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Preface

The study of rocks in thin section using a petrographic microscope is an essential
part of any undergraduate course in geology. This is the fourth volume in a series
of photographic atlases of minerals and rocks in thin section. As in.previous
volumes the main purpose of the book is to provide the student with a handbook
for use in practical classes to enable him or her to become familiar with the more
common mineral associations and textures to be found in metamorphic rocks. In
addition, some more unusual rocks which have given rise to particular significant
ideas about metamorphism are also illustrated; the aim of this atlas is however to
complement, not replace, a theoretical course in metamorphism.

The book has been divided into two parts. Part 1 consists of descriptions of
photographs of thin sections of a wide range of rocks of different chemistries
metamorphosed under a variety of physical conditions. Part 2 deals with the
textures characteristic of metamorphic rocks. It is beyond the scope of this atlas to
consider the origins of the rocks or to try to interpret the significance of their
oceurrence or their texture in depth, but in the matter of arrangement both of the
rock types and their texture we have had to make some assumptions about their
origins. For example in considering the pelitic rocks, we have subdivided them
under the following headings: (1) medium pressure (also known as Barrovian
type), (2) high temperature at medium pressure, (3) low pressure and (4) high
pressure. These headings are somewhat akin to Miyashiro’s different facics
series.

Early studies of metamorphism considered only two main types viz regional
metamorphism and contact metamorphism. As knowledge of the subject has
increased it has become necessary to consider a greater variety of processes
causing a change in mineralogy or chemistry to pre-existing rocks and, in the first
chapter, examples of rocks produced by different types of metamorphism are
illustrated. In general, the way in which material is presented corresponds to that
adopted by Yardley (1989) An Introduction to Metamorphic Petrology (Long-
man). Some additional rock types are however illustrated here.

As in previous atlases we have tried to describe where the essential minerals
appear in the photographs without the use of arrows or overprinting. We have
tended to ignore individual minerals or textures which cannot be clearly seen on
our original photographs because these will be even less visible in printed repro-
ductions and there is nothing more frustrating than a photograph which does not
show what it purports to show.

One or two reviews of previous atlases have noted the lack of complete
petrographic descriptions of any of the rocks. This omission is intentional since we
have set out to describe only what can be seen in the photographs rather than what
could be seen if a thin section was available for study. This is one of the obvious
limitations of a book of photomicrographs and in some cases we have tried to
lessen this drawback by illustrating the rock at more than one magnification.

The number of minerals with which the student should be familiar in order to
name a metamorphic rock is more than is required to give a name to the average
crystalline igneous rock, but it is still a relatively small number of minerals. We

have not commented on the optical properties of these common minerals except
where itis useful to identify them in the photomicrographs. The relative simplicity




of the nomenclature of the metamorphic rocks compared with igneous rocks is
some compensation for the greater variety of minerals in the former.

A question which has to be kept constantly in mind, particularly in the study of
metamorphic rocks, is how representative of the rock is the thin section? A hand
specimen of the type made famous by Krantz, and found in rock collections
throughout the world, measures perhaps 9cm X 6cm x 3cm and thus has a
volume of about 162 cubic cm: a thin section has an area of about 7sq cm and a
thickness of 0.003 em i.e. 0.021 cubic cm in volume, and so is thus approximately
one eight thousandth part of the hand specimen. In a fine-grained homogeneous
rock this may be an acceptable sample but in a well foliated rock, particularly if
coarse-grained, more than one thin section, cut in different orientations would be
necessary to begin to describe the rock; we do not always remember to do this.

Finally we must emphasize that there is no substitute for the actual study of thin
sections under the microscope. We hope however that such study can be made
more rewarding for the student if he or she can, while using the microscope,
compare mineral assemblages and textures with those which we have illustrated
here. Although no two rocks are identical it is surprising how similar they can be,
both in mineralogy and in texture, and the recognition of the same mineral
assemblages appearing regularly is an indication that equilibrium is being ap-
proached. The study of textures in metamorphic rocks has given valuable insights
into metamorphic processes.

Acknowledgements

‘We are again much indebted to colleagues and friends who have looked out thin
sections-for us and permitted us to take photographs of them. They include the
following: S O Agrell, § Banno, K Brastad, P Brimblecombe, K Brodie, W D
Carlson, D A Carswell, C Chopin, R A Cliff, G T R Droop, B W Evans, B R
Frost, B Goffé, W L Griffin, S L Harley, T Hirojima, R A Howie, C B Long, I R
MacKenzie, M B Mérk, J L Rosenfeld, D C Rubie, W Schreyer, J Treagus.

‘We are especially grateful to Dr Giles Droop of Manchester University Geol-
ogy Department for looking through all of our photographs and helping us to
decide which to reject in order to improve the balance between different rock
types, as well as supplying us with specimens; we alone are however responsible
for deficiencies in this respect.

The staff of the publishers have been very patient with us during the prepara-
tion of this book, especially as several years have elapsed since the previous atlas
appeared. We hope that our experience over the intervening years in choosing
suitable materials and selecting the best photographs has resulted in a better
product than it might otherwise have been. Finally we wish to express our
appreciation of the help given to us by Miss Patricia Crook in her accurate
production of a typescript from our manuscript.




Introduction

The aim of this book is to illustrate a range of the most common and most
significant metamorphic rock types, and to demonstrate the way in which deduc-
tions can be made about metamorphic conditions and the metamorphic history of
a region, from observations in thin section.

Metamorphism occurs as a response to changes in the physical or chemical
environment of any pre-existing rock, such as variations in pressure or tempera-
ture, strain, or the infiltration of fluids. It involves recrystallization of existing
minerals into new grains and/or the appearance of new mineral phases and
breakdown of others. Metamorphic processes take place essentially in the solid
state, in that the rock mass does not normally disaggregate and lose coherence
entirely, however small amounts of fluids are frequently present and may play an
important catalytic role; at very high grades, melts may be produced.

Metamorphic settings

In this book we have followed the classification of metamorphic settings used by
Yardley (1989):

Contact metamorphism takes place as a result of heating of the country rocks in
the immediate vicinity of igneous intrusions or beneath thick flows. It is character-
ized by the growth of new metamorphic mineral grains in random orientations,
since any deformation is usually too weak to produce marked mineral alignments.
Contact metamorphism is also known as thermal metamorphism, and its typical
products are rocks known as hornfels.

Regional metamorphism gives rise to large tracts of metamorphic rocks charac-
teristic of many mountain belts and ancient shield areas. Typically regional
metamorphism involves heating, burial to produce elevated pressures controlled
by the depth attained in the crust or mantle, and deformation to produce tectonic
fabrics. Burial metamorphism is a form of regional scale metamorphism that takes
place at low temperatures (< circa 250 °C) in the absence of appreciable deforma-
tion.

Dynamic metamorphism occurs in response to intense strain and hence is
usually of localized occurrence, notably in shear zones.

Hydrothermal metamorphism involves chemical reactions brought about by
circulating fluids and is often accompanied by a change in the chemical composi-
tion of the rock, known as metasomatism. The most widespread occurrence of
hydrothermal metamorphism is sea-floor metamorphism taking place at active
spreading centres. In contrast, much metamorphism involves little chemical
change except loss of volatiles, and is termed isochemical.

Impact metamorphism has no genetic relation to the other types and is brought
about by the impact of large, high-velocity meteorites on planetary surfaces. It
results from extreme shock effects and can produce dense minerals, normally
formed only at mantle depths, on the earth’s surface.

With the exception of the last, these categories are not entirely distinct. Instead
they grade into one another as a result of different processes acting together; for
example, intense strain can occur locally within a region undergoing regional
metamorphism. It is also possible for rocks within a broadly regional metamor-
phic belt to have been subjected to different types of metamorphism at different
times in their history.

Metamorphic rock names

The terminology of metamorphic rock names used here is that of Yardley (1989),
from which the following passage is taken:

There are four main criteria for naming metamorphic rocks:
. the nature of the parent material;

. the metamorphic mineralogy;

. the rock’s texture;

. any appropriate special name.
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Names indicating the nature of the parent material

These may be very general e.g. metasediment, or more specific e.g. marble. Such
names may be used as nouns with or without additional qualification e.g. diopside
marble, or as adjectives qualifying a textural name e.g. pelitic schist. Some of the
common names, and their adjectival forms are as follows:

Original material Metamorphic rock type
(nounfadjective)’
Argillaceous or clay-rich Pelite/pelitic
sediment
Arenaceous or sandy Psammite/psammitic  or
sediment quartzofeldspathic
(if appropriate)
Clay-sand mixture Semi-pelite
Quartz sand Quartzite
Marl Calc-silicate/calcareous
Limestone Marble
Basalt Metabasite/mafic
Ironstone Meta-ironstone/
ferruginous

* In addition, it is acceptable to prefix any igneous or sedimentary rock name by mefa- to
denote the metamorphic equivalent, as in the last two examples.

Metamorphic mineralogy

The names of particularly significant metamorphic minerals that may be present
are often used as qualifiers in the metamorphic rock names, e.g. garnet mica
schist, forsterite marble. There are two possible conventions here: the mineral
names may be given in order of abundance for the principal metamorphic miner-
als, to denote the modal mineralogy, e.g. garnet sillimanite schist; or the names of
particularly significant minerals can be given, which indicate specific conditions of
metamorphism, irrespective of their abundance, e.g. sillimanite muscovite schist.
The first convention might be more appropriate for a field geologist who wishes to
make stratigraphic correlations and can use the modal mineralogy as a rough
guide to rock composition. On the other hand a petrologist studying variations in
metamorphic grade will specify only those minerals that indicate particular condi-
tions of metamorphism. Some essentially monomineralic rocks are named for
their dominant mineral e.g. quartzite, serpentinite or hornblendite. A number of
other names referring to particular mineral associations are described under
Special names below.

The rock’s texture

Textural terms are very important for naming metamorphic rocks and indicate
whether or not oriented fabric elements are present to dominate the rock’s
appearance, and the scale on which they are developed. Although mineral pre-
ferred orientations are best developed in pelites and semi-pelites, they can form in
a wide range of rock types if deformation is sufficiently intense. In many regionally
metamorphosed rocks micas develop a preferred orientation, aligned perpen-
dicular to the maximum compression direction, giving rise to a planar fabric or
foliation. The names used for planar fabrics depend on the grain size and gross
appearance of the rock. Deformation and metamorphism of clay-bearing clastic
sediments give rise to the following sequence of rocks with characteristic fabrics,
in order of increasing grade of metamorphism:

Slate — a strongly cleaved rock in which the cleavage planes are pervasively
developed throughout the rock, due to orientation of very fine phyllosilicate
grains. The individual aligned grains are too small to be seen with the naked eye,
and the rock has a dull appearance on fresh surfaces.

Phyllite — similar to slate but the slightly coarser phyllosilicate grains are
sometimes discernible in hand specimen and give a silky appearance to cleaved
surfaces. Often, the cleavage surfaces are less perfectly planar than in slates.

Schist— characterized by parallel alignment of moderately coarse grains usually
clearly visible with the naked eye. This type of fabric is known as schistosity and
where deformation is fairly intense it may be developed by other minerals, such as
hornblende, as well as by phyllosilicates.

Ghneiss — gneisses are coarse, with a grain size of several millimetres, and
foliated (i.e. with some sort of planar fabric, such as schistosity or compositional
layering). English and North American usage emphasizes a tendency for different
minerals to segregate into layers parallel to the schistosity, known as gneissic
layering; typically quartz- and feldspar-rich layers segregate out from more
micaceous or mafic layers. European usage of gneiss is for coarse, mica-poor,
high grade rocks, irrespective of fabric. The term orthogneiss is used for gneisses
of igneous parentage, paragneiss for metasedimentary gneisses.
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In practice the boundaries between all these types are gradational.

Mpylonite — is a term used for fine-grained rocks produced in zones of intense
ductile deformation where pre-existing grains have been deformed and recrystal-
lized as finer grains.

Hornfels — contact metamorphism in the absence of deformation gives rise to a
random fabric of interlocking grains which produces a tough rock known as
hornfels.

Some metamorphic rocks, particularly those relatively poor in sheet silicates,
have textures that are not obviously schistose, even though the rocks are not
hornfelses. Winkler (1976) has proposed the term fels for such rocks, although it
has not been universally adopted. In the older literature the term granulite is used
for some such rocks, particularly psammites with an equigranular texture, but this
term is now reserved to denote particular physical conditions of metamorphism.

Textural names are usually used as nouns, qualified by adjectives indicating the
parent material or the present mineralogy (e.g. garnet schist, pelitic hornfels).

Special names

Special names are mercifully rare in metamorphic petrology and most that are
used are also descriptive. However, the mineral associations indicated by the
names carry implications for the conditions of metamorphism. Some of the
commonest are the following:

Greenschist — green foliated metabasite, usually composed predominantly of
chlorite, epidote and actinolite.

Blueschist — dark, lilac-grey foliated metabasite, owing its colour to the pres-
ence of abundant sodic amphibole, typically glaucophane or crossite: seldom
truly-blue in hand specimen.

Amphibolite — an essentially bimineralic dark green rock made up of horn-
blende and plagioclase. A wide range of minerals may occur as accessories, Most
amphibolites are metabasites (ortho-amphibolite) but some may be metamorph-
osed calcareous sediments (para-amphibolites).

Serpentinite — green, black or reddish rock composed predominantly of serpen-
tine. Formed by hydration of igneous or metamorphic peridotites (olivine-rich
ultrabasic rocks).

Eclogite — metabasite composed of garnet and omphacitic clinopyroxene with
no plagioclase feldspar. Common accessories include quartz, kyanite, amphi-
boles, zoisite, rutile or minor sulphides.

Granulite — rock characterized by both a texture of more or less equidimension-
al, straight sided (polygonal) grains for all mineral species, and a mineralog
indicative of very high temperature metamorphism, closely akin to the mineral-
ogy of calc-alkaline basic to moderately acid plutonic rocks (feldspar, pyroxene,
amphibole). The charnockite suite constitutes a distinct variety of K-feldspar and
hypersthene bearing granulites.

Migmatite —a mixed rock composed of a schistose or gneissose portion intimate-
ly mixed with veins of apparently igneous quartzo-feldspathic material (known as
leucosomes).

Textural terms

The textural terms used in the descriptions in this volume are introduced at the
beginning of Part 2.

Physical conditions of metamorphism: metamorphic facies

One of the most important goals of metamorphic petrology is to determine the
pressures (P) (and hence depths) and temperatures (1) at which particular rocks
formed. An account of this is entirely beyond the scope of this book and we deal
here only with those aspects which are essential to understanding the layout of the
main part of the book. 3

The appearance of particular metamorphic minerals depends on both the bulk
composition of the rock and the P-T conditions which it experienced. With
increased heating for example, pelitic schists develop a sequence of progressively
higher temperature assemblages of minerals. The metamorphic terrane can
therefore be divided into zones each characterized by a particular mineral or suite
of minerals. Rocks subjected to higher temperatures and pressure are said to be
higher grade than those subjected to less extreme conditions. Zone boundaries
represent a constant grade and so are known as isograds.

