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This book is dedicated to all of the world’s field mappers, without whom instrument
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Preface

This book is a photographic introduction to metamorphic rocks. It is meant to be a
survey of mostly typical metamorphic rocks, minerals, and structures as they appear in
the field, and the metamorphic processes that make them. Its purpose is to help guide
the eye of any student of geology to better see the geologic features in metamorphic
rocks that might otherwise remain invisible or obscure. This book is a training tool,
one of many, to help budding geologists of metamorphic rocks, young and old.

This book should be accessible to geoscience undergraduate and graduate students,
and even to pre-university students if they are interested in rocks, and have spent time
reading some introductory geology materials. This book should also be useful for pro-
fessionals who may be unfamiliar with metamorphic rocks, or those who have started
working on them again after a long hiatus. It is likely to be most valuable for people
starting work on a new project involving unfamiliar metamorphic rocks, where a visual
introduction to rock types, features, and terminology can speed the project along.

Included with the field photos are several line drawings, the purpose of which differs
from chapter to chapter. In some cases, they show before and after illustrations of pro-
cesses that result in particular metamorphic features. In other cases, they represent the
features themselves, but more schematically and so, perhaps, more clearly than might
appear in a single field photo. In all cases they are meant to complement the outcrop
photos.

Also included are images taken from thin sections of metamorphic rocks. Thin sec-
tions are 30 pm (micron) thick slices of rock on glass slides, thin enough for most
minerals to be transparent. Their purpose is to make the important link between the
insights and observational skills that can be learned from looking at metamorphic
rocks in thin section, and recognizing and interpreting the same small-scale features
in the field. To further this goal, all photomicrographs have field widths of 4 mm. At
this magnification, many features visible in thin section are translatable to features in
the field that can, with training and experience, be seen with a good rock surface and
a 10x hand lens.

Like all aspects of geology, metamorphic rocks pose an intellectual challenge. The
immediate goal of working in metamorphic terranes is usually to figure out the rock
types, map patterns, and structures, and to work out the local geologic history. This
understanding can be used for academic purposes, such as planning a petrologic or
geochemical sampling program. Ultimately the goal may be reconstructing how entire
ancient mountain ranges developed (may require additional information). Alternatively,
the preliminary work may be applied to searches for new ore deposits, or underground
extensions of known deposits. Understanding metamorphic rocks and structures
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may help in the design and construction of tunnels through such terrane. Conversely,
excavations can give access to rock exposures that are otherwise inaccessible. The point
is that metamorphic rocks are widespread and important beyond academic geology.
They are also fun to work in.



About the author

I was first exposed to rocks and geology as a lad in the early 1960’s, on family vacations
to the coast of New England and the Canadian Maritime provinces. My father would
tell me things about the rocks, which ran the gamut from fossil-rich sedimentary to
igneous and metamorphic rocks. One of my oldest memories was of asking my father
if the deepest parts of the oceans was in their centers, reasoning that those areas were
farthest from the continental sediment sources (yes, I was a strange one). He answered
that, no, the deepest places were narrow trenches, generally quite close to land. That
answer made me realize that the Earth must be a more interesting place than I had real-
ized, as developments in plate tectonic theory soon demonstrated.

As I grew up, we traveled to northern Europe and hiked extensively in the
New England Appalachians. I took many photographs using a series of progressively
less-primitive cameras, commonly of geologic features that seemed interesting. In
college and graduate school I learned better what geologic features actually were
interesting, and continued photographing. In graduate school I worked on metamorphic
rocks in southern New England. Then and since I attended numerous field trips, both
ad hoc, during research work, and associated with different geologic organizations.
After graduate school I was hired at Union College, a small liberal arts undergraduate
school in east-central New York State. In that environment I taught fledgling earth
scientists, and others, about the solid Earth and its internal and external processes.
That forced me to wade through decades of old photos, and to take many new ones,
to illustrate how our world is constructed and how it works. A subset of those photos
makes up most of the material in this book.

Many of my friends will probably wonder what possessed me to write this book.
I have missed altogether too many field trips. I am not a world-class petrologist, and
I am certainly no structural geologist. I am not a good field mapper, and in fact I was
once told by my Ph.D. advisor to quit wasting my time trying to do mapping. It turns
out that I am a pathological splitter of geologic units, rather than a lumper. My mapped
units never spanned more than an outcrop or two, and so never made any large-scale
sense. I am also not a professional photographer and have never had access to equip-
ment of more than moderate professional quality. A large fraction of my photos were
taken in typical temperate zone conditions, which usually included some combination
of dark woods, twilight, and rain. Fortunately, quantity has a quality all its own. From
the large assortment of slides, negatives, and electronic images, there were some pic-
tures that were actually pretty good, or at least showed an interesting feature or two.

The thought of writing a book, even a picture book, had never crossed my mind. One
fateful day, however, I was contacted by Robert Nesbitt, a geologist at the University
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of Southampton. Apparently he noticed that I had a lot of geology photos on my web
page, and he was looking for someone from the New World to help write a picture
book on igneous and metamorphic rocks in the field. Over years of delays caused
by more pressing work, and occasional advances, we eventually decided to separate
the topics into two books. I got the metamorphic part. My motivation for this book
was simply the idea that someone else thought I could contribute to such a thing.
And here it is.



