer" (a symposium). Neues Jahrb. Minerals Monatsh.: 163-172 (1962). 
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In phyllites the amount of phyllosilicates (phengite + some chlorite 
± biotite) exceeds 50%. The other most abundant constituent is quartz. 
If the amount of quartz exceeds the amount of phyllosilicates, the rock 
is called a quartz phyllite. In both phyllites and quartz phyllites, albite 
may amount to as much as 20%. 

An exact designation of the rock is achieved by placing the name of 
subordinate constituents in front of the rock name, beginning with that 
mineral present in the smallest amount. Minerals constituting less than 
5% of the rock are generally not taken into consideration. Examples are 
chloritoid-chlorite-albite phyllite and phlogopite-calcite phyllite. If 
amounts smaller than 5% are considered significant this can be desig
nated by using an adjective form such as "graphite-bearing." 

Schists. Medium- to coarse-grained rock, the fabric of which is 
characterized by an excellent parallelism of planar and/or linear fabric 
elements (schistosity). The individual mineral grains can be recognized 
megascopically (in contrast to phyllites). If mica, chlorite, tremolite, 
talc, etc., constitute more than 50% of a rock, the corresponding rock is 
called a mica schist, chlorite schist, tremolite schist, talc schist, etc. 
Phengite-epidote-chlorite-albite schists are known as greenschists. 

If aschist contains more quartz relative to the sum of the phyllosil
icates, the rock is called quartz-mica schist. A further subdivision of 
schists is effected according to the same rules as in the case of phyllites. 

The cited symposium gives 20% as the maximum amount of feld
spar in aschist. If rocks contain more feldspar, they are designated as 
gneisses rather than schists. It is true that schists commonly contain less 
than 20% and gneis ses more than 20% feldspar, but this distinction is 
generally not valid. The most characteristic difference between schists 
(or quartz schists) and gneis ses is not the mineralogie al composition but 
the fabric. This distinction between schistose and gneissic fabric was 
c1early stated by Wenk (1963): "When hit with a hammer, rocks having 
aschistose fabric (schists) split perfectly parallel to 's' into plates, 1-10 
mm in thickness, or parallel to the lineation into thin pencil-like col
umns." Schists split into thinner plates than gneisses. 

Gneiss. Medium- to coarse-grained rock having a gneissic fabric, 
i.e., it "splits parallel to 's' generally along mica or hornblende layers, 
into plates and angular blocks, a few centimeters to tens of centimeters 
in thickness, or parallel to B into cylindrical bodies (pencil gneisses). 
The prevalent light-colored constituents (feldspar + quartz) have inter
locking boundaries and provide, as compared to schists, a better coher
ence and a coarser fissility to the rock; nevertheless, the fissility in many 
cases creates an almost perfect plane" (Wenk, 1963). Some prefer a def
inition of gneiss based not only on fabric but also on mineralogica~ fea
tures. Thus Fritsch et al. (1967) advocated the use ofthe term gneiss for 
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a rock with recognizable parallel structure consisting predominently of 
quartz and feldspar-feldspar amounting commonly to more than 20% 
and mica to at least 10%. 

Tw~ groups of gneisses are recognized. Orthogneisses are formed 
from magmatic rocks, such as granites, syenites, diorites, etc. On the 
other hand, paragneisses are derived from sediments, such as gray
wackes, shales, etc. The particular mineralogical composition is indi
cated according to the same rule as in the case ofphyllites, e.g., kyanite
staurolite-garnet-biotite gneiss. 

Amphibolite. A rock consisting predominantly of hornblende and 
plagioc1ase, which is produced by metamorphism of basaltic magmatic 
rocks, tuffs, or marls. The hornblende prisms lie within the plane of 
schistosity ifthis is developed. The fissility generally is not as well devel
oped as in schists. Amphibolites contain only small amounts of quartz or 
none at all. 

Marble. A rock consisting predominantly of fine- to coarse-grained 
recrystallized calcite and/or dolomite. Other minerals present are indi
cated in the usual manner, e.g., muscovite-biotite marble. 

Quartzite. A rock composed of more than 80% quartz. The inter
locking boundaries of the quartz grains impart a great strength to the 
rock. Metamorphic quartzites must be distinguished from unmetamor
phosed, diagenetically formed quartzites. 

Fels. Fels is a term referring to massive metamorphic rocks lacking 
schistosity, e.g., quartz-albite fels, plagioc1ase fels, calc-silicate fels. 
Generally, in English books, the term "rock" is used for such metamor
phic rocks, e.g., lime-silicate rock (Harker, 1932, 1939). It is suggested 
that "fels" be used instead. 