Different original rock types respond in different ways to the same conditions
of metamorphism according to their bulk composition, and some show far fewer




mineralogical changes than others. For this reason it is not usually possible to
trace zones defined by assemblages in one rock type through regions where tf
rock type is absent. To overcome this problem Eskola (1915) devised a scheme of
mare broadly defined metamorphic facies each cortesponding 1o regions of the
P-Tdiagra h may be di hed by the lages in any one of arange
of rock types. The of metabasites basis for
the facies classification.
The scheme of metamorphic facies used here is illustrated in Figure A
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Using this book

have divided this volume into two parts: in the first the primary aim is to
illustrate some important metamorphic mineral assemblages grouped according
to parental rock composition and P-T conditions of metamorphism; Part
cifically illustrates textures.
Part 1 is divided into sections according to parental rock type, corresponding in
part to chapters in Yardley (1989). Sequences of photomicrographs first illustrate
progressive metamorphic zones encountered in normal medium pressure meta-
morphism, followed by examples of unusually high temperature metamorphism
at intermediate pressures. After this, as appropr
pressure metamorphic sequences and higher pressure sequences,
Part 2 illustrates some basic textural terminology and then has sections illustrat-
ing deformational textures, reaction textures and timing relationships of de-
formation and porphyroblast growth. Inevitably there is consideratie overlap
between the two parts and we have provided cross referencing as apps
Thus, additional bxantples of many of the pelite sssemblages (rom Part 1 are
found in Part 2
g the brief descriptions to accompany the photographs we have
rity with optical mineralogy, but
we have provided sufficient details of the propertics of the more unusual mines
to-enable them to be identified. Where a mineral’s colour is given, s
colour in plane polarized light unless interference (or bircfringence) colour is
specified. The abbreviations PPL and X e used for plane polarized light and
cross polarized li Where it is necessary to indicate the location of
particular features this done using notional geograp :
north (N) is the top nl the photograph, etc. In addition, N-S features may be
referred o as vertical, and so on. Cross references in bold numerals refer to the
rock number: more rarely, where cross references are 1o page numbers, this is
ecified. For some rocks, a specific literature reference to a paper describing
them is given at the end of the caption. General references given elsewhere in the
text are listed at the end of the book.
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Part 1

Varieties of
metamorphic rocks
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Contact metamorphism Settings of metamorphism

Contact or thermal metamorphism occurs in the country rocks surround
igneous intrusion as a result of magmatic heating. The resulting metam
rocks comprise a metamorphic ound the intrusion or group of intru-
sions that provided the heat source, and often show concentric metamorphic
zanes

Most typically, contact
e rocks whose m

pattern because of t
magma emplac

morphism results in the production of hornfelses
have intergrown in a random interlocking
me aureoles
e country rocks
leading to the formation of contact metamorphic schists texturally similar to those
produced in regional metamorphism. Contact metamorphism can
of rock types, but most aureoles are developed in metasedimentary rock
with a previous history of regional metamorphism, usually at low to moderate
grades. However con morphism of sediments is common at high, sub
e s-existing |;_|u:\u\nxk\n|.\_ul
Tn this section we llustrate two clsic 4 mples of hornfels.
chlorite biotite hornfels (1) is typical of spotted siates. |mn1l|u‘d by thermal
metamorphism of slates around granitic plutons, while the peridotite horfels (2)
is & more unusual rock type which displays very graphically the way in which
ormed metamorphic minerals can grow to produce an interlocking tex-

1

Cordierite chlorite biotite
hornfels

Contact metamorphism

This rack shows elongate erystals of brown bic
finer grained, green, low bire
dom orientation typi

less nunun i
recoy
(sector) twinning is seen. The
phyroblasts comprises a fine-gra
muscovite, opaque grains and quartz

te and
chlorite in ra

Lacality \Mh!m\ mm-ulc'_ England. Magnification:
% 52, PPL and XPL.
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Metamorphic set

Peridotite hornfels

Contact metamorphism

rock, dlhmlgh its composition is unusual for a hornfels
It is composed predominantly of olivine and orthopy-
roxene, with the orthopyroxene forming
oriented prisms showing
birefringence, set in an o g
gent material replacing some ur[hnp\-lsuuu ¥
tale

This rock accurs in the aureole of a major batholith,
where it cuts a serpentinite body. The heat from the
intrusion has broken down serpe I more or less
restored the ori gy of the ultrama-
fic rock, albeit with a dist texture.

Locality: Mount Stuart, Northern Cascades, Washing-
ton, USA. Magnification: x 14, PPL and XPL

Department of Geology, Faculty of Science, Chulalongkorn University
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Regional metamorphism

Regional metamorphism is usually more extensive than contact metamorphism
and is not closely focused around a specific magmatic heat source; indeed no heat
source may be apparent. Typically, the growth of new metamorphic minerals in
regional metamorphism is accompanied by deformation and by the production of
tectonic mineral fabrics in response to strain.

Textural studies show that although metamorphic mineral growth broadly
accompanies deformation in regional metamorphism, in detail different deforma-
tion episodes may have occurred and mineral growth does not always correspond
with periods of deformation (p. 94).

Most metamorphic rocks have undergone predominantly regional metamorph-
ism, and there is a very wide range of conditions of pressure and temperature over
which regional metamorphism can occur. At the high temperature, low pressure
end of the spectrum of metamorphic facies, regional metamorphism is usually
closely associated with the emplacement of magmas; there is no fundamental
division between (i) regional metamorphism driven by magmatic heating from
multiple intrusions, so that there is no single focus, and (if) contact metamorph-
ism atsimilar pressures and temperatures localized in an aureole to a specific
intrusion. Regional metamorphism may also overprint earlier hydrothermal
metamorphism, notably in metavolcanic rocks.

Regional metamorphic rocks often contain zones of high strain, especially
along shear zones and faults, within which the rock texture is dominated by
deformational effects. In this case, regional metamorphism becomes transitional
to dynamic metamorphism.

Dynamic metamorphism

Dynamic metamorphism is dominated by deformation and recrystallization due to
strain, and is usually accompanied by a reduction in grain size. The name mylonite
is used for rocks that have undergone dynamic metamorphism, and mylonites are
usually of restricted occurrence within fault zones, including thrusts and shears.
However some shear zones can be several kilometres in width and extend for tens
or even hundreds of kilometres.

Dynamic metamorphism is a process that progressively affects pre-existing
metamorphic or igneous rocks, only destroying all trace of original fabrics if it is
very intense. Since ductile deformation processes are involved, temperatures are
likely to be in excess of about 300°C, and so truly unmetamorphosed sediments
are unlikely to be affected.

Different minerals respond in very different ways to deformation. In crustal
rocks containing quartz, it is the quartz that deforms most readily, forming
strained grains with undulose extinction, which then break down to a finer-
grained matrix of undeformed grains through the process of syntectonic recrystal-
lization. Minerals such as feldspar and garnet are relatively strong, and often
remain as relatively large relic grains, somewhat rounded by breaking-oft or
recrystallization of their edges and corners. These grains are known as porphyro-
clasts. Micas and other phyllosilicates readily recrystallize in mylonites and may
also be produced by hydration reactions due to infiltration of water into the zone
of deformation.

A range of siliceous mylonites are illustrated later in the book (84-88, pp.
90-94), the example shown here is more unusual, being a mylonite of ultrabasic
composition produced by deformation of peridotite under upper mantle condi-
tions. At high temperatures in olivine-rich rocks it is the olivine that deforms most
readily, while pyroxenes, garnet or spinel form porphyroclasts.

8
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Metamorphic settings

3

Garnet biotite schist

Regional and dynamic metamorphism

This highly deformed rock is composed of quartz and
muscovite with porphyrot garnet and biotite.

nd muscovites show remarkable

in addition the rock is segregated into mica-

rich and quartz-rich domains parallel to the schistosity.
Much of the apaque material here is graphite. Note that
s to wrap around the porphyroblasts
tion after they grew. Biotite porphyro-

rains have sutured bounds
extinction; they appear to have been
process of breaking down o finer grains during
tonic recrystallization.

“This sample was collected only a short distance from
the major Alpine Fault of New Zealand

Laocality; Franz Joseph Glacier, Westland, New Zealand.
Magnification: % 10, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic settings
4

Garnet staurolite schist/
biotite schist

Regional metamorphism with weak defarmation only

This low magnification view shows the contact between

g original beds, one of clay (pelite), the
other of sand (psammite). The pelite b
| posed of cuhedral porphyroblasts of s

matrix of biotite, muscovite and minor quartz and ilme-
nite. The assemblage of the pelite layer indicates
morphism, but the psammite

evidence of original

rich stripes within it
cross-stratification
the grain size of the origing © psam-

nevertheless

ite has probably changed relatively little, whereas the
original clay band is now much coarser.
Locality: Coos Canyon, Rangely Distic, Maine

ification: x 5, PPL

Peridotite mylonite

Dynamic metamorphism

This rock is a protomylonite of unusual composition.
Porphyrocla olivine and pyroxene (both clino-
and ortho-), and may have been markedly bent du
deformation, so that extinetion Yarics_considera
along the le

¥ ak up or re
contribute to the finer-grained matrix, it
the same minerals as occur as porphyroclasts. An ele
low birefringence orthopyrox
«centre of the field of view contains fine pa
t}ml are lamellae of clinoenstatite. This min
e, occurring only as the re:
:mhm.d polymarphic m.. on from enstatite.

present

and are also highly ddmmr:d

Locality: Premosello, Val ,mm;ff. Northern l1aly
(Ivrea Zone). Magnification: % 7, X|

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic settings

Sea-floor and hydrothermal metamorphism

Hydrothermal metamorphism can oceur in a wide range of settings but s ch
ized by the involvement of hotaufucous fluid which passes hiough the me
phosing rock and leads o changes in it chemical compos

d result in the formation of 8 monomineralic metasomatic rock in
which the abundances of many of the chemical clements in the rock have beer
changed
Although loc
intrusions and in
volumetrically are produced by

ized h}:ln\llwrmn\ metamorphism is common around igneous

Its, by far the me ortant occurrences
with newly-
morph-
ism is known as s ind s el
as on the present ocean floor. Ro rly history of sea-floor meta-
morphism may subsequently undergo regional metamory cond of
the ated has probably undergone a complex

of this type (7).

6

Sea-floor amphibolite

Sea-floor metamarphism

This sample D..l\ collected in a dredge haul from the
‘ocean floor. k

rained ophitic

e green
ase, with appreciable opaque ox-
I amounts of calcite are also present.

Locality: Peake Deep Area, Adantic Ocean. Magnifica-
fion: X 38, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO



Metamorphic settings

Epidosite

Hydrothermal metamorphism

This rock is a product of hydrothermal metamorphism

ied by extensive It is com-
posed predominantly of epidote, but minor green chlo-
ite and clear quartz crystals are visible in the PPL view
K i largement of part of the area show:
in PPL, and also contains minor quartz. The texture s
L appears to be a typical ophitic texture of basalt.
T both the clear yellow laths, corresponding to
plagioclase, and the intervening brown areas
(originally pyroxene or glass) are now epidote. Careful
inspection of the areas of uniform birefringence colour
in the XPL view shows that single epidote crystals pre-
sent now are coarser than the original grain size and have
a granoblastic texture. Hence clusters of adjacent laths
are now ghosts within a single epidote grain.

Locality: Claggan Bay, Achill Island, Ireland. Magni-
fication: x 22, PPL and x 45, XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic settings

Impact metamorphism

fmpaci metamorphisin has no genetic link with the other categories of meta-
nmlphl\m and affects rocks on the ¢ close to the site of impact of
la h-velocity meteorites. Such events are very rare on Earth and ancient
t sites have usually been extensively reworked by erosion and

The shock wave that passes out from the point of impact subjects rocks to
pressurcs normally only expericnced at manile depths for extremely short periods
of time, while the s leads to that may be
sufficiently hot to melt or even vapourize the rock. Shock effects dissipate
outwards from the site of impact and range from fracturing of rock and internal
deformation of grains to the production of high pressure mineral polymorphs
(such as the dense forms of $i0;, coesite and stishovite) or r

8

Impact metamorphic
rock

This sample illustrates
rocks produced b
meteorite impact site.
mentsof quartz, ekdsp

th s

range of features typical of

2 I coarse-grained
granite basement material, and soiis distinet from volca-
nic phenacrysts. Biotite in the lower right comner has
been distincly bent by the impact event

Locality: Ries Crater, Germany. Magnification: % 43,
PPL and XPL

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO



Metamorphism of pelitic rocks

Medium pressure metamorphism
The term Barravian metamorphism is one that is wi
speaking world to describe medium grade me place at
moderate pressures i.e. over a range of P-T conditions corresponding approx-
ely to a normal geothermal gradient in continental crust, The name derives
from the work of G M Barrow, in the late 19th century, on metamorphic zones in
the southern Highlands of Scotland (Barrow, 1893). Barrovian metamorphism
pans th range of the and amphibolite facies (Figure
at sufficiently high pressures, such that kyanite rather than andalusite is the
A138i05 polymorph to appear on heating

A similar pattern of metamorphism to that found by Barrow has been reparted
from many parts of the world and the pelite zon trated in the followi
section in order of increasing metamorphic grade. They include examples of both

st

lower and higher grade medium pressure metamorphism than those oceurring in
Barrow’s type area.

norphism of sedimentary rocks

9
Graphitic slate

Prehnite pumpellyite facies

This very fine-grained rock represents the lowest grad
of metamorphism. At an advanced stage of diagenesis.
the clay mincrals are dominantly chlorite and illite, and
with further metamorphism the illite itself becomes
coarser-gri nd recrystallizes to a phengitic mica
which s richer in Si and poorer in Al than pure musco-
vite and contains some Mg and Fe

This rock contains detrital grains of quartz and minor
alkali feldspar with a matrix of phengitic mica,
graphite and some chlorite.

The rock has been intensely deformed producing a
pervasive slaty cleavage and at the same time, origi
fine scale bedding has been d
mented silty layers r
er regions in a darker pelitic matrix. Note that the slaty
cleavage cuts across contacts between the bed types and
is itself cut by two late-stage veinlets.

Locality: Routeburn Track, South Island, New Zealand.
Magnification: x 12, PPL.

Department of Geology, Faculty of Science, Chulalongkorn University
0OSK_GEO




Metamorphased sedimentary rocks

0
Chlorite muscovite albite
schist

-:l:lc;mezonv

Greenschist facies
{Additional example: 83}

This rock is from the chlorite zone of the Dalradian of
the British [sles. The chlorite-muscovite intergrowths
can be well seen in the higher magnification photo-
graphs; the pale green colouration of the muscovite is
the result of an appreciable phengite content. The col-
ourless minerals are quartz and albite, the latter forming
distinct porphyroblasts sometimes simply twinned as
rals visible in the high

small zircon (within
the albite at its upper edge). Flaws in the section appear
nurrllf.lrhlgh relief areasin the upper right quadrant of

both th fabrics, and (IlLrLlun g

¢ post-tectonically.

Locality: Cloghniore, southeast Achill Island, Ireland.
Maguificaiion: % 14, XPL; and x 30, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

Biotite chlorite
muscovite schist

‘Greenschist facies - biotite zone
{Additicnal example: 92}

The bright interference colours in this rock are mainly
due to the high proportion of muscovite which is pre-
sent. The biotite and chiorite can b

en readily in the
t are dominated by
c le

d)
brown appearance in PPL and there is a
tage of opaque grains.
The small scale folding of the original schistosity in
which the platy mineral ed has produced a
crenulation cles 1

Locality: northwest Mayo, Ireland. Magnification: % 27,
PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

12

Microcline epidote mica
schist

Greenschist facies - biotite zone

en
dightly lower grade t
feldspar, and this reactio
chilorite in this rock

The high RI mineral showing bright interference
colours is epidote; a small grain is present next to the
upper edge. half-way along it

ounts for the

Locality: northwest Mayo, Ireland. Magnification: % 20,
PPL and XPL.



Metamorphosed sedimentary rocks

13

Chloritoid slate

Greenschist facies — biotite zone

A fine-grained slate containing randomly oriented
hloritoid porphyroblasts, which in this specimen are

ese-rich and have the variety name ottrelite. The
-grained groundmass of the rock consists of chlorite,
. quartz and hematite. Note that fine scale
ng iswell preserved, cut ablique
spite the fact that the chloritoid is of

2 of the original lamina
ystals are so full of inclu-
sions that they appear almost opaque. The hour glass
structure is not uncommon in chloritoid.

]

ye
de:

Locality: South of Vielsalm station, Ardennes, Belgium.
Magnification: x 20, XPL.

14

Garnet chlorite biotite
schist

Greenschist facies — garnet zone
{Additional examples: 82, 89,91,99]

The diagnostic garnct zone pelite assemblage of garnet
+ biotite + chlorite + muscovite + quartz is well dis-
played in this sample. The rock has a markedly porphy-
roblastic texture with very large (<1 cm) euhedral or
subhedral garnet grains in a fine matrix. Biotite is also
e h finer-g d than garnet.

Chlorite and muscovite occur with quartz in the mat-
and define a complex fabric formed over at least two
stages of deformation which apparently pre-dated the
peak metamorphic temperatures at which biotite and
gamet grew.

Locality: Bridgewater Corners

g s, Vermont, USA. Magni-
fication: x 18, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO
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Garnet chloritoid schist

Greenschist facies - garnet zone

The mineral assemblage scen here is typical of highly
aluminous pelites in th zone of Barrovian type
metamorphism. Note that biotite is absent in most such
chloritoid schists.

Chloritoid is recognized by its green absorption col-
ours and high relief. Different grains show three distinct
d ;m palest, straw colour is very simils

llustrated by the two PPL
gh

between the two green minerals. Only one garnet is
shown, just below the centre of the field. The other
minerals present are muscovite, quartz and albite.

Locality: Ebeneck, 6 km northwest of Mallnitz, Kirnten,
Ausiria. Magnification: x 22, PPL, PPL and XPL.