Acknowledgments

I would like to thank my many teachers and colleagues who, over the years, have
given me the training, insight, and opportunities to see and work with metamor-
phic rocks in the field. This includes field trip leaders for many excursions to meta-
morphic terranes, many of which were under the auspices of organizations like the
New England Intercollegiate Geological Conference, the New York State Geological
Association, the Geological Society of America, the International Geological
Congress, and the International Mineralogical Association. Individuals are too
numerous to mention in full, but include, in alphabetical order: Henry N. Berry
IV, John B. Brady, Jack T. Cheney, Robert H. Fakundiny, John I. Garver, David
Gee, Charles V. Guidotti, Leo M. Hall, Lindley S. Hanson, Norman L. Hatch,
J. Chris Hepburn, Rudolph Hon, Arthur M. Hussey II, Jonathan Kim, Jo Laird,
James M. McLelland, Phillip H. Osberg, William Peck, Stephen G. Pollock, Douglas
W. Rankin, Nick M. Ratcliffe, David Roberts, Frank S. Spear, Barbara Tewksbury,
James B. Thompson, Peter J. Thompson, Phillip R. Whitney, Robert P. Wintsch, and,
most especially, Peter Robinson (the one from the University of Massachusetts, Amherst,
and Norwegian Geological Survey, Trondheim). To these people, and many others, [ am
thankful. I thank Robert W. Nesbitt, for having started me on this book project, and
for letting me use some of his photos (Figs. 13.9, 15.5, 15.6, and 18.4). I also thank John
C. Schumacher, Thomas C. Hollocher, and my wife and daughter, Janet and Alice, for
their helpful reviews of this manuscript.



This page intentionally left blank



A matter of scale

With rocks it is typically difficult to tell how big things are without some context. An
image may show metamorphic garnets, but are they 1 mm across, or 100? Is the fold
pictured a few centimeters from limb to limb, a few meters, or does it cover a major
part of a mountain face? In some studies of metamorphic rocks the exact scale mat-
ters, for example a study of mineral size variation with metamorphic grade. In such
circumstances you need to measure mineral sizes in many different places, and photos
should probably include an accurate length scale, such as a ruler. In this book accurate
length scales are not necessary, but it is still helpful for the viewer to have some idea of
how big things are. Otherwise, it might be difficult to judge how big to expect similar

Figure i Examples of scale indicators used in the field photography of this book.
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things to be in the field. Features might be missed simply by the accident of looking at
the wrong scale. Almost all of the field pictures shown in this book have some sort of
scale indicator, some examples of which are shown in Figure i. Although a ruler-type
scale might be ideal, given forgetfulness and the press of time on the outcrop, they are
not always quickly available, or available at all. Often, the quickest thing handy is used
as a size indicator: a rock hammer, a pencil or field notebook, or a coin. When time
is very short, fingers, rubber boots, plants, or even dead leaves may be pressed into
service. Generally the scale items seen in this book are widely familiar, so readers who
have had their eyes open for awhile should easily be able to estimate the scales to within
a factor of two or so. That is good enough for most work, and fine for the purposes of
this book. In the few cases where visual scales have been neglected entirely, image field
widths are given in the captions.
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Introduction

THE BASICS

If the Earth’s water were removed, most of its surface would be covered by sediments
and sedimentary rock. Like icing on a cake, however, this thin veneer merely covers a
voluminous and equally interesting interior: hot deep crust, a slowly convecting mantle,
rising magmas, and sinking oceanic plates. Using round numbers, the silicate Earth
makes up 84% of the planet’s volume. Because the sedimentary cover is so thin, and
only a minute fraction of the upper mantle and crust are molten at any given moment,
and because deformation and other solid state processes have modified most older
sedimentary and igneous rocks, most of our planet is made of metamorphic rock.

The classic way to think about the origin of metamorphic rock is to start with the
protolith concept. A protolith, from the Greek meaning first stone, is the precursor
rock that existed before any metamorphic change. Protoliths can be any of the many
varieties of igneous or sedimentary rocks, such as basalt, granite, shale, or sandstone.
Metamorphic conditions cause the rocks to change their original form in terms of shape,
mineralogy, grain size, and even chemical composition. The boundaries separating the
realm of metamorphism from the realms sedimentary and igneous rocks are somewhat
arbitrary, governed more by historical precedent than any obvious or objective criteria.

The word metamorphism comes from Greek, meaning to change form. Rocks can
change form in many ways. On the cold side, loose sediments gradually transform
to sedimentary rocks. Burial results in higher temperatures and pressures. These new
conditions, along with other processes, cause pore spaces to be filled in, allow replace-
ment of feldspars by clay, and drive reactions that modify clay mineralogy. These
transformations, while metamorphic in a sense, result in materials that still look like
sediments, and so are generally worked on by people who specialize in sedimentary rock
geology. These transformative processes are usually referred to as sediment diagenesis,
rather than metamorphism.

On the hot side, high temperatures can result in melting, where the rocks transition,
generally only in part, to silicate liquid (magma). A partially melted rock has a solid
metamorphic part (restite) and an igneous liquid part that occurs initially along grain
boundaries. The liquid can separate from restite by migrating into nearby opening
spaces, or, because it is generally less dense than the solid restite, the liquid can migrate
upwards along grain boundaries. Separation of magma from the solid residue may
form dikelets, which can coalesce into dikes as the liquid moves. Magmas may pond
and accumulate at some storage or emplacement level to form magma chambers, and
some may escape to the surface to feed volcanoes.
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Magmas eventually cool, crystallize, and become solid igneous rocks. As they
crystallize they may undergo other changes as well. These changes can include
recrystallization, unmixing of solid solutions, and mineral alteration caused by reactions
between igneous minerals and late fluids that are commonly left over from magma
crystallization. Fluid-mineral reactions can form alteration products, such as sericite
(fine-grained white micas) in feldspars, and chlorite, which may partly replace biotite.
These changes, while metamorphic in a sense, are traditionally studied by people who
specialize in igneous rocks and so are considered to be part of the igneous realm.