Hornfels. Nonschistose and fine-grained rock, which splinters on 
impact. The edges of thin rock chips occasionally are translucent like 
horn. The rock has a granoblastic fabric, i.e., it is a mosaic of equidi
mensional small mineral grains, in which larger porphyroblastic minerals 
(or reHcs) are frequently embedded. Hornfelses are typically produced 
by contact metamorphism of clays, fine-grained graywackes, etc., and 
occasionally by regional metamorphism. 

Granulite, Granolite, and Granoblastite. See p. 256ff. 
Eclogite. See p. 276. 

Prefixes 

Meta-. This prefix designates metamorphosed igneous or sedimen
tary roeks in which the original fabrie still can be reeognized; e.g., meta
basalts, metagraywackes. Others use the prefix "meta-" in a more gen-
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eral sense to designate metamorphic rocks according to the type of 
original rock from which they are derived. Example: Meta-graywacke 
or metadiorite = rock derived from graywacke or diorite. 

Ortho-. This prefix indicates that the metamorphic rock originated 
from a magmatic rock, e.g., orthogneiss, orthoamphibolite. 

Para-. This prefix indicates that the metamorphic rock originated 
from a sedimentary rock, e.g., paragneiss, para-amphibolite. 

Classification 

A quantitative c1assification of common metamorphic rocks is 
shown in Figures A-l and A-2 taken with slight modification from the 
cited symposium (1962). The objections of Wenk regarding the distinc
tion between gneiss and schist or phyllite should not be ignored; there
fore, the boundary between the two groups, shown as a broken line in 
the two figures at 20% feldspar , should not be taken as critical in assign
ing a name to a rock. The distinction between gneiss and schist or phyl
lite is not based on mineralogical composition but on the character of 
fissility. This distinction is particularly significant if the mineralogical 
composition is the same. 

The c1assification shown in Figures A-l and A-2 applies to rocks 
predominantly composed of either quartz, feldspars, and phyllosilicates, 
or quartz, phyllosilicates, and carbonates. In many metamorphic rocks, 
these minerals are the main constituents. Figure A-2 is valid for rocks of 

Albit, (Microclin.) S.ricit, (Biotit,. Chlorit.) 

Fig. A-l Composition of metamorphic rocks of lower temperature ranges 
in terms of certain main constituents as indicated in the diagram. 
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Muscolfit •• Biotit. 

Fig. A-2 Composition of metamorphic rocks of higher temperature ranges 
in terms of certain main constituents as indicated in the diagram. 

lower temperature and Figure A-2 for rocks formed at higher tempera
ture. In higher-grade metamorphic rocks, schists take the place of phyl
lites, and calc-silicates such as diopside and grossularite, which are not 
found in rocks oflow temperature, are present, e.g., in marbles (silicate 
marble). 
The names of most metamorphic rocks consist of compound terms: 

a. A combination of the names of constituent minerals; 
b. A name for the category of rock according to its fabric, such as 

phyllite, gneiss, schist, fels. 

Commonly, rocks with the fabric characteristics of gneiss, schist, etc., 
are formed in the appropriate field of mineralogical compositions as 
given in the preceding figures, but this is not invariably so. In any case, 
the name gneiss, schist, etc. is to be used only ifthe characteristic fabric 
is developed, irrespective of mineralogical composition. 
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265ff, 269ff, 286ff, 290, 309ff, 316 

Kyanite, 40, 78, 82ff, 90, 91ff, 147f, 
209ff, 218, 227, 246ff, 253, 270, 
272, 276f, 279 

Larnite, 134ff 
Laumontite, 2, 5f, I1ff, 40, 65, 89f, 140, 

175ff, 180, 182f, 184f, 186ff, 197f, 
200, 240ff 

Lawsonite, 5, I1f, 40, 65, 68ff, 72, 89f, 
140, 175ff, 189ff, 191f, 195f, 198, 
200, 204f, 240ff 

Levyne, 188 
Lizardite, 154 

Mafic rocks, metamorphism of, 168ff 
Magnesite, ll1ff, 126, 131f, 154ff, 

162ff 
Magnetite, 23f, 154, 166,217,223, 322 
Margarite, 40, 69f, 141, 146ff, 150,210, 

246ff 
Mariolite, 40 
MarI, metamorphism of, 14Off, 200 
Mejonite, 40 
Melilite, 133, 136 
Merwinite, 133, 136f 
Mesolite, 188 
Metamorphism 