Metamorphosed sedimentary rocks

Department of Geology, Faculty of Science, Chulalongkorn University

0SK_GEO



Metamorphosed

limentary rocks

1%

Staurolite schist

Amphibolite facies - staurolite zane
(Additional examples: 90, 94, 95, 97)

This rock contains poikiloblasts of high relicf staurolite
which display more marked yellow pleochraism than is
usual. The largest paikiloblasts are of plagioclase (e.g
ar mid-point of lower edge); other minerals pr
are muscovite, quartz, green biotite and an opaque
ion is slightly thick and in consequence

have a yellowish tinge to their interfer-

qu :
ence colour
The schistosity in this rock is defined by both musco-
vite and the opaque grains, and is seen in the lower
cormer to pass continuously into the inclusion trails with-
in plagioclase, without disruption. Note that the quartz
c are very fine, whereas the

i sions within stauroli
. evidently there was exten-

5

quartz is very coan
sive recrystallization of quantz after stauralite grew.

Locality: Connecticur, USA (pre

Magnification: x 7, PPL and XPL.

locality unknown)

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

17

Garnet staurolite kyanite
gneiss

Amphibolite facies - kyanite zane

The upper part of the larger field of view is

occupied by porphyrobla

of chlorite, perhaps resulting from re
along a crack. Although much of the matrix is coarse
decussate muscovite, there is some retrograde chlorite
and the porphyroblast is flanked on its upper margin by
plagioc

nee of parallel intergrowths of staurolite
yanite is noted in most mineralogical texts and
results from the similarity of parts of their structures.
Nevertheless it is not very frequently observed

Locality: Zion Hill, Ox Mouniains, Co Sligo, Ireland.
Magnification: % 7, XPL; and % 20 PPL and XPL

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO




Metamorphosed sedimentary rocks

18

Kyanite biotite graphite
schist

Amphibolite facies - kyanite zone

Twa porphyroblasts of kyanite are shown in this view,
one of them is simply twinned and both of them are
ed by a retrograde shimmer aggregate of fine
- The groundmass of the rock is mainly biatite,
« graphite and quartz with rare crystals of tour-

e

The dominant, diagonal mica foliation may itself have
been produced by erenulation of an earlier fal
Graphite in the lower left quadrant picks out numero
microfolds to which the dominant foliation is axial
planar.

Locality: Chiwaukum schist, Stevens Pass, Northern
Cascades, Washington, USA. Magnification: % 9, PPL
and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks
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Sillimanite staurolite
schist

Amphibalite facies - :il\lmlm!e zone
(Additional examples: 96, 1

"
The field of view shown in the lower magnification <
photographs reveals that the main mine; s
a e, biotite, plagioclase and qu
isly zoned grains of tourmaline are also visible
ERir i middle of the upper and right-hand edges
(green cores, yellow rims), and there are some corroded
n original garnet porphy)
clouded as to appear nearly opaque in PPL.
The garnet remnants are mantled by biotite which is
intergrown with, and partially replaced by, fibrolitic
silli msle seen more clear
ew (some small air bubbles in the lower
right part sv(llu slide should not be confused with miner-
als). The replacement of garnet in this way leads ulti-
mately to the development of sillimanite pseudomorphs &
ifter garnet (see 100) as a result of a complex ionic
reaction cycle.

Localicy: Cur Hill, Connemara, Ireland. Mag
% 20, PPL and XPL; and % 56, PPL

Department of Geology, Faculty of Science, Chulalongkorn University
O0SK_GEO




High temperature metamorphism

In some parts of the world, for example the Appalachiz ortheast USA,
the Barrovian sillimanite zone is succeeded by progressively higher grade zones.
The first evidence for this is the breakdown of muscovite + quartz — K-feldspar
+ sillimanite + fluid, and the apy ance of migmatite leucosomes of broadly
‘The transition from the upper amphibolite facies to the
granulite facies is marked by the coexistence of the four phases ga + cordier-
II\. + K-feldspar + sillima mm: Wh:lc m SOME arcas extensive
loped under sewhere signifit
restricted to the granuli s, I'hcsc contrasting styles of high temperature
metamorphism are probably controlled by the a bility of water. Ina few parts
pelites has taken place
h i of

Sillimanite K-feldspar
biotite schist

Amphibolite facies — sillimanite K-feldspar zone
{Additional example: 84)

This assemblage is
which the temper;
muscovite 1o react with quartz to produce
any i

nite

ake it possible to distinguish the K- m.l-.lw
y from untwinned plagioclase or quartz the section
has been stained with sc baltinitrite solution
after being etched with b

In the lower part of the PPL vie
tained K-feldspar

o
© part of the field of Siew e necdles of fbrolic
sillimanite are easily seen intergrown with quartz and
biotite. A few muscovite crystals are probably of retro-
grade origin rather than relics from lower grade. The
segregation of the fibrolitic sillimanite and K-feldspar
into separate dor although a common phenom-
enon at this grade, is not well understood.

In many terranes, melting precedes or accomp
muscovite breakdown. The absence of m
tures in this rock reflects rather low pressures of meta-
morphism

ies

Locality: Mauwmeen, Connemara, Ireland. Magnifica:
tion: x 27, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks
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Garnet cordierite
plagioclase sillimanite
gneiss

Amphibolite facies - sillimanite K-feldspar zone

d we can also include biotite and quartz.
i eadily identified, while the

replaced by
Plagioc
adrant), but still displays multiple twinning.

of garnet, cordierite and sillimanite
without K-feldspar is diagnostic of low to medium press-
ure metapelites in the uppermost part of the amphibolite
facies. This rock is the schistose portion of a migmatite
and is enriched in aluminou

(i.e. itis a restite). It is typi s
been extensive melting under upper amphibolite, as
apposed to granulite, facies conditions.

on

Locality: Lake Nahasicam, Connemara, lreland. Magni-
fication: = 13, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Garnet cordierite
K-feldspar gneiss

Granulite facies
(Additional example: 101)

This rock consists mainly of microcline-perthite and

ations of garnet, cordierite and a
amount of biotite and iron ore. The cordicrite can
zed by the very characteristic alteration to
yellowish pinite v in the upper partof the PPL view.
The XPL view at b
upper left quadrant of the Tower power view) displays
the isotropic veins and crack fillings replacing low bi-
ite which are very characteristic of

The clear miners il speckled with inclusions in this rock
is quartz, whereas the microperthite is free from tiny
inclusions

The assemblage of this rock is typical of lower granu
lite facies pelitic migmatites

Locality: Kakola, Turku, Finland. Magnification: » 9,
PPL and XPL; and x 25, XPL

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO



Metamorphosed sedimentary rocks

Migmatitic gneiss

Granulite facies

nulite facies migmatitic rock consistin

d an opaque oxide mineral alter
¢ K-feldspar plagic

L e
and quartz
The higher ma

fication view is taken from the ¢
er view uhl the
al

occur as rims around iron ore
the higher powered view, n
k green spinel occurs in
osome is composed mainly ¢
ut between this and the melanosome is a rim
se isolating the quartz from the spinel - the
leucosome is likely to represent partially melted Si-rich
with the restite portion deficient in granitic
components

Locality: Kodaikanal, Southern India. Magnification.
X 7, XPL; and x 22, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

24

Garnet cordierite spinel
quartz gneiss

Granulite facies

These photographs show a fairly coarse-grained rock in
which garnet and a dark green (nearly opague) spinel
can be readily distinguished. The colourless minerals are
microperthitic K-feldspar, plag cordierite and
quartz. The cordierite is weakly clondy in this rock due
to myriads of small inclusions. A number of quartz crys-
tals are in the extinction position and these have cracks
filled with a micaceous min Plagioclase displays

ltiple twinning, but no good examples of K-feldspar
dsible in this view

na
the quartz. This e
centre of the lower power araph in which the
dierite rim shows up in the XPL view as a white border to
pinel crystals.

Two biotite crystals can be scen within the garnet
these are the only hydrous min nd h
perhaps only been preserved under extremely hig]
temperature conditions because they were armoured by
the garnet.

Locality: 5 ki west of Fort Dauphin, South M
Magnification: x 16, PPL and XPL; and x 43

Department of Geology, Faculty of Science, Chulalongkorn University

0SK_GEO



Metamorphosed sedimentary rocks

E-)

Sapphirine granulite

Granulite facies

The main minerals present in this rock are antipert
feldspar (not seen here), quartz and skeletal high relief
sapphirine. Near the top of the field of view some
arthopyroxene crystals showing first- to second-order
interference m\:-un occur as nims around mw’hmnk

es. At lower temperature
¢ orthopyroxene + sillima-
e o tat the c\rlh(m\ roxene may have formed by a
retrogressive reaction.

age is probably the highest temperaiure
assemblage formed on a regional scale in metasedi-
ments, It requires temperatures in excess of 850°C, and
possibly around 1000°C (see afso 101).

Locality: Enderby Land, Antarctica. Magnification
X 72, PPL and XP

Reference: Harley S L 1983 In Oliver R L, Jumes P R,
Jaga ] B (eds.) Antarctic Earth Sci
University Press, pp. 25

Cambridge

26
Sapphirine cordierite
biotite gneiss

Granulite facies

This rock consists mainly of these three minerals. The
Keletal sapphirine is intergrown with cordierite, which
ntified as plagioclase since it shows
lamellar twinning and lacks some of its distinctive char-
acteristics, such as pleochroic haloes or alteration to
pinite.

A number of moderate relief

ins are of apatite.

Locality: Europe claim, Beitbridge, Zimbabwe. Magni-
fication: x 20,
Reference: Droop GTR 1989 Journal of Metamorphic
Geology 7: 38

Department of Geology, Faculty of Science, Chulalongkorn University
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Effect of pressure variation on pelite assemblages
Low pressure metanorphism

In the lower pressure parts of the greenschist and amphibolite facies,
schists and hornfelses develop andalusite rather than kyanite, whilc garnet be-
comes rare or absent and cordierite appears at progressively lower temperatures
witha drop in pressure. At the lowest pressures. biotite hornfel ucceeded
by spotted hornfeises containing paikilablastic cordierite (see 1) while andalusite
appears subsequently at higher grade. A number of examples of very high
temperature metamorphism of pelite at near-surface pressures have been
seribed from the vicinity of basaltic complexes. Here, wholesale melting of pel
especially in xenoliths, may take pl

pelitic

27
Andalusite (chiastolite)
hornfels

Homnblende hornfels facies
(Additional examples: 1, 106)

Two porphyroblasts of andalusite (variety chiastolite)
are shown in this view and cach has a rim of shimmer
aggregate (probably muscovite). The andalusites are
characterized by a pattern of graphite inclusions which
has been compared to a Maltese cross. In some examples
crystals of andalusite
ced by fine micas, the

nerally the centres of

we find that although the origi
may have been completely repl
patte

of inclusions remains. €
rystals are full of inclusions; in some cases, how-

cross may be free of the
al slaty fab-
rie and grain size is still apparent in the groundmass,
which contains quartz, chlorite, biotite, muscovite and
graphite.

Lacality: Evans Lake aureole, Okanogan Co, Washing-
ton, USA. Magnification: x 14, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

28
Cordierite andalusite
hornfels (spotted slate)

Hornblende hornfels facies.

This rock display
spotted slate
spots than in many other examples). The spots are com-
posed of two minerals »

in the PPL view

ntre of the
Some of the
corderits \ry\l.‘l‘. show sector twi the crystal
abowe the centre of the ficld shows two sectors which are
almost black and two are dark grey.

The presence of andalusite and absence of chlorite
shows that this rock represents a higher metamorphi
grade than sample 1, from the same aureole, but what
remains of the muscovite-rich matrix is nonetheless still
fine-graimed.

Locality: Skiddaw aureole, England. Magnification:
* 20, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks
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Andalusite biotite schist

Hornblende hornfels facies

Large poil i ina s
compased mainly of greenish-brown biotite, muscovite
and quartz in this low pressure regionally metamor-
phosed rock

The inclusions within the andalusites are distinctly
finer-grained than the rock matrix and in some cases
(e.g. in the lower right comer) define a N-$ fabric that is
at a high angle to the dominant E-W schistosity. Tn detail,
it can be seen in the central and upper parts of the field of
view that the E-W fabric is a crenulation schistosity
produced by refolding of the early N-S foliation. This
process has been accompanied by segregation into
phyllosilicate-rich and quartz-rich bands. A final phase
of deformation has produced kinks in the E-W schistos-
ity near the upper edge of the field of view.

Locality: Black Water River, 1.5 km southwest of
Bridgend, Grampian Region, Scotland. Magnification:
x 8, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphesed sedimentary rocks

Andalusite staurolite
schist

Hornblende hornfels facies

This rack consists of large poikiloblasts of andalusite
with staurolite in a groundmass of biotite, with finer-
grained muscovite and quartz. There is no clear evi-
dence of any feldspar.

The poikiloblasts of staurolite are much smaller than
those of andalusite and appear very dark in the PPL
photograph. Just to the left-of-centre of the field of view
s a poikiloblast that has been almost completely re-
placed by pale yellow pinite and may have been of
cordierite originall

Although described as a schist because the general
mass of the rock has a schistose structure, the schistosity
is not well defined in thin section

Locality: Whitehills, near Banff, Scotland. Magnifica-
dion: X 8, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks
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Andalusite cordierite
K-feldspar hornfels

Pyroxene hornfels facies

Biotite
Minor mus

The associatic
from breakdown of
pressures where and
stable

Locality: aurcole of Ben Nevis granite Scotard, Mogni
fication: % 26, PPL and XPL; and % 52, X



Metamorphosed sedimentary rocks

2

Cordierite plagioclase
corundum spinel
hornfels

Sanidinite facias

This is a very fir
sparse small high
ringence colours
which appear opaque in the low power

ew are in fact
s visible in the
e poikiloblas-
shout. Between
left of the low

alkali

i cordierite but i 1 fficult to esamate the
proportions of these two minerals.

This rock comes from an ultrametamorphosed xeno-
lith. The high content of Al-rich minerals shows that it
was formerly of pelitic composition, but high tempera-
tures have destroyed all hydrous phases and it has been
depleted in silica and alkalis by melting.

Locality: Invergeldie Burn, Glen Lednock, Comrie,
Seotland. Magnification: % 8, PPL and XPL; and x 34,

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

33

Buchite

Sanidinite facies

This name origi denoted
fusion of sanq by an i
extended to include fused a

ssy rock formed by

nerals present are orthopy
roxene and possibly needles of mullite

[«c lity: Cushendall, Co A
Magnification: x 52, PPL a

im, Northern Ireland.

3

Buchite

Sanidinite facies

This is another example of v rock formed by

this view all cr
ated by plagioct
and I\I\”Ih B

stinguish
ne and the minute needles in
sss are mullite. The opaque
ite and magnetite.

phases are ilm,

Locality: near Cushendall, Co Antrim, Northern Ire
PL

land. Magnification: x 34

Department of Geolo Faculty of Science, Chulalo orn University
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Carpholite chloritoid
schist

Blueschist facies

This is a rather fine
laceous rock within a T

raines

morphosed argil-
c limestone series. The
h campholite (about 70%
d, phen,
and small amounts of chlorite and quartz.
The distinctive mineral indicative of unusually low
temperature and high pressure metamorphism is the
This occurs as bundles of near-
e relief (similar to th
ire cut parallel o the
¥ nee
centre of the field of view). Oblique

minerals it contains are Mg-ri

Mg-Fe carpholite

colours (as at th

and basal sections tend to be lozenge shaped and show
bright first-order hirefringence colol
second-order blue.

ranging up to
The smaller rad tes of
v RI than the carpholite are of
chloritoid. The rock n minantly of phengite
with lesser amounts of calcite and quartz.

Locality: Western Vanaise, Dent de la Portetia, Western
Alps. Magnification: ¥ 27, PPL and XPL
Reference: Goffe B, Velde B 1984 Earth and Planetary
Science Letters 68: 351600,

Goffe B 1980 Bulietin de Minéralogic 13: 297

302.