Metamorphic rocks therefore form between fuzzy lines that separate them from the
realms of sedimentary and igneous rocks. Such a seemingly restricted domain, however,
turns out to be quite diverse and complex (remember the 84%). Because most of the Earth is
inaccessible, this book will concentrate on metamorphic rocks found in the crust. Through
tectonic happenstance, some mantle rocks are lucky enough to become incorporated into
the crust and reach the surface, where we can see them. The conditions and processes that
produce metamorphic rocks can be divided into temperature, pressure, strain (deforma-
tion), chemical flux, and recrystallization, which will briefly be discussed in sequence.

PRESSURE, TEMPERATURE, AND METAMORPHIC GRADE

Pressure and temperature (P and T) are discussed together because they commonly
change together. With depth in the Earth’s interior, pressure increases as a result of
the weight of overlying rock (a product of rock density, gravitational acceleration, and
depth). If we ignore highly porous rocks, common rocks range in density from about
2500 kg/m? for shales, and 2900 kg/m? for typical crust, to 3400 kg/m? for typical
upper mantle rock. These densities correspond to depths of 4000, 3500, and 3000 m,
respectively, to produce 1000 bars (1 kbar) of lithostatic pressure. As a rule of thumb,
pressure therefore increases by 1000 bars for each 3.5 km of depth in the crust (multiply
bars by 100,000 to get Pascals, or divide by ten to get megaPascals).

As another rule of thumb, the near-surface geothermal gradient is about 20°C/km in
typical continental interiors. Multiplying the two rules of thumb, one gets temperature
gradients of about 70°C/kbar. Geothermal gradients vary considerably, but if one avoids
regions directly over magma chambers and the coldest subduction zones, the range
is something like 10-40°C/km or 35-140°kbar. Although near-surface temperature
gradients tend to look straight, with depth they become concave downward (con-
cave toward higher pressure), as temperatures increase progressively more slowly with
depth. Another rule of thumb is that one should be wary of extrapolating too far.

Rocks that are out of equilibrium with their environment undergo changes to reestab-
lish equilibrium. Take a piece of shale, for example. This rock has a particular chemical
composition. At low temperatures and pressures the chemical components might occur as
clay and quartz, the (more or less) stable mineral assemblage. At higher temperatures and
pressures the chemical components tend to become rearranged as other sets of minerals
become stable. Minerals transform from one set to another via a series of chemical reac-
tions. These reactions can cause some minerals to vanish and others to appear in the rock
as conditions change. Minerals can also remain present, but can change in abundance or
composition. For any particular rock (chemical composition) there will be a stable set of
minerals (mineral assemblage) at every metamorphic temperature and pressure. Minerals
react to approach equilibrium as the conditions change. We will not worry about the fact
that minerals in real rocks were rarely ever in perfect equilibrium with one another.
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Some common rocks, like typical basalts and shales, have limited ranges of chemical
composition. This means, for example, that a basalt metamorphosed at one set of
metamorphic conditions will tend to have the same mineralogy as a similar basalt
metamorphosed at the same conditions anywhere in the world. The consistent chemical
composition results in a consistent pattern of metamorphic minerals over the range of
P-T conditions (an oversimplification, but close enough for now). For this reason, typical
basalts yield reasonably consistent mineralogy that can be a general guide to the meta-
morphic conditions that the rock experienced. Using the mineral assemblages in meta-
morphosed basalt at different P-T conditions, we can divide P-T space into a series of
fields where basalts generally have the same mineral assemblages (Fig. 1.1). These fields
are named in different ways, but they generally involve the rock type, what the rock
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Figure 1. Metamorphic facies schematic for basaltic rocks across a range of pressures and
temperatures found of the crust. Note that the aluminosilicate reaction lines are for reference pur-
poses in this diagram, because basaltic rocks are not generally expected to have aluminosilicates in
this P-T range. Diagrams such as this one are useful guides for the likely metamorphic conditions
experienced by common rock compositions (Table |.1), but should never be thought of as applicable
to all rocks. Even here, basaltic rocks that have chemical compositions moderately different from the
average can have somewhat different mineral assemblages at the same metamorphic conditions. This
diagram is based on information from several sources, including Perple-X thermodynamic modeling
(Connolly, 2009) of several average basalt compositions saturated with pure H,O fluid, the low-tem-
perature phase relations of Evans (1990), Baltatzis (1996), Muiioz et al. (2010), and Tsai et al. (2013),
and the low-pressure fields of Winter (2001, fig. 25-2) and Blatt et al. (2006, fig. 17-4).
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looks like, and/or the characteristic minerals they contain. The fields are typically
referred to as metamorphic facies (the most common term used for metamorphosed
basaltic rocks), or grades or zones (more commonly used for metamorphosed shales
and some other rocks). They all mean the same thing, however.

For example, basaltic rocks in the greenschist field (Fig. 1.1) typically contain chlorite,
white mica, and a few other minerals that are stable at those conditions. Chlorite gives
the rocks a green color, and the platy minerals chlorite and white mica can be oriented
parallel to one another to give the rock a schist-like appearance. Hence, greenschist
facies. Basaltic rocks in the pyroxene granulite field typically contain two pyroxenes
(augite and orthopyroxene) and plagioclase, but are mica-poor. The scarcity of platy
minerals like the micas, and generally blocky shapes of pyroxenes and plagioclase,
cause many of these rocks to be textural granulites. Hence, pyroxene granulite facies.
The change in mineralogy and rock appearance from greenschist to pyroxene granu-
lite facies occurs because minerals like chlorite and the micas react to form a differ-
ent stable assemblage of feldspar and pyroxenes. Figure 1.1 can therefore be used as
a general guide to the metamorphic conditions experienced by typical basaltic rocks.
Table 1.1 lists the minerals that are commonly found in basaltic rocks that have been

Table I.I Typical minerals in metamorphosed normal basaltic rocks in the metamorphic facies fields

in Figure I.1.