Beginning of, llf 
Definition, If, 8 
Dynamothermal, 3ff 
Factors of, 15ff 
Hydrothermal, 2ff, 184ff 
Retrograde, 2, 17 
Types, Iff, 6f 

Metamorphic grades. See Grades of 
metamorphism 

Metasomatism, 16f, 329, 331f 
Migmatite, 8, 83, 104, 246, 250, 264, 

283ff, 323, 325ff 
Monticellite, 133, 136 
Montmorillonite, 9, 11, 200, 206f, 210 
Mordenite, 186, 188 

Muscovite, 23, 41, 43f, 76ff, 81, 83ff, 
86ff, 99, 147, 149, 172,207,211, 
219ff, 223, 227ff, 231, 242f, 245f, 
249f, 264, 280 

Mylonite, 2 

Natrolite, 188 
Nontronite, 185 

Olivine, See Forsterite 
Omphacite, 276, 281 
Orthopyroxene. See Enstatite, Bronzite, 

and Hypersthene 

Paragenesis, general, 28ff 
Paragonite, 11,41, 43f, 69, 14Of, 147, 

151,176,200,207, 21Of, 253, 280 
Pelites, metamorphism of, 206ff, 268ff 
Periclase, 131ff, 136, 155ff 
Phase Rule, 19,32, 113 
Phengite, 11,41,43, 72f, 140,207, 

21Off, 219f, 242, 34Of. See also 
Muscovite 

Phillipsite, 188 
Phlogopite, 41, 52, 116, 127f, 163 
Phyllite, nomenclature, 340f 
Pistacite, 40, 71 
Plagioclase, 75f, 83ff, 86, 107f, 143, 

147ff, 169ff, 244, 250, 260, 264ff, 
277, 286ff, 316, 319ff. See also 
Albite and Anorthite 

Prehnite, 11, 40, 65, 68, 72ff, 90, 140, 
175, 179ff, 181ff, 189ff, 193, 196f, 
200, 204f, 240ff 

Pressure 
Directed, 24f 
Fluid, 18ff 
Hydrostatic, 18 
Load, 18f 
Overpressure, 18, 25f 
Solid, 19 
Units, 18 

Pressure divisions of metamorphic 
grades, 88ff 

Pumpellyite, 40, 65, 68ff, 90, 175f, 
18lff, 189ff, 196ff, 200f, 204f, 
240ff 
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Pyrope, 41, 163,220,260,266,277, 
280f 

Pyrophyllite, 11, 40, 73, 14Of, 147, 
200f, 206ff, 210, 215ff, 218 

Quartz. Too many to be cited here 

Rankinite, 134ff 
Reaction-isograd, 66ff 
Regional metamorphism, 3ff, 102ff 
Riebeckite, 179, 212 
Rutile, 109, 201, 276 

Sagvandite, 154 
Sanidinite facies, 133ff 
Sapphirine, 163, 272f 
Scapolite, 40, 127, 264 
Schist, nomenclature, 341 
Scolecite, 188 
Serpentine, 154ff, 163ff, 24Of, 243, 253 
Sillimanite, 40, 83ff, 9Iff, 103ff, 227f, 

23Off, 234ff, 250, 253, 265, 270, 
272,286,316,32Off 

Spessartine, 41, 220, 231, 260, 280 
Sphene, 169ff, 176ff, 182, 201, 205, 

322 
Spilite, 197 
Spinei, 127, 163 
Spurrite, 133ff 

Staurolite, 4Of, 5If, 76ff, 8If, 99, 103ff, 
211,219, 22Iff, 228ff, 247, 249, 
253ff 

Stilbite, 188, 197 
Stilpnomelane, 41, 44, 5If, 173f, 176ff, 

181,205, 211ff, 219, 242f 

Tale, 41, llIff, 154ff, 24Of, 250, 253, 
254 

Thomsonite, 188 
Tilleyite, 134ff 
Tremolite, 40, 98, 107f, 112ff, 152, 

163ff,249 

Ultramafic rocks, metamorphism of, 
154ff 

Vesuvianite. See Idocrase 

Wairakite, 89, 181, 183, 184ff, 192, 
196f, 200 

Wollastonite, 19,29,40,98, 126, 128ff, 
134ff, 142ff, 146, 252 

Zeolite facies, 5, 184ff, 200 
Zoisite, inclusive Orthozoisite and 

Clinozoisite, 40, 68ff, 74f, 82, 90, 
141ff, 145ff, 148ff, 151, 169, 
17Iff, 175f, 181, 189ff, 210, 24Off, 
247f, 253, 266, 276, 279 