High pressure meta
The effects of high pm-.um on pelite assemblages have been less well known
until recent years, because the peli
S sedimentary environments th:
. notably in the European Alps, has however ide
distinct high pressure minerals and mineral assemblages
occurrence of carpholite (35) and the
or, at higher temperature, kyanite (36).
details of the metamorphic assemblage and reactions of pelitic schists
are given in Yardley (1989, Chapter 3)

e r
These include the
of tale with phengite muscovi,

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphased sedimentary rocks

Talc kyanite schist
(whiteschist)

Eclogite facies

“This view shows an elongated crystal of kyanite and at
:Iul view are two other kyanite

field of view, aml\hu\vmg bright second- nrdcr mlcricr-
ence colours, is tale; this cannot easily be distinguished
from muscovite in thin section. The rest of the field of
view is made up mainly of quartz

The mhlugt of tale-kyanit n indicator of high
of. tzit reverts to
icrite at higher temperatures and lower pressure.
he name whiteschist was adopted by W Schreyer to
describe the facies of rocks formed under conditions
where tale + kyanite are stable.

cality: Sar e Sang, Afghanistan. Magnification: % 20,
PPL and XPL
Reference: Kulke H, Schreyer W 1973 Earth and Planet-
ary Science Letters 18: 824-8




Metamorphosed sedimentary rocks

Pyrope kyanite talc
phengite schist with
coesite

Eclogite facies

ag in size from 0.2 to 25 em in d
phs arc of onc of the garnets s

tal. . phengite and quartz. Inclusions in the
garnet are mostly kyanite and quartz, but the large low
relief quartz inclusions contain highrelief remnants of its
denser polymorph coesite. The quartz in these inclu
sions a is characteristic
of pseudomorphs after cc acks in the gar-
net around these inclu en caused by the
large. volume increase on inversion of the coesite to
quartz and this may have happencd at relatively low
temperature during uplift.

Locality: Dora Maira massif, Western Alps. Magnifica-

tion: % 25, PPL and XPL

Chopin C 1984 Contributions 1o Mineralogy
y 86: 107-18

Refer
and Petrolog

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

K-feldspar kyanite
granulite

Granulite facies

Thisrock is 3 mylontized and recrysalized granuiie.
s sl so that kyani

net, biotite, perthitic K-feldspar and quartz
of-cer
clast cor
while its 5 y
perthitic K-feldspar. The quartz is largely
The presence of K-feldspar together with kyanite isan
indication of the breakdown of muscovite with quartz in
the kyanite stability field (cf. 20, 31). The fac
on rounded and corroded kyanite and garnet
te to break down as it recrystallized
the mylonitization is a later,
nt, after the peak of metamorphism

temperature e

Locality: Sltishwood, Co Sligo. Ireland. Magnification:
PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphism of tuffs, greywackes and cherts

The lithologies illustrated in this chapter are largely absent from the met
rocks of the Caledonian-Appalachian belt in which many
arried out, but proy g be valuable metamorphic indicators in very low
rphic belts. Indeed the zeolite facies was first
1by DS C m\mh\[Wth the basis of the assemblages in metagreywackes
from New

morphic
classic studies

It at very low
contain highly reactive fragments of glass and igneous
at least initially, the porosity of a sandstone. Hence the
igneous materi Al 1o produce low temper
zeolite minerals, At higher temperatures, assemblages are probably very similar
o those \slmhumunmnphmu\ igneous rocks of comparable composition:
their unique reactivity tha ® es I

Cherts (44 46] and wrmmm\u (47-48) AI:\\\L\\ an even

and ges than While all cherts ¥

tion, rich in silica, som kl.l\g high levels of Fe (44, 45) while others are Mn-rich
(46) and develop minerals close to the Mn end-members of Fe-Mn solid solu-
tions

Laumontite
metagreywacke

Zeolite facies

This rock ha
morphism 2 ;\ ‘most ul its Ll.
features are still visible. [t must have originally

ined for optical determination. In PPL the
agments are of qua

ﬂM\p ar has been partly replaced by Iz
lower left quadrant on
fouded felds
line laumontite at i

Laumontite is dist
being biaxial negative

aced by clear polycrystal-
lower left corner.

guished from other zeolites by
and having a low optic axial angle.

Locality: Jurassic sediments, near Ship Cove, Hokonui
Hills, New Zealand. Magnification: x 72, PPL and

Reference: Boles 1 R, Coombs D S I
Society of America Bulletin 86: 163-73

7S Geological

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

40

Heulandite meta-tuff

Zealite facies

In addition to crystalline particles, this tuff originally
contained abundant glass shards, Angular fr
both individual feldspa
canic rock (seen at the lef
altered. However the fine-gr
replaced by
shards are outlined by rims of chlorite. The interior
portions of the shards are replaced by fi
zeolite heulandite. Secondary ca

re almost un-
s is partly

he absence of deformation is typical of rocks sub-
d to burial metamorphism

Locaiity: North Range, South Isiand, New Zealand.
Magnification: x 53, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

Jadeite glaucophane
metagreywacke

Blueschist facies

“This rock, originally

greywacke, was metamorphosed
laucophane assemblage and is
now weakly foliated. One glaucophane crysts

apparent from its blue colour, oceurs above the centre of
the field of view, but most of the other high rel

ial s jadeite, forming 20-30% of the rack. It occ
glaucophane as bundles of radiating crystals, and has
low birefringence. Much of the rest of the rock is quartz,
including relic detrital grains, and there is minor phen-
gite

Locality: Panoche Pass, California, USA. Magnifica-
tion: % za PPL and XPL.

Refere st W G 1965 Geological Society of Amer-
ica Blein 76: 37‘1 914

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphased sedimentary rocks

a2

Pumpellyite actinolite
schist

Prehnite pumpellyite facies

rained rock a

This is an extremely fi id mineral iden-

nor epidote
ty are of coarser
red and blue

of pumpellyite.

Locality: south of lookout, Baronet's Bluff, west of
Queens ew Zealand, Magnification: X 72, PPL.
and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

3
Stilpnomelane
metagreywacke

Prehnite pumpellyite facies

grained rock containing muscovite,
epidote mi quartz and albite,
nt of tourn The major minerals

ir relief
of the low
e

powered view
tourmaline (v

R reen
ble at high power only. with difficulty).

ke Huwea, New Zealand. Magnification:
wd XPL; and % 72, PPL

Locality:
X i2, PPL

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

44

Stilpnomelane schist

Greenschist facies
(Additional example: 98)

This is a rock rich in green ferrostilpnomelane, with
chlorite, epidote, muscovite, quartz and garnet. The low
power view shows a fold outlined by a band of opaque
minerals and chlorite, enelosing a quartz-rich part of the
en from the
w and show the

apparen
Iy spessartine g
some are of epidote.
Green, ferrous iron bearing ferrostilpnomelane is the
ble form of stilpnomelane under metamorphic cond
i hers to brown ferristilpnor
lane once close to the surface

1 =
However not all are isot

Locality: Queenstown
% 10, XPL; and x 53,

New Zealand. Magnification
PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphased sedimentary rocks
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Riebeckite aegirine-
augite metachert

Blueschist facies

This quartz-rich rock contains several distinctive me
morphic minerals setina ix of deformed and synte

tonically recrystallized quartz, with phengitic musco-
ite.

Sodic amphibole occurs as large, zoned grains \th

deep blue in suitably oriented grains.
finer grained, pale green and of high rel
near the centre of the XPL field of view where its hnw
bireringence colours, closcly comps
are distinctive. Spess
but the u-u}. the fine grain size b
niferous garnets in metacherts. A single
g te relief apatite occurs in the centre of
the upper part of the field of view

Locality: Bizan, Tokushima Prefecture, Japan. Magni-
fication: % 50, PPL and XPL

R ez Mivashiro A, fwasaki M 1957 Journal of the
al Saciety of Japan 63: 698-703

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

46
Piemontite metachert

Blueschist facies

ch but Fe-poor cherts are widespread in circum-

metamorphic belts as well as in the Alps, Cyc-

d elsewhere, and may provide useful o

of metamorphic grade in otherwise monotonous se-
e

tite, the mangane Pink colourations are com-
mon amongst manganese minerals, but in piemontite
the pleochroism is particularly marked in shades of red,
pink and yellow. The matrix is of quartz and phengite.

Locality: Karystos, South Evia, Greece. Magnification:
x 65, PPI

47
Minnesotaite grunerite
meta-ironstone

Greenschist facies

This rock was originally a ferruginaus chert which
srade regional metamorphism followed
by contact metamorphism. Over most of the field of
is composed of magnetite. quartz and
gates of fibrous minnesotaite, the Fe
end-member of tale. Note the more conspicuous relief of
the minnesotaite fibres where they extend out
quartz. In the upper right quadrant few coarse
grains of colourless, brightly bircfringent grunerite.
Minor carbonate oceurs near grunerite and to the left of
the field of view. It is best seen in crossed polars and is
probably siderite.

Locality: Erie Mine, Mesabi Rar
Magnification: % 25, PPL and XPL.

Reference: French BM 1968 Minnesota Geological Sur-
vey Bulletin 45

Minnesota, USA

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

48
Grunerite magnetite
quartzite

Amphibolite facies

superimposed
ment of the iron minerals
The enlarged view has been

magnetite and grunerite
taken from a small area on the lower edge of the left side

of the fi

d of view and the mult
eristic of grunerite,
onstituent of the roc
originally a chert. It is from a Precambrian
Rarded iron formation

Locality: Dwala Ranch, Gwanda Disirict, southern /ma
babwe. Magnification: % 12, PPL; and % 34, XPi

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks

Metamorphism of marbles and calc-silicate rocks

Both these rock types are distinguished by the presence of Ca-rich minerals
including Ca—Mg silicates whose compositions are rich in Mg relative to Fe.
Marbles contain abundant carbonate (usually calcite and less commonly dolo-
mite; rarely other carbonate minerals may be important), whereas in calc-silicates
the carbonate is subordinate and may be absent. The distinction between the two
rock types is however a gradational one. Many calc-silicates result from meta-
morphism of impure calcareous sediments such as marls, however others are
probably of metasomatic origin, formed by interactions between original thin
limestone layers and adjacent pelite.

Calcite limestones with quartz sand as the principal impurity react little during
metamorphism unless there are extreme conditions of pressure (calcite is re-
placed by aragonite) or temperature (wollastonite may form if the pressure is also
low). However extensive textural changes take place during metamorphism of
marbles even where no mineralogical reaction takes place. Many limestones are
dolomitic however, and they are much more reactive during metamorphism in the
presence of silica. At low grades, talc appears in dolomitic marbles, and is
progressively succeeded by tremolite, diopside and diopside + forsterite. The
conditions at which such reactions take place are however strongly dependent on
the composition of the fluid phase present (Yardley, 1989; Chapter 5).

Cale-silicates are very much more variable in their mineralogy, and common
phases include actinalite, hornblende, biotite, plagioclase, diopside, microcline,
epidote/clinozoisite, zoisite, garnet and sphene. Fluid composition plays a very
important role in determining which minerals are developed, in addition to
temperature and pressure.

50
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Talc marble

Greenschist faci
{Addhiana examples: 93, 105]

two distinet types of carbonate texture in this
ed granoblastic palygonal carbonate in

where, Talc displays typical sccond-ordéc urnngmm
colours, dominantly yellow, and is locally intergrown
withealcite. The low relief, low birefringence material in
the upper right is albite.

Locality: Campolungo Pass, Ticino, Switzerland. Mag-
nification: x 9, PPL and XPL.

Metamorphosed sedimentary rocks
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50
Tremolite marble

Amphibolite facies

The main minerals in this rock are calcite, dolomite and
tremolite. The tremolite is idel by first- and
second-order interfere: d by diamond or
he section is slightly thinner

agonal whereas
lamellae lie parallel to the short
al of the diamond made by the rhombohedral
cleavages.

Locality: Gastacher Wande, east side Dorfertal, Ost-
Tiral, Ausiria. Magnification: % 11, PPL and XPL; and
x 16, XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Diopside phlogopite
marble

Amphibolite facies

his is a oliated marble with a fabric defined by aligned
plates of brown phlogoy ating carbonate
and silicate layers. The carbonate mineral is calcite
Diopside forms rounded grains which, in this anom;
lously thin scction, cxhibit mostly first-order
fringence colours. Higher relief clear clinozoisite is also
present and oceurs as skeletal grains, as in the low
right corner. Some grains show. anomalous blue bi
fringence. Low relief and birefringence material includes
both quartz and plagioclase feldspar. There is a small
amount of accessory sphene.

Location: 8 knt south of Majavatn, Nordland-Trondelag
border, Norway. Magnification: % 14, PPL and XPL

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed sedimentary rocks
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Clinohumite forsterite
spinel marble

Pyroxene hornfels facies

Pale yellow clinohumite crystals can be seen clearly in
the centre of the field of view. Between two yellow
crystals, the small high relief crystals are of spinel and a
high concentration of spinel crystals also appears at the
bottom left of the field. Both calcite and dolomite are
present in this rock and can be difficult to distinguish in
the PPL phatograph from forsterite. The birefringence
of the olivine does however make it clearly visible in
XPL and a number of crystals are visible in the lower
right quadrant,

Locality: aureole of Bergell tonalite, Val Sissone, north-
(ern ltaly. Magnification: X 20, PPL and XPL.

Faculty of Science, Chulalo orn University

K_GEO
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Scapolite marble

‘Amphibolite facies

Like many calc-schists this one has an extremely com-
plex assemblage. Sphene is readily apparent in PPL
fromits high rul\cf.md]uf,«.ngwhw , while hornblende

scapolite is distinguished from diopside by lower
relief and alteration rims of plagioclase. It oceurs in the
centre of the field of vic hown in more detail in
the hi mage. displays char-
actristic anomalous blue birefringence, and is present
near the centre of the lower edge of the low power view.
Calcite is a common constituent of the matrix, but low
birefringence clear quartz and weakly clouded micro-

i so common. Microcline is well developed in
the upper left corner.

Locality: Deeside limestone, Ord, Banchory, Aberdeen-
shire, Scotland. Mrrprlfrlrmun x 16, PPL and XPL;
and x 43, XPL

Department of Geology, Faculty of Science, Chulalongkorn University
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Wollastonite diopside
grossular calc-silicate
rock

Hornblende hornfels facies

These photographs show a large crystal of grossular

» major part of the lower half of the field of
longate i v. black and white
interference colours are wollastonite and occupy
the rest of the field of view. In the higher magnificat
view mare detail of wollastonite can be seen. Ti
eral showing
mainly diopside. No carbonate mineral remains.

Locality: Pollagach Burn, Ballater, Grampian Region,
wland. Magnification: x 7, PPL and XPL; and x X,
PL




Metamorphosed se

mentary rocks

3

Actinolite andesine
schist

e a porphyroblastic habit, but within
this ficld of view is finer-graincd. The next most abun-
dant phase is colourle: i istinctive low
birefringens nd quartz is also common in the matrix.
Minor constituents include some brown biotite and a
dusting of opaque graphite

Locality: Carn Dubh, 9.5 km south of Braemar, Scor-
land. Magnification: x PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Clinozoisite schist

Amphibolite facies

The dominant mineral in this cale-silicate rock is clino-
zoisite and the photographs show large and smaller por-
phyroblasts with zoning apparent from the birefring-
ence. Some zones displa acteri lous
birefringence but the section i c k. The
finer-grained part of the rock contains clinozoisite, blue-
green amphibole, brown biotite, pale chlorite, oligo-
Hase and quartz. Brown biotite and green hornblende
are present throughout the rock but pale green chlorite
and porphyrol plagioclase oceur in the upper left
and lower right corners

Locality: Lokovista River, Central Rhodopes, Bulgaria,
Magnification: % i1, PPL and XPI



m of igneous rocks

The most widespread meta-igneous rocks are metamorphosed basaltic flows and
related minor intrusions, which are pre metamorphosed
sedimentary successions. Acid to intermediate metavolcanics also oceur
common in some terranes, while metamorphosed granites are mostly fo
complex polymetamorphic terranes, such as collision zones

A major distinction between the metamorphism of igncous rocks and
sedimentary rocks is that the early stages require addition of water to hydrat
(and often carbonate) primary igneous minerals to low grade metamorphic
minerals. Only then can subsequent heating lead to progressive devolatilization in
an analogous manner to pelites. In the case of thick, massive sills or flows, relic
igneous minerals commeonly persist up to greenschist facies conditions, and excep
tionally beyond. Such behaviour is of course in marked contrast 1o that of
permeable tuffs, illustrated previously (p. 41).