Facies Typical minerals*

Zeolite Analcite and other zeolites, prehnite, zoisite, white micas, albite, calcite

Prehnite — pumpellyite Prehnite, pumpellyite, chlorite, albite, actinolite, epidote, white micas,
calcite

Lawsonite Lawsonite, chlorite, actinolite, phengite, aragonite, garnet

Lawsonite blueschist Glaucophane, lawsonite, garnet, albite, chlorite, zoisite, phengite,
aragonite

Epidote blueschist Glaucophane, garnet, epidote, albite, chlorite, zoisite, omphacite,
phengite, aragonite

Eclogite Garnet, omphacite, pargasite, zoisite, kyanite, phengite

Greenschist Chlorite, albite, white micas, actinolite, calcite

Epidote amphibolite Plagioclase, hornblende, epidote, actinolite, biotite, chlorite, calcite,
garnet

Amphibolite Plagioclase, hornblende, cummingtonite, biotite, garnet, clinopyroxene,
orthopyroxene

Pyroxene granulite Plagioclase, clinopyroxene, orthopyroxene, garnet, biotite

Olivine — pyroxene Plagioclase, clinopyroxene, orthopyroxene, olivine, garnet

granulite

Albite — epidote hornfels Albite, epidote, actinolite, chlorite, white micas

Hornblende hornfels Hornblende, plagioclase, orthopyroxene, clinopyroxene, epidote, garnet

Pyroxene hornfels Clinopyroxene, orthopyroxene, plagioclase, garnet

Olivine — pyroxene Clinopyroxene, orthopyroxene, plagioclase, garnet, olivine

hornfels (Sanidinite™)

“Quartz, or other silica polymorph, can occur in any facies, depending on rock composition, though not with Mg-rich
olivine.

*Rocks rich enough in potassium and silica may have sanidine and tridymite, though preservation of them requires
rapid cooling as well as high metamorphic temperatures.
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metamorphosed in the various facies fields. The broad boundaries between the fields
are caused by a number of factors, but especially compositional variations in the basal-
tic protoliths themselves.

Shales are another good example of a common rock that has, globally, a reasonably
consistent chemical composition. Because of this, the mineralogy of metamorphosed
shales also reflects, in general, the metamorphic conditions the rocks experienced
(Fig. 1.2). What is somewhat remarkable about metamorphosed shales is that they can
form a set of easily recognizable minerals over a relatively narrow temperature range
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Figure 1.2 Metamorphic grades for pelitic rocks across a range of temperatures and pressures found
of the crust. This diagram can be used as a guide to the metamorphic conditions experienced by
shales, provided you pay attention to all minerals in the assemblage (Table 1.2). Unfortunately, as with
basalts, the chemical compositions of shales are not all the same, and so they can have somewhat
different assemblages than those shown here. For example, in the garnet — cordierite — sillimanite
— K-feldspar zone, a rock with enough additional calcium or sodium may have more feldspar and no
sillimanite. One with more magnesium may have no garnet, and one with more iron may have no cor-
dierite. On the other hand, mineralogical differences are one of the keys to mapping geologic units.
This diagram is based on information from several sources, including Tracy et al. (1976), Westphal
etal. (2003), and El-Shazly et al. (2011), and calculations with the Perple-X thermodynamic modeling
software (Connolly, 2009), using a modified marine shale composition (Na,O, 0.96% by weight;
MgO, 3.19; ALO;, 18.13; SiO,, 65.00; K,O, 4.39; CaO, 0.48; MnO, 0.13; FeO, 7.72), and assuming

saturation with pure H,O fluid.
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in the middle of the diagram, where many regionally metamorphosed crustal rocks
form. Table 1.2 is a list of the minerals that can be found in metamorphosed shales at
different grades.

With a little recollection of mineralogy, you should be able to see in Figures 1.1 and
1.2 and Tables 1.1 and 1.2 that, in general, low temperature assemblages are rich in
hydrous minerals like chlorite and micas, whereas high temperature rocks are dominated
by anhydrous assemblages rich in garnet, pyroxenes, cordierite, and feldspars. Higher

pressures tend to stabilize hydrous minerals to higher temperatures.

Table 1.2 Typical minerals found in metamorphosed shales, in addition to quartz, in the
metamorphic grade fields in Figure 1.2.

Metamorphic grade

Typical minerals*

Stilpnomelane —
lawsonite

Glaucophane

Garnet
Kyanite

Garnet — sillimanite
Zeolite

Chlorite

Biotite

Staurolite

Sillimanite — muscovite

Sillimanite — muscovite —
K-feldspar

Sillimanite — K-feldspar
Garnet — cordierite —

sillimanite — K-feldspar
Garnet — cordierite
Andalusite
Cordierite — biotite

Osumilite

Cordierite — garnet —
orthopyroxene

Cordierite — orthopyroxene

(Sanidinite™)

Stilpnomelane, lawsonite, white mica, albite, chlorite, kaolinite,

garnet, calcite or aragonite

Glaucophane, phengite, garnet, albite, chlorite, aragonite,
lawsonite

Garnet, biotite, albite, chlorite, white mica

Garnet, kyanite, staurolite, albite, biotite, muscovite or
phengite

Garnet, sillimanite, K-Na-feldspar

Zeolites, albite, chlorite, white micas, calcite,
stilpnomelane

Chlorite, white mica, epidote, albite

Biotite, chlorite, albite, white mica, epidote

Staurolite, garnet, biotite, plagioclase, muscovite

Sillimanite, garnet, biotite, plagioclase, muscovite

Sillimanite, garnet, biotite, plagioclase, muscovite, K-feldspar

Sillimanite, garnet, biotite, plagioclase, K-feldspar
Sillimanite, garnet, cordierite, biotite, K-feldspar

Garnet, cordierite, K-feldspar, sillimanite, plagioclase
orthopyroxene, biotite

Andalusite, staurolite, garnet, biotite, plagioclase,
muscovite

Cordierite, biotite, muscovite, plagioclase, K-feldspar,
garnet

Osumilite, cordierite, plagioclase, K-feldspar,
orthopyroxene

Orthopyroxene, cordierite, plagioclase, K-feldspar, garnet,
biotite
Cordierite, orthopyroxene, plagioclase, K-feldspar

“Quartz is stable in all fields, white micas refers to muscovite with or without paragonite (low-grade only), or

phengite at high-pressure and low-temperature.