The examples illustrated in this chapter are drawn from regionally metamorph-
osed rocks and are of considerable antiquity. However much metamorphism ¢
igncous rocks is taking place today in geothermal fields around active or recently
active volcanoes. Many such rocks have however little chance of being preserved
on a geological time scale

in o

Metamorphism of b

sic and intermediate igneous rocl

An essential mineral in metabasites over most of the P-T spectrum of meta
orphism is amphibole, and indeed many metabasites are known as amphibo
lites. In marked contrast to pelites, in which distinct zones are defined by the
appearance of new phases, reactions in metabasites are often continuous, leadin
to progressive change in amphibole composition with pressure or tempe
Hence individual pelite zones can
the broader, gradation
facies classifi

ture.
ely be distinguished in metabasites. Instead,
changes in me e the basis for the
ation outlined in the Introduction (p. 3).

abasite mineralogy 4
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Medium pressure metamorphi

57

Pumpellyite metabasalt

Prehnite pumpellyite facies

| Chis rock is a metamorphosed amygdaloidal pillow I
pper photographs show phenocrysts e
which have been unchanged by metamorphism: the
groundmass still contains pyroxene and
shows variolitic texture in parts. Int
pyroxene and pl c are composcd of
and ehlorite. The e

gdale in which radiating bundles of green acicular
tals of pumpellyite, showing green o yellowish-
n pleochroism (compare the two PPL views), make
he colours shown are
aracteristic of pumpellyite in metabasalt

Lacality: south of Riverton, South Island, New Zealand.
Magnification: % 15, PPL and XPL; and % 40, PPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Greenschist with
igneous relics

Greenschist facies
(Additional example: 81}

This rock is

low grade metamorphic rock which retans
h

metamorphic chlarite, epidote, quartz and albite. Tn the
low power view taken under XPL remnants of ophitic
texture are fairly clear but metamorphic veinlets of
quartz are also apparcnt

Mhe detailed high power vie
pale brown prima
birefringence. The fi
tains yellow epidote, chlorite and albite. S
of actinolite are also present and are bes
e relic in the upper left quadrant, where they
it quartz vein.

how corroded relies of
hed by their bright

rained matrix of the rock con-
amounts

Locality: Lake Wakakipu, South Island, New Zealand
Magnification: ¥ 16, XPL; and x 72, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed igneous rocks
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Epidote actinolite schist

Greenschist facies

The two upper pl\ulus_r qm are low power views which
this rock ers of dark and
The ions are mainly
and chlorite with g
sphene. Some muscovite
¢ up mainly of
and quartz.
tail of the albite
together with the matte
es and actinolite in the schi This
chistose rock with its relatively low content of
may be 2 metamorphosed vol-
lava flow

s
composed of matted actin
ules of epidote and
also present. The light
porphyroblastic albite,

The enlarged region show

canogenic \Nlumur

Locality: near Arrowto
Magnification: % 16, P

South Island, New Zealand.
and XPL; and % 28, XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed igneous rocks

Epidote amphibolite

Amphibolite facies

This rock consists mainly of bladed hornblende,
greenish-brown biotite and epidote with lesser amounts
of plagioclase and ¢ mi
eral. Aligned biotites give the rock a weak schistosity.,
which is cut across by many amphibole grains and by
aoned epidotes whose garish birefringence colours are
distinctive.

Locality: Anagh Head, Co Mayo, Ireland. Magnifica-
tion: % 22, PPL and XPL.

artment of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed igneons rocks

81

Amphibolite

Amphibolite facies

‘These are photographs of the most common metabasic
¢ and horn-
vely small dis-

crete prisms, these are enclor
gioclas i

out the rock, and other minor pha
dote, biotite and chlorit
right and lower left corners and is dmmr_umw by its
bright birefringence. Green chlorite oceurs in the lawer
right quadrant while brown biotite is seen best in the
upper left one.

Lacaiity: south of Bunaveela, Co Mayo, Ireland. Magni-
fieation: % 27, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Cordierite anthophyllite
gneiss

Amphibolite facies

This rock is m
greenish-brown

inly composed of colourless cordierite,
thophyllite and minor iron oxide.
Many of the features by which cordierite can be identi-
fied optically are missing in this sample but the birefring
ence and_ multiple twinning are characteristic. The
anthophyllite is only slightly pleochroic and shows
extinction
Orijarvi locality is a classic
llite rocks. Their origin v

for cordierite
ontroversial for
usc in composition they do not corres-
pond to any igneous or sedimentary precursor, however
they are now believed to form by high grade meta-
morphism of hydrothermally altered basalt in most inst-
ances.

Locality: Orijarvi, Finland. Magnification: x 7, PPL
and XPL.

Metamorphosed igneous rocks

Department of Geology, Faculty of Science, Chulalongkorn University

0SK_GEO



Metamorphased igneous rocks

Feldspathic granulite

Granulite faci
{Additional example: 80)

The field of view shown here is occupied by clinopy-
roxene, orthopyroxene and antiperthitic feldspar. Both
pyroxenes have a greenish colour so that they eannot be
readily distinguished in the PPL view butunder XPL the
nopyroxene is noticeable.
In the PPL view a slight mis-setting of the focus allows
the Becke line between K-feldspar lamellae and blebs in
the antiperthite to show clearl st the host plagio-
clase. Both pyroxenes show exsolution lamellac:

“The high magnification view of a region to the r
of-centre of the lower power view provides more det
of the antiperthitic feldspar,

Locality: Scourie, northwest Highlands, \mu’zmd \fm,—
nification: % 8, PPL and XPL; and x 22, X

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphosed igneous rocks

64

Garnet hornblende
pyroxene granulite

Granulite facies

cies metabasite is of rather uniform
grain size and is composed of brown hornblende, garnet
and pale green clinopyroxene set in a matrix of pl
clase. In a number of places hornblende

as evidenced by its
y ulites (38); the 2
a common feature of such me

orthopyroxene is
sites (cf. 80)

Locality: Slishwood, Co Sliga, Ireland. Magnification:
X 27, PPL and XPL



High pressure metamorphism

65

Crossite schist

Blueschist facies.

This pair of phe
crossite-rich b

colour does no
would have wished. Zoning is apparent in some

Locality: Shuksan suite, North Cascades, Washingion,
USA. Magnification: x 28, PPL and XPL.

Department of Geology, Faculty of Science, Chulalo orn University




Metamorphosed igneous rocks

Lawsonite blueschist

Blueschist facies

ssic blueschist assemblage of law-
In the field of view are twa large
. the lower of which displays

ield of view is composed of

fine-grained glau but it has a very pale colour in

this rock. The b ineral easily seen in PPL is
i d other minerals present are chlorite (a

amabuts the left edge below midpoint), musco-
impinging on lawsonite in the top left corner),

aragonite and a small amount of zircon (not visible
ere).

Locality: Franciscan Formation, California, USA. Mag-
nification: % 23, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO



Metamorphosed igneaus rocks

67

Garnet glaucophane
schist

Blueschist facias.

in minerals in this rock are glaucophane and

roet, the latter being highly altered to chlorite. The
small high RI crystals that appear nearly opaque and are
interspersed with the glaucophane are of rutile rimmed
by sphene: e muscovite is also present

Many garnets in this rock have cores that are crowded
with small inclusions, whereas the rims are relatively
free of inclusions. The cores appear to be preferentially
replaced by chlorite in some cases, leading to a poorly
developed atoll structure (cf. 99)

This rock may have formed in the ex
been subsequently recrystallized in the blueschis
so that original omphacite was entirely repl
glaucophane (see also 107).

Locality: Franciscan Formaiion, California, USA. Mag-
nification: % 11, PPL and XPL

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO



Metamorphosed igneous rocks

8
Eclogite

Eclogite facies
(Additional examples: 102, 103, 104)

This rock contains abundant garnet, with pal
omphacitic pyroxene and platy mi
marked foliation. A small amount of blue
is also present and there is minor quartz and accessory
rutile.

Locality: Kvineset, West Norway. Magnification: x 27,
PPL and XPL.



Metamorphosed igneous rocks

Kyanite eclogite

Eclogite facies

Tn addition to the essential minerals of an eclogite
omphacitc pyroxene and g this rock cont
kyanite, zoisite and quartz. Garnet. omphacite and
{631l Kave Veiy sisilor relict ‘That of sokite
slightly lower (see for example the top right comer). In
this specimen the kyanite is unusual in that its blue
absorption colour is 1 1o be seen in thin
section. Above
of swl, inkergrown Kyanite ‘crystals with diamond
shaped sections.

A few inclusions of greenish-brown amphibole can be

seenin gar g with quartz, Numerous small rutile
crstal thinughout e sock dppear opanee o |
nification. The clear crystals at the centre of the low

edge of the field are quartz

Locality:

rpeneset, Nordfjord. Norway. Magnifica-
tion: % I, .

PPL and XP

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO




Metamorphosed igneous rocks
0
Eclogitized dolerite

Eclogite facies

i
pseudomorphed by
are full of iron oxide

2 have been almost completely replaced and

i w composed

I emnants. Both the
qnmz and feldspar are full of innumerable small incl
sions. Some orange-brown biatite can be seen and minor
sphene is present

At intermediate stages in the eclogitization of such
tocks, corona textures are often wel
examples are illustrated in specimens 102-104.

Locality: Flatraker, Nordfjord area, West Norway. Mag-
wification: % 13, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_GEO



Metamorphism of ultrabasic rocks

Olivine reacts readily with water to produce serpentine, even und
ture near-surface conditions, and so many ultrabasic rocks have been extensively
metamorphosed to serpentinite. This is especially true of Alpine-type peridotites,
tectonically emplaced in orogenic belts. Serpentinization is usually accompanied
by deformation and veining. probably linked to the large volume changes that
accompany the process. ltered peridotites are also carbonated, most
commonly magnesite is the carbonate phase.

In some areas, notably where polymetamorphism has occurred, serpentinites
may be re-heated and undergo progressive metamorphism. This leads to the
re-growth of minerals such as olivine and pyroxene that were present in the

original igneous rock, and the resulting rock may be known as a regenerated
peridotite (2 is an excellent example)

n

Serpentinite

Sub-greenschist facies
[Additional examples: 2, 5)

This rock is almost entirely made up of serpentine
together with opaque iron oxide grains and some brown
areas which are possibly hematite stained, Many ser-
pentinites have relics of the original minerals, olivine or
pyroxene, within the netwark of serpentine but no such
relic grains are present here. This sample displays
characteristic mesh texture in which very low birefring-
ence fine-grained serpentine is divided up into small
blocks by numerous thin veinlets of serpentine with
slightly higher birefringence.

Locality: Lizard Head, Cornwall. Magnification: % 7,
PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
0SK_GEO



Metamorphosed igneous rocks

7
Olivine talc carbonate
rock

Amphibolite facies

This is a high grade ser-

pentinite, in which progressive dehydration of the low

fore higher temperature peridotite mineralogy. The
large arca occupied by talc, showing red and green in-

fied by being very soft. Olivine oceurs as entirely new,
metamorphic grains, and the carbonate phase is prob-
ably magnesite.

Locality: Valli di Ganano, Val Calanca, ltaly. Magni-
fication: x 32, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
OSK_G
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Metamorphosed igneous rocks

3
Serpentinized meta-
peridotite

Granulite facies

This section is slightly thin since olivine and pyroxene
remnants are showing interference colours nat higher
than second-order.

The centre of the field of view is dominated by poiki-
loblastic carbonate (magnesite), which encloses a num-
ber of distinct grains of olivine, now heavily serpenti-
nized. Other high relief material includes less corroded,
low birefringence orthopyroxene, and an clongate en-
statite grain lies parallel to the right hand edge of the
image. Enstatite, olivine and magnesite comprise the
peak metamorphic (granulite facies) assemblage of this
rock, and were produced by progressive heating of a
previously carbonated and serpentinized peridotite
body. Subsequent retrograde hydration has produced
chiefly serpentine, but there is a well developed chlorite
crystal, next to the enstatite noted above, and minor,
highly birefringent talc.

Locality: Ballysadare, Co Sligo, Ireland. Magnification:
x 27, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphism of acid plutonic rocks

d related rocks usually form large intrusive masses which there-
fore cool very y ccompanied by convective cireulation of d
eroundwaters, there is a sense in which most granites display metamorphic
ures simply developed during coaling. Sub-solidus exsolution features abound
in alkali feldspars, while both types of feldspar may be he

In this section however, we illustrate some examples of acid plutonic rocks
which have experienced a distinet metamorphic event. In some examples this

event has be ed, by deformation,

while in others the rock retains xtreme examples of
deformed granites are illustrated with the mylonites (sce 84-86)

In very many cases, granites are intruded in the final stages of the orogenic
are unmetamorphosed. The examples shown here are
2 result of remobilization of basement rocks

Since granite

7

Metatonalite

Greenschist
{delmnalexamplos 85,86, 87)

This rock s relatively undeformed and il retains a
super| i

plagioclase grains retain their oy The mat-
rixof the rock is however made up of quartz, biotite and
minor K-feldspar which ha
recrystallization. Plagiocl
uished in PPL by
onented microlites. In the
central portion of the lower power image.
can be tals of muscovite (typically bright,
yellowish birefringence colour) and clinozoisite (anoma-
lous blues). They result from incipient hydration under
relatively low grade conditions.

Locality: Obervallach, Austria. Magnification: % 8,
PPL; and x 23, XPL

Department of Geology, Faculty of Science, Chulalongkorn University
0SK_GEO



Metamorphosed igneous rocks

. R
v Augen gneiss

Amphibolite facies

This is a weakly mylonitized rock in which original
igneous feldspar now forms porph

lasts or augen
about which the rest of the rock has b
it

formed. The

e
biotite and quartz.

In the higher power n that part of a
large augen at the top is made up of a single crystal of
K-feldspar (brown in PPL) with quartz (clear) filling a
pressure shadow at the end of the feldspar. The augen
composed of albite are clear in PPL also, and are smaller
than those of K-feldspar; th nd 10 be multi-
d of single crystals. In contrast to the
quartz has undergone extensive syntectonic

tion. Itis likely that the muscovi in part,
of metasomatic origin, formed by fluid influx accom-
panying the deformation.

Locality: 1 km southwest of Malinitz, Austria. Magni-
fication: x & PPL; and x 20, PPL and XPL.

korn University
K_GEO



Metamorphosed igneous rocks

7%

Charnockite

Granulits facies

Charnockite is a
the coexistence of ur|h(>p\ru‘ull and @
rock is rather rich in quariz and contains about equal
mounts of sodic plagioclase and microcline perthite,
often with distnctive tinning. I s easy to distinguish
the K-feldspar from the pl

K-feldspar but the plagioclase is
has RIs very close to those of quartz and so is of oligo-
clase compaosition.

The pink to green pleochroism of the hypersthene is
yweak, but is sufficient to permit it to be identified as
anorthopyroxene. The rock is very fresh except that the
orthopyroxen has thin rims of chlorite. The only other
minerals present are iron ore and a small amount of
biotite

very wi

Lacality: southwest of Mount St Thomas, Madras, India.
Magnification: » 11, PPL; and % 24, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
0SK_GEO



Metamorphosed igneous rocks

77

Jadeite metagranite

Eclogite facies

In this rock the original plagioclase has broken down
under eclogite facies conditions but the granitic texture
remains intact. To the left-of-centre of the field is a lary
mass of fine, high relief jadeite crystals in she: hese
pseudomorph original plagioclase, and parts of such
pseudomorphs are also seen around the edges of the
field of view, Primary biotite has partly recrystallized
and is now rimmed with small garnets. Phengitic musco-
vite also occurs in association with the biotite and in the
plagioclase pseudomorphs to the right. Original igneous
K-feldspar is almost unaffected by metamorphism and a
large phenocryst lies along the left edge of the field of
view. Primary quartz is also relatively little affected.

Locality: Monte Mucrone, Sesia Zone, lIraly. Magnifica-
tion: X 27, PPL and XPL.

Reference: Compagnoni R, Maffeo B 1973 Schweizeris-
che Mineralogisches und Petrographisches Mitteilungen
53: 355-82

Department of Geology, Faculty of Science, Chulalongkorn University
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Jadeite gneiss

Eclogite facies

Thlﬁ rock, |IkL number 77 h:l'« been formed from the

ace
ace jadeite (both
d as fine intergrowths with

quartz), phengite, micro

The low magnification views show
Jadeite, phengitic mi
of fin

on view the centre of the fieldis
al from both the
tergrowths which
could previously have been a myrmekite of quartz and
plagioclase.

The ferromagnesian constituents of the original gra-
nite are repres largely by phengite.

Locality: Val d"Aasta, northern laly.
12, PPL and XPL; and % 52, XPL

- Magnificaion:

Metamorphosed igneous rocks

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic textures

Introduction

The study of metamorphic textures is an essential complement to investigations of
their mineral assemblages, because whereas the assemblages help define the
physical conditions of the metamorphic event, textures can be indicative of
metamorphic processes and the history of metamorphism.

Metamorphic rocks may undergo recrystallization either in response to strain in
the absence of any chemical reaction, or as a result of reaction leading to the
production of new phases. Often, deformation accompanies metamorphic reac-
tions, in which case the two effects become inseparable.

Particular attention has been paid in many metamorphic studies to the textures
of porphyroblastic minerals and their relationship to fabrics in the matrix of the
host rock. By identifying the timing of the growth of porphyroblastic metamor-
phic index minerals, relative to the development of schistosities during deforma-
tion, it becomes possible to correlate the attainment of particular metamorphic
conditions with specific deformation episodes to which the rock mass has been
subjected. A number of examples of such textural relationships have been illus-
trated.

Sequences of porphyroblast growth and deformation can be deduced even in
rocks that have undergone a single cycle of progressive metamorphism. However
it is not uncommon for rocks to have undergone two very different metamorphic
episodes at different times i.e. polymetamorphism. In the final section a number
of examples of polymetamorphic textures are illustrated.

Although the approach here is based on that of Yardley (1989), the reader is
also referred to Spry (1969) for a more complete reference for textural terms and
to Vernon (1975, 1989) and Barker (1990) for further discussion.

85




Simple textural terms

There is a very wide range of textural terms for metamorphic rocks available in
the literature (see in particular Spry, 1969), but only a small number are in
universal usage by metamorphic petrologists.

Grain size and shape

Grain growth in metamorphic rocks is influenced by several independent factors.
In particular (i) the ease of mass transfer through the rock matrix to the sites of
growth can affect both grain size and the numbers of inclusions contained; (if) the
mechanisms of addition of atoms to grain surfaces can influence grain shape, for
example, if atoms are added more readily to a face in a particular orientation,
then an elongate or acicular crystal may result (81); (iii) a tendency to minimize
surface area can drive recrystallization to more or less equidimensional grain
shapes, with planar surfaces, as in granoblastic polygonal texture, or decussate
texture (developed by strongly anisotropic minerals where crystallographic fac-
tors compete with surface energy to control grain shape).

As a result, metamorphic minerals may grow as crystals bounded by rational
faces (idioblastic; 95, 107), or have no crystal faces (xenoblastic; 24, 80) in-
termediate growth forms are also possible (sub-idioblastic). A very important
distinction can be made in many rocks, but especially pelitic schists, between
relatively fine-grained matrix grains and appreciably larger porphyroblasts or
poikiloblasts. Poikiloblasts (29) differ from porphyroblasts in being sieved with
inclusions of matrix grains, whereas porphyroblasts have relatively few inclusions
(107). Usually, the inclusions within porphyroblasts or poikiloblasts are of miner-
als which also occur in the rock matrix. However, occasionally phases that have
entirely reacted out in the bulk of the rock may be preserved as inclusions totally
enclosed within porphyroblasts because the included mineral was unable to react
with other phases in the rock matrix. Such inclusions are known as armoured relics
(96-97). ;

While idioblastic grains usually retain the shape in which they grew, the final
size and shape of other mineral grains may have changed as a result of recrystal-
lization. In other words, old grains may be replaced by new ones without a change
in the modal abundances of the minerals concerned. Recrystallization may pro-
ceed by grain boundary migration between adjacent grains of the same phase
(Yardley, 1989; p. 154) or by a solution—reprecipitation mechanism.

Foliations

Many metamorphic rocks have been deformed, and this commonly results in the
formation of tectonic foliations. The term foliation is a non-genetic one to
describe any planar, spaced or pervasive fabric element, be it of primary or
metamorphic origin (79). Tectonic foliations may result from the alignment of
anisotropic grains, or from compositional segregation, normally into leucocratic
layers rich in quartz and feldspar and melanocratic layers dominated by micas or
amphiboles and other minerals. Grain alignment fabrics are known as siaty
cleavage where the grain size is very small (9), and as schistosity when it is coarser
(12, 20). Most commonly, cleavage and schistosity are planar fabrics and can both
be termed S-fabrics. Usually, the aligned minerals are platy phyllosilicates, but
they may be tabular grains of quartz or carbonates (grain-flattening fabric) (79).
Where the aligned mineral grains are prismatic rather than platy (notably amphi-
boles), the fabric may be dominated by a strong linear alignment of the grains
(lineation) and may be termed an L-fabric (62).

Tectonic foliations are commonly refolded by subsequent deformation, pro-
ducing microfolds or crenulations of the earlier foliation. The development of
crenulations is often accompanied by a degree of metamorphic segregation
(Yardley, 1989; p. 169), with quartz becoming concentrated in the hinges of
microfolds and phyllosilicate minerals in the limbs (11, 92). While in some
examples (e.g. 10, 11) crenulation fabrics are clearly apparent, in others (¢.g. 89)
the second deformation has been so intense that the early fabric is largely
obliterated.

Where an intense deformation postdates the formation of porphyroblasts, the
relatively rigid porphyroblast may shield the material around it from the effects of
strain in a plane perpendicular to the principal compression, whilst causing more
intense strain around the parts of the porphyroblast at which the principal com-
pressive stress is directed. The resulting heterogeneous strain may lead to local-
ized pressure shadows around the porphyroblast (83) and also to deformation
partitioning (Bell, 1981) whereby the rock is divided into less strained planar
domains containing the porphyroblasts, separated by more intensely strained
zones in which the new fabric is best developed.
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Metamorphic textures

79 Foliations (bedding and schistosity) in
quartzite

The original bedding in this impure quartzite is clearly
picked out by a layer rich in opaque grains which corres-
ponds to a heavy mineral enriched layer in the parental
sand. The rest of the rock is dominated by quartz with
micracline feldspar (whose incipient alteration gives it a
clouded appearance in PPL). Grains of quartz, feldspar
and the opaque phase are all elongated and define a
diagonal tectonic fabric which is a form of schistosity
known as a grain-flattening fabric.

Locality: Achill Istand, Ireland. Magnification: % 12,
PPL and XPL.

Department of Geology, Faculty of Science, Chulalo orn University
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Metamorphic textures

texture in h

scapolite granulite

The dominant constituent of this rock i hornblende.
Homblende allized to a texture in
which the olume is a minimum for
the grain size. Grain boundaries are straight and where
s tend to do 50 in a symmetrical
vay at triple junctions, with an interfacial or dihedral
angle of about 120 ic polygonal
texture and represents a close appri

ch to textural
equilibrium. It is best seen in the granulite facies, except
for the case of carbonate or quartz-rich rocks.
Scapolite, orthapyroxene (*hypersthene’) and an
opaque phase occur as smaller grains, often isolated at
triple junctions. Scapolite is clear in PPL, but in this
sample shows a patchy grey appearance caused by the
presence of numerous aligned inclusions of needle-like
grains of an opaque phase. In XPL, scapolite has a
characteristically wide range of bright birefringence cal-
ours, ranging through the first- and second-order
Orthopyroxene displays distinctive pleochroism from
pink to very pale green; many orthopyroxene grains

have undergone incipient retrograde breakdown and are
rimmed with colourless amphibole.

Locality: Scourie, northwest Scorland. Magnification.
X 16, PPL and XPL.

81 Acicular texture in actinolite schist

The elongate, acicular, shape of the large actinolite
grains is typical of amphiboles formed at low to medium
grades. Their patchy colour: i
the result of complex compositional zonation. The green
colouration of matrix chlorite is very similar to that of
the actinolite in PPL, but the birefringence is much
lower. The granoblastic matrix of the rock is predomi-
nantly of quartz with some albite. A weakly cleaved
albite grain is visible near the bottom edge towards the
left corner, at the end of an actinolite grain. Minor
calcite is also present. Epidote occurs as very small high
relief grains, sometimes distinctly yellow in colour with
bright birefringence colours; it is present as inclusions in
actinolite as well as in the matrix.

Locality: Coronet Peak, Otago, New Zealand {Cam-
bridge University Collection No 39811). Magnification:
X 28, PPL and XPL.

Reference: Hutton CO 1938 Mineralogical Magazine 25:
207-11

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamarphic textu: e

Acicular texture (continued)

82 Decussate texture in garnet mica schist

Thisis a muscavite rich layer of a garnet mica schist and
the muscovite displays a d
of randomly oriented interlocking platy, prismatic or
longated crystals. It differs from texture in
that the crystals are not equidimensional, but similarly
represents an approach towards a minimum surface
energy equilibrium texture, Other phases visible include
quartz, minor biotite, and heavily altered plagioclase
which appears pale brown in the PPL view.

Locality: Beinn Dhubhchraig, near Tyndrum, Tayside
Region, Scotland. Magnification: % 15, PPL and XPL

Department of Geolo



Metamorphic textures

83 Porphyroblasts and pressure shadows in
siderite phyllite

The upper photo is a low power view of a very fine
grained, low grade (chlorite 1s\r\L)[|thhll in which por-
- The dominant ‘matris

s used here to
show the. formation of pressure shadows around 1he
. where quartz has into the

porpl
low strain zone adjacent to the porphyroblast.

(The crystal illustrated in the high power view is near
the top right corner of the low power view.

Locality: Beavertail, Conanicut Island, Rhode Isiand,
USA. Magnification: x 7, XPL and x 30, XPL.

Plastic deformation and mylonitization

Different minerals respond to deformation in different ways. Quartz and carbon-

ate readily undergo plastic deformation under most crustal metamorphic condi-

tions, as does olivine under mantle conditions, On the other hand many other
minerals are relatively rigid and brittle under the same conditions, whilst micas
may deform by kinking (8). Quartz responds to small strains by the development
of sub-grains which may be aligned as parall bands (84). Deformed
grains replace one another along ed grain boundaries or are recrystallized to
a fine-grained mortar of new unstrained gr y i
progressively grow, become strained and are replaced is known as syntec

recrystallization. In extreme cases it can produce a fine, strongly aligned
texture (88). Similar textures are produced in olivine-rich rocks at high tempera-
twres (5).

90
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Metamorphic

ures

More rigid minerals such as feldsp:
manner (ca is)and o
matrix is deforming extes

net tend to deform in a britle
fail to recrystallize even when their quartz and mica
porphyroclasts which may be
angular (75, 87) or round par porphyroclasts, 1l
outer portion some! tallizes to a fine polygonal mortar of sub-
surrounding a relic core (38, 85).

A rock in which the matrix
tion 1o a finer grain size, leavi grains remaining as porphyro
known asamylonite. In protomylanite the porphyroclasts still predominate, while
in an altramylonite they have largely

In this seetion ge of rocks illus!
tion and mylonitization are illustrated
38, 75).

ne extensive syntectonic recrys

been eliminated
ating varying degrees of plastic deforma-
e others appear clsewhere (e.g. 5,

84 Strained quartz with sutured boundaries in
garnet mica schist

This rock has undergone a pronounced s
biotite-rich layers and coarse bands of quartz
gioclase, and this diagonal segregation fabrie has been
subsequently Mattened to produce a new fabric that is
aligned roughly ins arc small and
anhedral; they may have been fragmented, partially
broken down or both

I the levosezatc lyess, feldspar

in some cases
e in PPL it apy

and in a few
grains have begun to

iin boundaries, heralding the onset of
rystallization

syntectonic ¢

Locality: North Cascades highway, Washington, USA.
Maguification: » 11, PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic textures

85 Granite mylonite

Intense deformation has disrupted original K-feldspar
phenocrysts to produce porphyroclasts with patchy ex-

i s
also present in the matrix but is not abundant,
with the presence of muscovite, suggests that
ation may have been accompanied by metasomal-
ism with plagioclase breakdown and mica growth
{cf. 75).

Locality: south Brittany, France. Magnification: % 7,
PPL and XPL.

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic textures

86 Granite ultramylonite

Although ample comes from the same shear zone as.
the previous one, deformation has been still more in-
temse. K-feldspar porphyroclasts remain, although their
margins are strongly fracturcd. The matrix is composed
predominantly of very fine phengitic muscovite giving
nise 10 a disting yellow-brown appearance in XPL.
This matrix is also dotted with fine quartz. The fine mica
probably grew under quite low temperature conditions
{areenschist facics), and extensive metasomatism must
have accompanied its growth since, for example, pla-
gioclase is absent except at the borders of the K-feldspar
porphyroclasts where it sometimes forms a myrmekitic
fntergrowth with quartz (not readily apparent from
these pictures).

Locality: south Brintany, France. Magnification: x 7,
PPL and XPL.

87 Utramylonite

An example of a schist that has undergone extreme
plastic deformation.

The PPL view shows a few large
of plagioclase feldspar and an opaque phas
porphyroclasts in a fine-grain matrix of quartz and
muscovite with minor sphene and carbonate. The paren-
tal rock was amphibolite facies ) hist, and even
the porphyroclasts are very much smaller than likely
in undeformed schist outside
the mylonite zone. Note the later di al shears that
disrupt the main mylonite fabric.

. angular fragments

Locality: Stack of Glencoul, Moine Thrust Zone, north-
west Scotland. Magnification: = 40, PPL

Department of Geology, Faculty of Science, Chulalongkorn University
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Metamorphic textures

Time relation

between deformation and metamorphism

e rigid and do not respond to deformation in the same

Is, it is often possible to use the relationships between

manix follations and ]mrphwn\l\ ains o deduc the sequence in which they
I, Vel o

are formed (Rast, ; Zwart, 1962
When \xuph\'ruh[:\:‘\sgmwH| often enclose sm I

wtion:: the arahix Sokaien Eabotis:
known as an internal schistosity (5,
nd graphite are particularly common minerals that define
internal schistosities. If no further deformation occurs the internal schistosity of
the porphyrablast remains parallel to and continuous with the external schistosity
(S.) of the rock matrix. However if subsequent deformation does take place,

preserved withi
artz, ilmenite

the purpl y

94

88 Mylonitized garnet mica schist showing
porphyroclasts and ribbon texture

Intense strain of a parental garnet mica schist has pro-
duced this mylonite. Relatively rigid garnet and plagio
cl survive as abraded relics or porphyr
oclasts, but quartz has undergone extreme syntectonic
recrystallization to produce a fine-grained mortar of re-
erystallized grains, These show alignment in the areas of
maost intense strain, around the porphyroclasts,
duce pronounced ribbon texture. Biotite is prese
strain shadows around porphyroclasts but has been re-
duced to fine-grained material where deformation was
more inten

Locality: North Cascades highway,
Magnification: % 32, PPL and XPI

Washington, U.
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FIG. B Examples of relationships b

n internal schistosity in
external schistos
Yardley (1989). (), (b) Examples of po
list growih in which S, is continuous with and parall
lasts formed prior o the external sehisi
iug an internal sehistosiry that is oblique
pressure shadow has developed around
rarely, as in (d), there is linle dis
stosity. This is
entirely of mica. (e), (f) Syntectonic porphyroblasts. te) is a
lassic snowball garnet {cf. 93) with aboui 1847 rota
wro orphy
ofien produeced by

orie

porplyroblasis or poikiloblasts, an

n fch, a
voblast, but

e porph
iption of

e exiernal

st common where the mairix is almaosi

ion during
sblast,

h while (f) is @ more contn

reerysialliza v

e schistosity info a ne

ation during the s growth

morphic textures

modifying the carlier fabric and developing new ones. the porphyroblast will
nevertheless preserve the earlier fabric intact. Some of the textures that can result
from different time relationships of porphyroblast growth and deformation are
atically in Figure B

‘i

Controversy continues to surround the interpretation of some syntectonic
porphyroblast textures. Curvature of the inclusion trails within a porphyroblast is
usually taken to imply rotation of the porphyroblast relative to the extern:
schistosity as it grew, and hence syntectonic growth. The classic interpretation of
such textures is that the porphyroblast was rofled by simple shear along the
schistosity plane, but this does not appear to apply inall cases. It is apparent in 89
from the near parallclism of the internal schistositics in plagioclase grains with
one another and with the ereaulation hinge fabric that the porphyroblasts here did
not rotate during the development of subsequent foliations. Following an original
suggestion by Ramsay (1962), the parallelism of S, across fold hinges has been
demonstrated in field studies by Fyson (1975, 1980), de Wit (1976) and Bell
(1985). Thus it may be the external schistosity that progressively rotates relative
1o the porphyroblast, rather than the reverse. in these examples (see Yardley,
1989, Fig 6.13), and this can account for rotations of §; of up to %0° if
syntectonic. A third explanation for such rotational fabrics (e.g. 90) is that they
simply result from post-tectonic growth over a microfold. In some instances (e.g
93) much more extreme rotation of the inclusion irails in porphyroblasts is
recorded. These are the snowball textures investigated by Rosenfeld (c.g. 1970)
and many other workers. Apparent rotations greatly in excess of % have bee
reported and an origin for textures such as 93 by rotation of the porphyroblast
seems inevitable. Nevertheless, Bell and Johnson (1989) have recently claimed
that this may not necessarily be the case, In one of our examples (95) the evidence
for rotation of |mmh\ roblasts relative to one another during a later deformation
seems unequivocal
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Metamorphic textures

por
iotite schist

The dominant fabric of this rock is a schistosity defined
1 plates of biotite and muscovite and oriented

E-W. In the lower right corner however,
less intense and can be seen to have
ulation of an earlier, approximately N-§
gioclase oceurs a porphyroblasts. It is
apparent in XPL ome grain rims have a different
composition from the cores (top centre and bottom left),
due to the overgrowth of oligoclase rims on albite cores.
This is quite a widespread phenomenon in garnet zone
rocks formed at temperatures where the presence of a
peristerite gap precludes intermediate compositions be-
tween these two end-members. plagioclase por-

ai

he di ‘ﬂrd ance between internal and external schis-
tosities, and the pronounced flattening of the m:
external, schistosity around the porphyroblasts provide
firm evidence that plagioclase grew before the deforma-
tion that produced the main osity of the rock, but
after the early deformation that gave rise to the N-§
fabric.