™ Rocks rich enough in potassium and silica may have sanidine and tridymite, though preservation of them requires

rapid cooling as well as high metamorphic temperatures.
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MOVEMENT OF ROCKS THROUGH P-T SPACE

Rocks, of course, do not simply appear at a particular metamorphic P-T condition
and then rush, nicely equilibrated, to your outcrop. Metamorphic rocks have to
travel slowly through a range of P-T conditions by typically starting out at or near
the surface of the Earth, being buried and heated, and then cooling and decompress-
ing while returning to the surface where we can see and collect them. This is referred
to as a P-T path. Figure 1.3 shows a simple P-T path. The rock starts at the surface,
perhaps as a lava flow. Gradually it is buried by other lava flows and sediments,
overriding thrust sheets, and horizontal crustal shortening (during which the thick-
ening crust pushes all parts to greater depth). As burial progresses, the rocks heat
up as a result of heat flow from hotter rocks below, from radioactive decay in the
rocks themselves, and from the insulating effect of the overlying pile of rock. Rising
magmas and some deformation processes can add additional heat. Though there are
heat sources, remember that many metamorphic reactions, especially dehydration
reactions and melting, are endothermic and so can limit temperature rise to some
extent. The part of the P-T path in the direction toward higher temperatures is typi-
cally referred to as the prograde metamorphic path.

The processes that raise mountains have limits. The higher the mountains rise, the
faster erosion, lateral tectonic escape, or detachment faulting tend to limit mountain
height. Orogenic forces reach equilibrium with unroofing processes at some point,
which may be at approximately the same time as the maximum pressure experienced
by a rock in the mountain belt. As the orogenic forces wane, from cessation of subduc-
tion and slab detachment, for example, rock heating can continue even as unroofing
processes start to bring rocks to the surface. This allows them to heat and decompress
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L Hydrous mineralH / 4
dehydration & metamorpp
6 reaction lines JaatP ge R T
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@ 4+ Maximum N
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>
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Figure 1.3 Simplified P-T path that might be taken by a rock during regional metamorphism, from the
surface, through different metamorphic pressures and temperatures, and back to the surface again.
Dark blue, curved lines represent generic dehydration reactions. The solid black lines are aluminosili-
cate reaction lines, with the aluminosilicate stability fields labeled K, S, and A for kyanite, sillimanite,
and andalusite, respectively.
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simultaneously for awhile. Eventually the rocks will pass through a point of maximum
temperature, and finally unroofing brings the rock to the cold surface where we break
it off the outcrop. The part of the P-T path from the point of maximum temperature to
the surface is usually referred to as the retrograde metamorphic path.

PRESERVING THE PROGRADE ASSEMBLAGE

Figure 1.3 raises an important question. If the metamorphic assemblage in a rock
represents a close approach to equilibrium, why do we see metamorphic assemblages
at the surface at all? If a shale starts out as a mixture of clay and quartz, and the
minerals progressively reequilibrate as the rock follows the P-T path, why don’t we
end up with a reequilibrated mess of clay and quartz at the end? The answer comes
in two parts.

First, reactions between minerals take time, generally a lot of it (reaction kinetics),
especially if the rocks are not actively deforming. During prograde metamorphism,
temperatures are initially low, and reactions tend to be slow. Mineral assemblages may
not reach equilibrium, though fine grain size and deformation-induced recrystallization
may help. Because reaction rates increase enormously with increasing tempera-
ture, where would you expect the metamorphic reactions to be the fastest and the
assemblage to be closest to equilibrium? Near the point of maximum temperature, of
course. Because of fast reaction rates, including solid-state diffusion within minerals,
equilibration near the point of maximum temperature tends to partially or wholly erase
evidence of earlier metamorphic history, especially at medium- and high-temperatures.

The second part comes from the metamorphic reactions themselves. As a rock
follows the prograde path through the crust, it crosses numerous reaction lines that
include dehydration reactions. A shale may cross, say, chlorite-out, paragonite-out,
and staurolite-out reaction lines, or others that only partially remove these hydrous
minerals. As these minerals decompose, what happens to the released H,O? Some of
it may go into other minerals of the new assemblage, such as biotite, but much of it
enters the grain boundary fluid phase that is in equilibrium (more or less) with the
surrounding minerals. Fluids have low densities compared to the adjacent minerals, so
an extensive network of grain-boundary fluids will tend to hydraulically fracture its
way upwards, escaping the rock and thus dehydrating it. As the rock travels along the
P-T path, eventually it passes beyond the point of maximum temperature and has lost
all of the H,O from hydrous minerals that it can. Prograde reactions cease, and the
rock begins the retrograde segment of its path.

As you can see in Figure 1.3, the retrograde path crosses backwards across the same
(or similar) reaction lines that it passed forwards across during prograde metamor-
phism. Going backwards across a prograde dehydration reaction, while following the
retrograde path, makes it a retrograde hydration reaction. What do these reactions
need to grow the new, lower temperature, hydrous mineral assemblages? H,O from
a fluid phase, which is no longer available because it has escaped. Indeed, any traces
of grain boundary fluid, remaining after the point of maximum temperature, would
quickly be used up by the first retrograde hydration reaction encountered, leaving an
effectively dry rock. No fluid means no hydration reactions, and also no grain bound-
ary fluid that would speed diffusion transport of the chemical components needed for
the reactions. Lack of fluid also inhibits rock recrystallization. Rapid equilibration at



Introduction 9

maximum temperature, loss of fluid released by dehydration reactions, and reduction
in or cessation of deformation, therefore tend to preserve the mineralogy produced
near the point of maximum metamorphic temperature.

METAMORPHIC FIELD GRADIENT

If, in general, a metamorphic rock best records the mineral assemblage formed at
maximum temperature, what we see on the ground in terms of metamorphic grade
is what is called the metamorphic field gradient. That is the maximum temperature,
or metamorphic facies, grade, or zone, recorded by different rocks across a metamor-
phosed region. Figure 1.4 illustrates a regional metamorphic field gradient with a series
of simple, nested P-T paths. The points of maximum temperature on the paths are
encircled to show the metamorphic field gradient: the range of common P-T conditions
recorded by metamorphic assemblages that one typically finds in the field.

One of the many goals of geologists working on metamorphic rocks is to understand
how mountain belts work. To do that, you need more than just maximum temperature
P-T conditions and the metamorphic field gradient. What you would like is the whole P-T
path over time for each rock. Where does that information come from? Well, some of it
comes from the metamorphic field gradient, because that is an important series of points
on the P-T paths. Some of it can come from structural geology, which can show how rocks
were deformed. Some of it can come from radiometric dating, which can show when
some minerals grew, when their radiometric clocks were reset, or when they stopped

1 1 L | L
400 500 600 700 800
TEE
Figure 1.4 A set of nested, simplified P-T paths taken by different rocks in different parts of a regional
metamorphic belt. Metamorphic rocks tend to best preserve the mineral assemblage that was stable
near the point of maximum temperature (black dot for each path). Collectively these define the meta-
morphic field gradient, which is the set P-T conditions recorded by the dominant, preserved assem-
blages found in rocks out in the field. Note that the metamorphic field gradient in no way mimics the

P-T paths. K, S, and A are kyanite, sillimanite, and andalusite stability fields, respectively.

0 100 200 300
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being reset as the rocks cooled. Some also comes from thermodynamic modeling and
published phase diagrams. The more closely these methods can be coupled to detailed
petrographic interpretation of the rocks, done using optical and electron microscopy and
microbeam chemical analyses, the richer the yield of P-T path information.

Figure 1.5 is a simple example of how metamorphic mineralogy and textures,
determined by optical microscopy, can be useful for determining other parts of a P-T
path. The maximum temperature prograde assemblage in Figure 1.5 is preserved outside
of the pink garnet, and includes garnet, quartz, plagioclase, biotite, muscovite, kyanite,
staurolite, rutile, and ilmenite. Inside the garnet is an assemblage that lacks staurolite
and kyanite but has chloritoid. The inclusions are parts of an earlier, lower temperature,
possibly higher pressure metamorphic assemblage that was trapped by the growing gar-
net, and preserved. Figure 1.6 illustrates the kind of information that can be extracted
from metamorphic rocks to understand more of the P-T path, and the timing of when
the rocks experienced parts of that path. It is unlikely that all of the information shown
in Figure 1.6 can be extracted from a single rock, but a collection of different rocks, and
a team of people and equipment needed to measure and interpret them, can help produce
the paths later used to construct an orogenic model.

A~
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A

Figure 1.5 This is an image of a pelitic schist in thin section, showing chloritoid inclusions (red arrows)
inside garnet that contrasts with the chloritoid-free, staurolite — kyanite assemblage outside of the
garnet. The inclusions represent preserved parts of an assemblage that was present early in the rock’s
metamorphic history, and so provides information on the P-T conditions at the time the chloritoid
crystals were overgrown by garnet. The field width is 4 mm, and the image was taken in plane-
polarized light. Abbreviations: B, biotite; G, garnet; |, ilmenite; M, muscovite; Q, quartz; R, rutile;
S, staurolite. Gassetts, Vermont, USA.
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Figure 1.6 Hypothetical example of different ways to extract pressure, temperature, and time information
for different parts of a metamorphic rock P-T path. In general, extracting this kind of information
can’t all be done on a single rock. This sort of work generally requires a variety of rocks, a range of
analytical techniques and instruments, and a team to help with the work. For example, pelitic rocks
are good sources of monazite, muscovite, and best for interpreting garnet zoning. In contrast, mafic
rocks are better sources of titanite, hornblende, and zircon that grew during metamorphism. K, S,
and A are kyanite, sillimanite, and andalusite stability fields, respectively.

ROCK STRAIN: FOLIATION AND LINEATION

After temperature and pressure, rock deformation is the most obvious process that has
affected most metamorphic rocks. Deformation results in changes to rock shape, the result
of which can be seen in deformed fossils or crystals, reorientation of crystals to produce
mineral lineations and foliations, and folding. Figure 1.7 shows what happens to rocks
that undergo isotropic compression (same in all directions) and differential compression. If
the compressional forces are all equal (Fig. 1.7A), there is no change in rock shape, though
the volume decreases a little (density increases) and higher pressures may stabilize differ-
ent minerals (generally more dense ones). If compression in two directions is the same and
the third is less (Fig. 1.7B), the rock will extend, or extrude, along one axis, developing
a lineation as elongate minerals re-orient themselves parallel to the extension direction.
If compression in two directions is less than in the other (Fig. 1.7C), flattening results,
along with development of a foliation as platy minerals become aligned parallel to the two
extension directions, but no lineation develops. If compressional forces in all three direc-
tions are different (Fig. 1.7D), there is differential extension and contraction that results in
both a foliation and a lineation (see Chapter 15 for more discussion of this topic).