Locality: Nephin Beg Range, Mayo, Ireland. Magnifica-
tion: X 8, PPL and XPL.

90 Probable syntectonic porphyroblast in garnet
biotite schist

The garnet porphyroblast shown here has curved trails
of small apaque inclusions of ilmenite which apparently
¢ about 90° of rotation of the garnet during
¢ three ways in which this pattern could
growth of garnet over a
age. destroyed by subse-

a

o a new pricatation while the porphyro!

immabile (see previous page). The neut

tional is appropriate for
The matrix of the rock \\lnmpu\&d of g

plagioclase (twinned in some

ing a rather weak E-W f;

to be flattened around the gal

st rel
| term rata-

uartzand sodic
h biotite defin-
istosity appears
et, suggesting that
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Metamorphic textures

Syntectonic porphyroblast (continued)

deformation outlasted garnet growth. Its origin s discus-
sed further in the text (p. 95)

Locality: Connemara, lIreland. Magnification: % 20,
PPL and XPL.

81 Late tectonic porphyroblasts in garnet
muscovite schist

m\ rock has a very pronounced foliation due to both
ion of the matrix minerals into quartz-rich
Ingm (with minor plagioclase) and phyllosilicate-rich
layers, the alignment of individual phyllosilicate
grains and small, tabular ilmenites. Garnet porphyro-
blasts overgrow this foliation and the pronounced seg-
regation layering continues through the garnets as alter-
nating inclusion-poor layers  (corresponding  to
piyllosilicate-ric domains) and inclusion-rich layers
¢ the WS across a quartzose band. Minor
later deform: s however led to small strains con-
centrated as kinks at the garnet edges. Large opaque
porphyroblasts e of pyrie
!In phyllosilicate phases present are chlori

mcmu;mpnmn leading to growth of chiorite from gar
at its edges. Any biotite originally present must
have been chloritiz

d.

Locality: Ben Nevis, Scotland. Magnification: % 22,
PPL.
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Metamorphic textures

92 Post-tectonic porphyrablasts i
muscovite schist

biotite

This biotite zone schist reveals a complex history of
on which preceded t rowth of biotite. The
rock matrix is composed largely of muscavite and quartz
and has a pronounced erenulation fabric. An early, N-
fabric is still indicated by the alignment of elongate
g e now occur in the hinges of later
ions. Muscovite in the crenulation limbs has
n re-oriented into a diagonal fabric. Randomly
riented biotites overgrow both fabrics and there is no
distortion of the fabrics around the biotite porphyro-
blasts. Hence biotite growth was entirely post-tectonic.

Locality: Loch Leven Scotland. Magnification: x 7,
PPL and XPL

93 Sy i in
calcareous schist

Thisis a
posed predominantly of quartz
cuous garnet porphyroblasts. Trails of fine graphite f

out the matrix schistosity and cloud the gamets. The
curved patterns of inclusions are characteristic of s
tonic porphyroblasts, and here form well-developed
spirals. The higher magnification, XPL, view shows the
inclusion trails in more detail and suggests a rotation of
the order of 270°. It can be seen that the spiral trails are
not defined by the alignment of individual quartz inclu-
sions, but by a zone very rich in qu
individual grains are aligned across the spiral, not along
it. This suggests that the inclusion-rich spiral, corres-
ponds to the hinge region of a crenulation (see for exant-
ple92, above) developed by refolding of an carlier schis-
tosity. This rock is illustrated further, and its origin
discussed in some detail, in Rasenfeld (1968, pp. 90-1).
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Metamorphic textures
Snowball texture (continued) = < a v

Locality: Springfield, Vermont, USA. (Locality S#le of
knww 1968). Magnification: % 5, PPL; and X 14,
(PL.

Rzlxunn Rosenfeld JR 1968 Garnet rotations due 1o the
major Palacozoic deformations in sowtheast Vermont. in
Ze Wisite W S, Hadley J B, Thompson J B Ir,

of Appalachian Geology: Northern and Mari-
Wiley pp. 185

94 Multiple porphyroblast growth in staurolite
garnet mica schist

Both staurolite a
1 this rock

net form conspicuous porphyro-
staurolite forms typical pale
I ¢ garnet is so In.‘:m\\

:
omplex internal schistosity (5;).
tesult of the garnet overgrowing a pre-¢
int schistosity of the rock (S)
defined by muscovite and biotite, is discordant to that in
the ganets and is strongly flattened around them sug
th et growth, In contrast,
uralite porphyroblasts effectively overprint the schis-
twsity which is not deformed around them, and this
nplcs that staurolie grew later, postdating the schis
evertheless, in detail it is apparent that there is
ordance between S, in staurolites in the central
tof the image, and ... This probably results from
on of the folia a still later deforma-

quartz. Some sodic |\\upn-wnl|‘m|‘|r|nnl
be readily distinguished in these photog
tourmaline grains are present in this rock; they are
zoned from green cores to vellow rims. One is quite
conspicuous in the centre of the lower half of the field of
view

Locality: Connemara, Ireland. Magnification: % 11,
PPL and XPL.

%
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Metamorphic textures

95 Complex metamorphic/deformation history in
staurolite schist

The staurolite crystals in this rock contain helicitic
(microfolded) inclusion trails, developed by overgrowih
of an already crenulated e: i
quent deformatior
developed (aligned dingon:
ogeneous with most intense_foliation development
occurring where there are fewest porphyroblasts. Note
that the microfolds preserved as inclusion trails are now
aligned in different orientations in each porphyroblast,
because of differential rotation of staurolites during the
later deformation. This is unusual, more commonly in
clusion trails remain nearly parallel in all porphyroblasts
after subsequent deformation (cf. 89).

Locality: Pyrences, Spain. Magnification: % 7, PPL and
XPL

Reaction textures

Some metamorphic textures reflect che

mical reactions that took place during
tamorphism, and provide clues to the sequence of assemblages that may have
en present in the rock, and hence ction history.
Textures which preserve relics of earlier assemblages include armoured relic
inclusions (discussed above, p. 86, ¢.g. 96, 97), zoned crystals (e.g. 98) Anu
reaction rims and coronas (101-104). In all these cases, potentially rea
minerals have become isolated from on xlhuhyab.un\.rufmdlwmllinnuall
which diffusion is too slow to permit reaction to continu

Pseudomorph textures also allow identification of the
hough often only a distinctive

tlier mineralogy of a
1 shape allows the precursor mineral to
beidentified. The pseudomorphs of chiastolite (110) are a good example; another
(not illustrated here) is the development in blueschist of intergrowths of zoi

vanite and quartz pseudomorphing lawsonite porphyroblasts (66) and formed
from its high temperature breakdown near the blueschist-cclogite transition.

Pseudomorphs may also provide detailed information about the mechanism
by which reactions take place. Most of the examples illustrated here invalve rela-
tively little chemical change as the pseudomorph develops, but 100 illustrates
fibrolite pseudomorph of very different compaosit recursor
The development of such textures, within a framework of metamorphism that is
essentially isochemical on the hand specimen ires a complex network
of simultancous ionic reactions leading to complementary local chemical changes
in different parts of the rock that cancel one anather out overall.
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garnet schist

Plagioclase forms abundant porphyroblasts in this schist
andis distinguished from quartz by its coarser grain size,
patchy alteration, the presence of inclusions and in some
instances twinning. Biotite oceurs both in the matrix and
as inclusions in plagioclase, and at several locations is
overgrown by clusters of fibrolitic sillimanite. This is
seen at two places near the left edge and near the lower
edge below garnet. Garnet occurs as rather small
anhedral crystals. A large, twinned plagioclase por-
phyrablast in the upper right quadrant includes a cluster
of heavily corroded remnants of staurolite, now isolated
from the rest of the rock by the enclosing pl 5
This is shown in more detail i agnification
x because
the peak temperature exceeded that required for stauro-
lite to react with quartz, producing g et
nite, Staurolite inclusions in plagioclase
isolated from quartz and were unable to p.m
the reaction

Locality: Maam Valley, Connemara, Ireland. Magni-
fication: % 12, PPL and XPL, and % 43, PP
Reference: Yardley BW D, Leake B E, Farrow C M 1980
Journal of Petrology 21: 365-99

Metamorphic textures
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Metamorphic textures

97 Staurolite garnet schist with chloritoid relics

Staurolite is a characteristic mineral of lower amphibo-
lite facies pelites and commonly grows from the hrn.n

tion with quartz. In this rock large wumm.plmunm.[\
are set in a matrix of staurolite, muscovite, quartz

gioclase and minar biotite. The garnet ‘mlph_\ru!!\h[\
contain inclusions and many of the re of pale bluish-
green chloritoid, even though no chloritoid is present in
the matrix. These inclusions are known as armoured
ics (or simply relics) because they are of a mineral
which has broken down in the rock matrix due to
changes in P and T, but survives inside garnet becau

ng entirely surrounded by gamet, it is completely
tz with which it would otherwise
tion of chloritoid with quartz to
staurolite marks the beginning of the amphibolite
facies, chloritoid in isolation is stable to appreciably
higher temperatures.

Locality: Zwenbergertal, near Obervellach, Austria
Magnification: % 15, PP

98 Zoned crystals in meta-ironstone

This rock is an unusually iron-rich amphibolite, co
posed predominantly of quartz, magnetite and amphi-
bole. Small amphibole grains in the matrix arc
pleochroic between deep blue, lilac and a pale green
and are sodic amphiboles ranging from ricbeckite to
crossite. The rims of two large amphibole grains are of
similar composition to the matrix grains, but their
teriors are strongly zoned. The cores of these amphibole
pe are of pale . in marked
contrast to the strongly pleochroic sodic rims. There is
also patchy development of green ferroact
some of the zoned grains. Only the rims of thes
boles can be considered asin equilibrium with the re:
the minerals in the rock; the cores prescrve composi-
tions formed earlier in the rock's history under different
conditions which have survived because of the shiggish
ness of volume diffusions throu

In addition to the major constituents, this rack con-
tains a few small gre s of acgirine-augite assoti-
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Metamorphic textures

Zoned crystals (continued)

ated with the matrix amphibole. Some of the smaller
ack grains in the matrix are of deerite, which has an
habit with diamond shaped cross section, and is
not quite truly opague. Garnet oceurs elsewhere in the
thin section. but is not shown here.

Locality: Sifnos, Greece. Magnification: x 16, PPL and
XPL.

Reference: Evans B W 1984 Geological Society of Amer-
ica: Abstracts with Programs 16: 504

99 Atoll structure in garnet mica schist

The garnet texture shown here is one whose origin has
been controversial for many years. Several of the
grains illustrated contain greenish-brown bioti
times with muscovite also, in their cores. Th
grains are at least as large as similar mic
matrix and appear to be replacements of th
rather than inclusions trapped during ga
The resulting atoll texture comprises a shell of
with near euhedral outline but irregular inner edges and
afilling of ather pl rock shows strong segrega-
tion into an upper micaceous portion and a lower band
rich in quartz and plagioc There are a number of
small green grains of accessory tourmaline in the
micaceous g ayer.

grains in the

Locality: Meall Druidhe, Kinloch Rannach, Scotland
Magnification: % 34, PPL and XPL

103
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Metamorphic textures

104

100 Pseudomorph textures in staurolite
sillimanite schist

Fibrolitic sillimanite often occurs in clusters o segrega
cre the fibrolite needle:

appear almost opaque in PPL
cause there is usually 2 and the strong
contrast in relief between the two phases, repeated
many times in a small volume, produces an opaque
effect. Tn this view, a fibrolite-rich cluster has the mor-
phology of pre-existing garnet. which it replaces; some
tock retain remnants of garnet

alite and biotite; quartz and pla
relief, colourless matrix. There is a trace of
maline. The truly opaque phise is ilmenit
large ilmenite grains oceur with fibrolite in the garnet
pseudomorph
The formation of this type of pseudomorph requires
considerable local mass transfer; it is for example much
richer in Al and poorer in Fe than the origin
all, however, the rock composition is u
Staurolite and muscovite have reactes
f

c
entary ch m.\ changes in different parts of the
rock. A less ad

i this rock suite is illusirated in 19 ree Yardley

Locality: Maam Valley, Connemara, Ireland. Magni:

Sication: % 16, PPL and XPL.

(unmu‘mnﬂ l) \! a"m'/ Coniributions o
U

Yardley B W ..'l [‘J’/ («Plfﬂh«m"r\ 1o Mineralogy and
Petrology 65:
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Metamorphic textures

101 Reaction rims in sapphirine granulite

Under very high tempe jons, in the
||’1pq! part of the granulite facies, s

5 n coexist with quartz.
u\nt'\m\ L
<) in a matrix of low rel
qmm A few grains of pale
present. Sapphirine grains are mantled by a thin colour-
less halo of cordierite (also low relief and low birefring
ence). These reaction rims of cordie
phenomenon, prabably
phirine with orthopyroxene ¢ during cooling
and uplift. Note that there arc some conspicuous small
air bubbles prese

cond

Lacality: Crosby Nunataks, Enderby Land, Antarctica.
Magnification: x 38, PPL and XPL.

105
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Metamorphic textures

102 Corona texture I: in metamorphosed olivine
dolerite

This rock retains a coarse igneous texture typical of
b

The higher power
¢ a below the centre
w above. Primary plagioclase, which is
unstable with olivine under the conditions of the granu-
lite facies metamorphic event,
brown colouration in PPL which is
inclusions but serves to pick out
shapes and twinning. Origi
now mantled by complex coronas where they were in
contact with thé plagioclase. In PPL it is the high relicf
outer zone of the corona that is clearly apparent. This
appears almost black in XPL and is compose
very finely intergrown symplectite of clinopyroxene
and plagioclase with an outer fringe of fine garnet. In
XPL the olivine grains are seen to be mantled by an

tex
amaounts of brown biotite occur locally within the coro-
nas, usually at the interface between the orthopyroxene
and symplectite zones.

Locality: Midoy. west Norway. Magnification: % 2
PPL; and % 72, PPL and XPL.
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103 Corona texture Il: in metamorphosed dolerite

This photograph shows a slightly diffe
corona, developed at the
igneous augite (upper left) and plagioc
2one of 1, in contact with a gl s of pale green
omphacitic clinopyroxene. A fi

B 5ids amolibole ofien sunrounds, the omphacite
grains, and biotite is also patchily developed, notably
wowards the left side. The omphacite zone is sepa

by a clear, low relief zone of recrystallized plagioclase
from an outer zone of small garnet crystals, which marks
the outer limit of the corona texture

nt type of
iginal

Lacality
fion: x 22

Fiskd, Sunmmore, west Norway. Magnifica-
PPL

104 Corona texture lll: in metamorphosed dolerite

iple the development of coronas at the inter-
igneous pyroxene and pl
d by more thorou
“onspicuous rims of fin
clase domains from pyroxenc domains but the or
igneous phases are extensively recrystallized. Plagio-
clase has been replaced by albite with complex sub
structures, while augite is largely pseudomorph
e Drown arthopyroxene. In

giocl

F\\E‘l\l\hl'

bomnblende are present, notably in the lower half of the
field of view, and are probably of retrograde origin. An
opaque phase is also conspicuous

Locality: Heilesylt, Sunnmare, west Norway.
tion: % 16, PPL. and XPL

Magnifica-

Metamorphic textures
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105 Diffusion metasomatic zoning in calc-silicate
rock

Sedimentary processes can juxtapose layers of contrast-
ing mineralogy which subsequently react together dur-
ing medium to high grade metamorphism. Such reaction
of product minerals along the
nstrained by the
which material can diffuse into th
ther side

ation of layers of calc-silicate miner
terface hnlwu marble and schist. Thin marble

betwe
silicate on the right; probably ori
he schist layer is composed of bioti
plagioclase and quartz with garnet; biotite becomes
sparser towards the cale-silic: ers. The central zone
s of qu 2
(for n the lower part of the field
of view) and small lozenge-shaped sphenes, Feldspar is
distinguished from quartz by a slightly clouded appear-
ance in PPL, m(lu(ulxmnal twinning. The right h

ne is predominantly of hornblende and
Qurts wAth minoe ontie s eakce

Laocality: Loch Assapol, Ross of Mull, Scotland. Magni-
fication: x 11, PPL and XPL.