Figures 1.7E-H show side views of any of Figures 1.7B, C, or D, where round markers
are shortened parallel to the maximum compression direction, and extended parallel to
the maximum extension direction. Platy or elongate grains also rotate into parallelism
with the extension direction. Figure 1.8 shows the alternative way to deform rocks, by
simple shear, which operates like a sliding deck of cards. During simple shear, foliation
and lineation develops the same way as by pure shear, by grain rotation and by elonga-
tion of markers into parallelism.
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Figure 1.7 lllustration of how differential compression (flattening, pure shear) can change rock shape
and re-orient minerals. Changes in shape result in the development of lineation and foliation by
deforming marker features and rotating elongate or platy grains. A-D) Shape changes and foliation and
lineation differences that result from different amounts of triaxial compression, which are schemati-
cally proportional to the arrow lengths. E-H) Side views of a single block (B, C, or D) that is deformed
by flattening, with progressive foliation development.

CHEMICAL FLUX

During prograde metamorphism, some reactions involve dehydration of a hydrous
assemblage to produce a less hydrous assemblage. An example of such a reaction is:

KALSi,AlO,,(OH), + SiO, = ALSIO; + KAISi,O; + H,0 (1.1)
muscovite quartz sillimanite K-feldspar  fluid.

H,O can form a low-density fluid phase which, in extensive grain-boundary networks,
tends to migrate upward and escape. This means that the rocks undergoing dehydration
change chemical composition by losing H,O. The rocks above may also change compo-
sition by gaining H,O, if hydration reactions produce more hydrous minerals than were
present before. More than that, at high temperatures and pressures fluids can dissolve
substantial quantities of material, which is carried along with the escaping fluid. As the
fluid migrates to regions with lower pressures and temperatures, the dissolved solids
can precipitate, thus changing the composition of both source and destination rocks
for components other than just H,O (Fig. 1.9A). Figure 1.9B shows a similar situation
in which hot fluids escaping from an igneous intrusion carry chemical components
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Figure 1.8 lllustration of how simple shear (like the sliding of a deck of cards) can change rock shape
and generate foliation and lineation by deforming marker features and rotating platy or elongate
grains. A) Shear across a 3-d block. B-E) Side view of deformation of a single block, with progressive
foliation development.

(Si, Al, Fe, Mg, Na, H,0) into adjacent calcite marble, promoting decarbonation of
calcite and growth of amphiboles at and near the pluton contact.

Diffusion is another mechanism of chemical flux. Figure 1.9C shows an amphibo-
lite in contact with marble. During metamorphism, with or without grain boundary
fluid, chemical components can diffuse in both directions across the contact, with each
component diffusing down its own concentration gradient (actually, activity gradient).
Diffusion is a slow process over long distances, so the length scales over which diffu-
sion causes composition change is typically in the range of a millimeter to centimeters.

Lastly, it is important to keep in mind that metamorphic rocks can have their com-
positions changed prior to metamorphism (in the classic sense). An important example
is hydrothermal alteration of basalts by sea water, a common occurrence in subma-
rine volcanic zones (Fig. 1.9D). Because the temperatures in hydrothermal systems can
vary from near 0 to well over 400°C, there are a wide range of reactions that can
take place. In sum, however, sea water interaction with basalts promotes: 1) growth
of hydrous minerals, such as chlorite, actinolite, serpentine, and epidote, in the ini-
tially almost anhydrous rock, and 2) exchange of other chemical components between
rock and sea water. Generally, at least in the modern oceans, hydrothermal alteration
makes the basalt more oxidized, richer in Mg and sulfur, and poorer in Ca. One of the
consequences of Mg-gain and Ca-loss is that the mafic rocks can become peraluminous,
meaning that they have Alin excess of that needed to make feldspar from Ca, Na, and K.
During later metamorphism (again, in the classic sense), such rocks can grow Al-rich
minerals like garnet, staurolite, cordierite, and even Al-silicates, as well as a rich array
of Fe-Mg amphiboles. These minerals would probably not form in rocks that had not
been hydrothermally altered. In addition, the hydrothermal alteration of rocks can
itself be considered a less classic metamorphic process.
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Figure 1.9 Examples of how the chemical compositions of metamorphic rocks can change. A) Dehydration
reactions release water to grain boundary fluids, which migrate upwards because of their low density.
The fluids carry with them dissolved materials, removing them from the source rocks. The fluids can
modify cooler rocks, above, by precipitating mineralized veins and by vein margin metasomatism.
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Figure 1.9 (Continued) B) Fluids migrating out of a hot intrusion bring the chemical components needed
to make a range of amphibole compositions in marble. The amphiboles vary from hornblende near the
intrusive contact to tremolite far from the contact. C) Diffusion of chemical components in both direc-
tions across a rock contact to produce layers of minerals and mineral assemblages that depend in part on
the component diffusion rates. D) Hydrothermal metamorphism (or alteration, if you prefer) of sea floor
basalts by circulating hot sea water. In addition to the mineralogical and composition changes that happen
during hydrothermal activity, the changed rock compositions persist through later regional or contact
metamorphism to give unusual rocks and mineral assemblages.