Textures of polymetamorphism

It is not uncommon for metamorphic rocks to contain minerals formed at differ-

ent times and under different physical conditions. Indecd, the m

of many metamorphic studies is 8

auuall) coexisted together at equilibrium (Yardley, 1989; pp. 4(,,4-;]
of different

is kmwm as polymetamorphism, and this term is usually used where the diffe

108

Department of Geology, Faculty of Science, Chulalongkorn University

OSK_GEO



106 Contact metamorphism after regional in
andalusite garnet schist

An originally euhedral garnet formed durin,
metamorphism has here been extensively
mmn; bsequent contact event. The outer parts of
the original shape is best seen in XPL) are
replaced by quartz, plagio

and magnetite, while much of the core remains intact
Magnetite tends to oceur in discrete planes that probably
ment along cracl
arnet breakdown.
ated by muscovit
texture and there |

The rock matri

npprmlnnmlv gamet + 05 = pl
+ andalusite + quartz

Locality: Easky Lough, Co Maye, Ireland. Magnifica-
tion: X 8, PPL and XPL.

Reference: Yardiey BW D, Long C B 1981 Mineralogical
Magazine 44: 125-31

Metamorphic textures

events recorded by the rocks are not both part of a single cycle of heating and
cooling. Where the second metamorphic event take a higher tempera-
tre than the first, al assernb ally reacts completely, as in
lics may remain. An example is the
matix fabric ||\pm.m in . Only where driving forces are very small, as for

do low minerals survive (e.g. 111)
On the other hand if the second event is a lower te mperature one (i.e. retro-

grade), many of the reactions that might occur require the reintroduction of fluid to
the rack, and if the supply of fluid is limited the reactions cannot go to completion
and minerals from both the primary and retrograde event will be present in the

final rock. In addition to temperature differences, there m
pressure differences between the events to which a polyme
been subjected

Of the examples illustrated here, 107, 108 and 109, each illustrate diffe:
types of overprinting in which water must be added in order for the assembl
characteristic of the second event to develop. Effects of a later, lower pressure,
contact event on higher pressure regional assemblages are shown in 106 and 112.
113 also illustrates the cffect of a drop in pressure, though it is possible that this is
not strictly a polymetamorphic rock. Likewise 111 is not strictly polymetamor-
phic, but is included here with other examples of polymorphic transitions.

also be appre
amorphic ro
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107 Blueschist overprint of eclogite

The thin section illustrated here has been made slightly
thick in order to emphasize the body colours of the
minerals. The mineralogy of this rock is intermediate
between the blueschi acies and the ecl
cophane and ompt

pre
eas are of rutile
e. The lower half of the low power
view is essentially eclogite, d met and
green  omphacite

ower right quadrant and show the spe
blue-lilac-colourless pleochroism of th

pper half of the low power view, omphacite has
replaced by glaucay and some chlo
rite is present

Locality: Franciscan Formation, Jenner, California,
USA. Magnification: % 7, PPL; and % 25, PPL and
XPL.

o
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108 Greenschist facies overprint on blueschist
(retrogressed blueschist)

netabasite has a pronounced schistosity defined by
alignment of pale glaucophane cry nd contains
carroded relics of garnet that probably also formed
under high presuure conditions. Green chlorite has

expense of gamet, and also
lows by garnet.

occurs with u\m
Glaucophane

trated in the enlarged view which shows the lower left
quadrant of the lower power image. The opaque gr
are of rutile, mantled by sphene.

ns

Locality: Val Chiusella, lmh Magnification: % 25, PPL
and XPL; and x 72, X

Metamorphic textures
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Metamorphic textures

103 Retrogressed garnet mica schist

In the centre of field of view is a pseudomorph after
garnet, composed predominantly of chlorite but with a
larg ing the upper comer

(higher relicf, blue-green in PPL). Some relics of the

..f shimmer aggre
with bright bite:
usually predomin-
These patches of

regate n.lm.\\mm pseudomorphs after
high temperature phase rolite or kyanite, but
only where relics remain can an unequivocal identifica-
tion be made.

The oceurrence of chloritoid as a retro
after garnet shows that the rock suffered
schist facics retrograde overprint on an origir
lite facies assemblage

e mineral
ower green-
amphibo-

Locality: Rosses Point, Co Siigo, Ireland. Magnification:
x 27, PPL and XPL.

Reference: Yardley B W D, Baitarzis E B 82 ol
tions 10 Mineralogy and Petrology 89: 59—

110 Polymorphic transition of kyanite after
chiastolite in graphitic hornfels

The clear areas in the centre and left of the field of view
define the shape of a prismatic andalusite crystal, and
the cross shape, with concentrations of graphite at some
faces, suggests that the parental crystal was of the
chiastolite variety (cf. 27). No andalusite remains in this
slide; the low relief m in the pseudomorph is o
fine-grained shimmer aggregate of muscovite, and this
contains radiating bundles of high relie In addi-
tion to graphite, the matrix contains biotite and quartz
with minor muscov

Locality: south of Dusky Sound, Fiordiand, New Zea-
land. Magnification: x 11, PPL and XPL.
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Polymorphic transition (continued)

1

Polymorphic transition of sillimanite after
andalusite in sillimanite hornfels

Except in the granulite facics,
usually forms only as a repl
andalusite porphyroblasts
case in the rock illustrated. The field of view is domin-
ated by a large sillimanite grain with high relief and blue
birefringence colour. To both right and left this grain

flanked by lower relicf andalusite with yellow birefring-
ence, and some stripes of andalusite survive enclosed by
sillimanite. Thi ple of topotactic replacement
of andalusite by and it is notable that the
wowth style of sillimanite is different beyor
of the original andalusite. At its
sllimanite passes into distinet fine pai
small bundles of random fibrolite have developed in
biotite below the left margin. The matrix phases in this

rock are quartz (with minor plagioclase), biotite, minor  §

muscovite and an opaque phase

Locality: Moumnt Stuart, northern Cascades, Washingion,
ification: % i4, PPL and XPL.

Metamorphic textures
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Metamorphic textures

112 Polymorphic transition of andalusite after
kyanite in kyanite mica schist following
contact metamorphism of schist

grains, each mantled by a fine-grained shimmer age
gate of white te, in a matrix dominated by

artz with plagioclase. The upper left por-
phvmm.m is a rounded e and h
distinctly higher relief than m aupclf:m!ly wm].n por-
phyroblast in the lower left c: ich is of andalu-
site. The large pnrphyrul)\.nl on u.: thl is composed
antly of
sub-grains, but contai
nant of kyanite within
present in this rock hu[ is not readily visible hm
small vein of pinite cuts across the andalusi
lower left corner.

Locality: Ardanalish Bay, Rnwnj.\ﬁfﬂ Scorland, Mag-
niftcation: x 16, PPL and Xi

"
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Metamorphic textures

113 Polymorphic transition shawing topotactic
replacement of aragonite by calcite

The large carbonate grain occupying most of the field of
view is of aragonite, and formed in a vein during high
pressure, low temperature metamorphism. The arago-
nite is partially replaced by calcite which has nucleated

sites around the edge of the aragonite and
cks. Note that there are two contrast-
ing morphologies of calcite. Some occurs as texturally
mature granoblastic aggregates (e.g. along the lower
edge of the main aragonite grain, and at the top). while
elsewher cite forms diffuse dendritic grains within
aragonite.

Locality: Eel River, north
tion: x 24, PPL and XPL.

Reference: Carlson W D, Rosenfeld J L 1981 Journal of
Gealogy 89: 615-38

fornia, USA. Magnifica-
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Index of mineral names

Nate: In the case of the mast common minerals, only

2,88-9, 111

L 88-9, 96, 107,

andalusite, 30-4, 109, 11314
chiastolite, 30, 112
andesine, §

anthophyllite, 65
antiperthite

apa

6.9-10, 13, 16-18, 20, 22-7, 29,
1,40,57-8, 80,91

94,96-9, 101, 103-4, 106-9, 112

calcite, 37,42, 51-5, 62-3, 98-9, 108, 111

115

carpholite, 37

chlarite, 6, 15-16, 18-19, 21, 41-2, 44, 46,
7-8, 60-2, 64, 68, 70, 76, 88-9,
10-12

chloritoid, 18
ottrelite, 18
clinohumite, 54

clinocnstatite

clinopyroxene
clinozoisite, 5

5, 105
corundum, 35
crossite. 68, 102-3
cummingtonite, 102
deerite
diopside,
dolom
enst: L 10, 76
cpidote, 12, 17,44-7,61-4, 68-9, §8-9
see also clinozoisite

forsterite, see olivine

s

the better ex

1,910, 18-19, 23, 25-8, 39-40.
0 0-3, 80, 91, 94, 96-9.
101-3, 106

grossular, 56

56,67,

pyrop:

spessartine, 46

glass, 13,36, 42
laucophane, 43,

see also crossi
phite. 9, 14
unerite, 48-9

hemarite, 74
culandite
hornblende, 55
rsthene

hyy
see also orthopyrox

ilmenite, 36, 64, 96-7, 10

feldspar, 17,24, 26-8, 3
87,92-3

kyanite,

umontite, 41

wsonite, 69

15-6
M, 36, 48-9, 102, 109

muscovite, 9-10, 15-22, 24,
8, $0-1, 89-90, 92

109, 111-12
43,45,47,80-1, 92-3
oligactase, 58, 79,96
olivine, 7, 10, 54, 75-6. 106
omphacite, 71-2, 107, 110

‘opague iron oxide’, 27-8, 65, 73

orthopyroxene, 7. 10, 29, 36, 66,

106

see also enstatite, hypersthene

perthite, 26, 34, 40,79

listed. All numbers refer to ps

phengite

phlo;

pinite, 26, 33, 114

plagioclase. 11,20, 25, 27-8, 35-6, 40, 55

peristerite

p. 96
see aiso albite, andesine, oligoclase

pumpellyite, 44, 60

pyrite, 97

L 20, 23-9, 32-4, 36

9,55,57-8, 61-2,71-3,

L 108, 11

94,96-9, 101
ebeckite, 47, 102-3
rutile, 70-2, 1H0-11
sapphirine, 29, 105
scapofite, 55, 88
sericite, 25
serpentine, 60
shi ereg 30, 112, 114
siderite, 48, 90
7,101,104, 113
101, 104, 113
prismatic, 27, 113
sphene, 53, 3,70, 108, 111
spinel, 10,27 54
staurolite, 10,201, 23, 33, 99-101, 104
stilpnomelane, 45-6
talc, 7,38, 51, 75-6
titanite, see sphene

tourmaline, 23, 45,99, 103-4
tremolite, 52

onite, 56

zeolite, see heul

zircon, 15

zoisite,
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General index

umbers in ialics arc to entries in i

1l text, other page numbers refer 1o photomicre

nd their descriptions.

cicular, 60, 86, 88-9, 102-3, 111
amphibolite, 3. 11, 63
smphibolite facies, 4.

55, 57-8, 63-5.

eiss, 3, 25-9, 65, §1 mesh texture, 7

87 metabasite, 2, 11-12, 59, 60-73, 88-9,
16-7, 110-11

granablastic, 12 meta chert

flattening fabric, &

metagranite

onstone, 2, 46-9,

armoured relic inclusions, 39, tic polygonal, 51,66, 36, 88 102-3

atoll structure, 70, 103 granulite, 3, 40, 66-7, 88, 105 8-81,92-3

wigen gneiss, 78 see also gneiss, charnockite 41, 44-5
granulite facics, 4, 26-9, 40, 66-7, 76, 79, metamorphic facies, 4

Bam

ian metamorphism, /4 88, 105-7

see also medinm pressure metamorphism greenschist, 3, 61-2, 88-9, 111

blucschist, 3, 68-70, 110-1 greenschisi facics, 4, 15-19, 46, 48, 51

blueschist facics, 4, 37, 43, 47-8, 68-70. 61-2,77,88,90, 98, 111-1
102-3, 11011, 115

chite, 36

Al metamorphism, 7, 41-2

» under individual facics names

norphism, 37, 37-40,
0-1, 102-3, 110-11,

high pressus
43,47
s s
calcsilicate rock, 50, 56-8, 108 hormblende homfels facies, 4, 30-3, 56
chamockite, 3, 79 3

homfels, 3.6
chert, see metachert calesilicate, 56

contact metamorphism, £, 6, 6-7,30-1, pelitic, 6,30-1, 34-5, 109, 112-13 y 10,92, 94
34-6, 48, 54, 56, 109, 112-14 peridotite, 7 protamylonite., 9, 40, 78
corona texture, 106-7 ulteamylonite, 92,93

hour-glass structure, 18
corroded grains, 23, 61, 101, 111-12 hydrothermal metamorphism, 1, i, 12 myrmekite, 81,92
Jschistasity, 15-16, 22

see also metasomatism

86, 98-100 pelite, 2, 6,9-10, 14-40, 89-91, 96— 105,

12-14

86,89, 109
ation bands, 91

depressurization textures, 38-9, 105, 115
diffusion metasomatism, 108

dynamic metamorphism, £, 8, 9-10, 40,

decussate, 21

phylite
pleochroic halo, 34
iloblast, 6, 20, 31-3, 35, 64, 69, 76, 86
see also porph
polymetamorphi
102-3, 104
polymorphic transition, 10,39, 112-15

neous textures (relic), 11-12, 60-1,
77,80, 106

forn

wphism, 1, 13, 13
15,32, 90, 96100

ironstone, see
onic re

etachertfiranstone
tion cycle, 23, 104

eclogite, 3,71-3, 110 porphyroblast, 9-10, 5, 18-19, 21-3, 30-2
eclogite facies, 4, 38-9, 71-3, 801, 110 low pressure metamorphism, 30, 30-6. 48, 39, 58, 70, 88-90, 96-102, 109-12, 114
epidosite, 12 , 56 pretectonic, 32, 90, 96, %
epitaxy, 21 post-iectonic, 15, 97-9
exsolution lamellac, 66 marble, 2, 50, 51-5 yntectonic, 96-9

see also perthite, antiperthite in mineral see also cale silicate rock see also poikiloblast

index matrix coarsening, 20, 32 porphyroblast textures, 85, 94-5
jum pressure metamorph porphyroctast, &, 10,40, 44, 75, 92-4

foliation, 86, §7 14-29, 41-2, 44-6,49, 51-3, 55, 57-8, prehnite-pumpellyite facies, 4, 14, 44-5,

see also schistosity, segregation 60-6, $8-90, 99- 104, 106-7 60
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Gel ndex:

pelitic, 10, 15-16, 18-24, 32-3, 37-8.
96104, 108-9, 112, 114
semi-pelitic, 17, 93
schistosity, 9,.) 5- 1§, 19-21
49

topotactic replacement, |

NN
10,14, 18,

72-3, 86, 91,97, 103 79-80)

100, 101-8
wrphism, 1,8, 9-10, 14-29, serpent 28.66,91. 101, 1
47,49, 51-3, 55, 575 skele
7-91,96-107, 109-12 slate

teration, 16, 21, 24, 40

slaty 0, 74-6
107, 110-12, 1 spotted sl 30,3
see also depressurization textures stained thin sections, vein, 14, 16,61, 115
ribbon texture, 94 strained extinction, 9, 91
whiteschist
sub- ins, 107, 114
inite facies, 4, 35-6 sutured grain boundaries, 9, 91 senolith. 35
schist, 3 symplectite, 106
calc silicate, 57-8, 98-9, 108 syntectonic recrystalliza 8,
metabasic, 44, 46, 62, 68-70, 111 81,91 3
i20
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Atlas of
metamorphic rocks
and their textures

This, the fourth volume in a series of photographic atlases of rocks in thin
section, is designed to be used as a laboratory manual by students of metamor-
phic petrology. #s well as being a reference for teachers and amateur geologists.
The book is divided into two parts. The first illustrates the most common and
significant varieties of metamorphic rocks, grouped according to parental rock
type and according to the metamorphic facies in which recrystallization took
varieties have also been included where they have special
significance for conditions of metamorphism. Part Two is devoted to the textures
acteristic of metamorphic s. It provides an introduction to the more
widespread examples of deformation and reaction textures, and to those
textures which are indicative of the metamorphic and structural history of a
rock. In both paris short descriptions and summarics of the minerals and their
textures accompany the exceptional full-colour photomicrographs — taken in
both plane polarized and cross polarized light

B.W.D. Yardley is Reader in Metamorphic Geochemistry at the University of
Leeds.

W.S. MacKenzie is eritus Professor of Petrology at the University of

ord was formerly Superintendent of the Department of Geology at the

University of Manchester.
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