RECRYSTALLIZATION

There are two basic ways that rocks can deform: if they are brittle they can fracture,
and if they are ductile they can flow, rather like a highly viscous fluid at scales much
larger than the grain size. There is a broad transition between brittle and ductile behav-
ior, spanning a range of pressure, temperature, rock type, and strain rate, but let us
concentrate here on ductile deformation. The grain size that one sees in metamorphic
rocks is the result of a number of competing processes. On the one hand, deforma-
tion tends to reduce grain size as distorted crystal lattices recrystallize into smaller
subgrains (Fig. 1.10A, B). On the other hand, small grains tend to grow larger because
doing so reduces the area of grain boundary surfaces, which have disordered structure
and unsatisfied chemical bonds. Reducing grain surface area reduces the amount of
excess surface energy, which in turn reduces the energy of the whole system. To put
it another way, a few large, perfect grains are more stable than lots of little distorted
ones, so the grains tend to grow (recrystallize, Figs. 1.10C, D, and E, F).

Figure 1.10 Examples of recrystallization following deformation. A, C, E) Cartoons of progressive grain
growth in a mineralogically homogeneous material, such as quartzite, with two garnets as location
markers. B, D, F) Thin section photomicrographs of granitic gneisses in cross-polarized light, showing
progressive recrystallization in the same sequence as the cartoons. Field widths are all 4 mm. A, B) Very
fine-grained, distorted biotite and quartz grains between large, relatively undeformed feldspars, with
little subsequent recrystallization. C, D) Larger, more equant crystals having more regular boundar-
ies, which have experienced some recrystallization. E, F) After considerable recrystallization, crystals
become more equant and less strained, with some approximately 120° grain boundary intersections.
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The grain size of a rock during deformation is therefore a result of the competition
between grain size reduction driven by deformation, and grain growth driven by
surface energy reduction. The rock we see at the surface may also have experienced
grain growth after deformation ceased, as the rock gradually was exhumed to the
surface. Once deformation stops, grain size will tend to increase, producing ever larger
and crystallographically more perfect crystals with intersection angles between grain
boundaries commonly approaching 120°.

Figure 1.11 shows some field examples of grain size reduction during deformation,
and of grain growth and possibly erasure of some deformation fabrics during annealing.
Figure 1.11A shows coarse-grained granitic gneiss (right) that has a roughly isotropic
texture (same in all directions). This rock was deformed (left) causing a marked reduc-
tion in grain size, in addition to imparting a foliation. Figure 1.11B shows a strongly
deformed, relatively coarse-grained gneiss (upper right). This rock was further deformed

Figure 1.1 Outcrop photographs showing the effects of deformation-induced grain size reduction
(A, B) and the effects of post-deformation recrystallization (annealing; C, D). A) The right side is
a relatively undeformed granitic gneiss. Across a narrow boundary, the gneiss to the left has been
sheared in a sinistral sense (yellow arrow, see Figs. 16.1E, F) and has a much-reduced grain size. B)
To the upper right is a granitic gneiss with large feldspar augen and a horizontal foliation (blue line).
This was then deformed by sinistral shear across a narrow boundary near the center of the image
(blue arrow), and parallel to the pencil. To the lower left of the boundary the rock has a much finer
grain size. The sheared rock has also been folded. C) Granitic gneiss containing a weak foliation
parallel to the red line, defined by oriented and elongate concentrations of biotite and muscovite
grains. Surrounding the micas are equant grains of quartz, feldspar, and garnet, representing partial
loss of the foliated fabric by recrystallization after deformation had ceased. D) Amphibolite that is
part of a layer that was strongly folded. The essentially isotropic fabric visible here resulted from
recrystallization and grain growth. Widths of A, C, and D are about 10 cm.
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and folded to produce a much finer-grained rock (lower left). In the boundary regions
of Figures 1.11A and B, one can see the change in grain shape (indicated by arrows), the
reduction in crystal size, and the increase in the number of small grains. Figure 1.11C
shows a garnet-bearing granitic gneiss that was strongly deformed. Though it still
retains a weak foliation of oriented biotite and muscovite crystals parallel to the red
line, the fabric of minerals other than biotite is roughly isotropic, having recrystallized
into roughly equant, interlocking grains of quartz and feldspar. Figure 1.11D shows an
amphibolite that was also strongly deformed, judging from folds that this rock is part
of. However, the amphibolite fabric is essentially isotropic with roughly equant grains.
This texture is expected after a long episode of recrystallization.

SUMMARY AND INTRODUCTION TO THE
FOLLOWING CHAPTERS

This first chapter was designed to introduce readers to metamorphic rocks, the processes
that affect them generally, and the characteristics that most metamorphic rocks tend to
have. In this sense, the introduction was for hypothetical, generic metamorphic rocks.
Of course, the world is a complicated place. Metamorphic rocks come in a wide range
of chemical compositions, have many different processes that affect them (more in
some places than in others), and have different minerals and textures. This gives us the
variety of metamorphic rock types, mineralogy, and features that we actually find in
the field.

In the following chapters, the common metamorphic rock types are described
and illustrated in some detail (Chapters 2-14). The rock chapters are followed by
illustrations of metamorphic features, and how some of those features developed
(Chapters 15-22). The last chapters illustrate protolith features that can, in some cases,
survive metamorphism (Chapters 23-25). Surviving protolith features can help with
the interpretation of pre-metamorphic geology. Readers will find some overlap between
chapters. For example, mica schists that are discussed in Chapter 2 generally have folia-
tions, which are discussed in detail in Chapter 15. This introduction, however, plus the
Glossary, should be sufficient to ease you through the following chapters with minimal
intellectual suffering.
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Part |: Metamorphic rock types

Chapter 2

Pelitic rocks

The word pelite is derived from Greek, meaning clay-rock. The derivation is apt
because pelitic rocks (shales etc.) are formed mostly from clays that are produced
from the chemical weathering of feldspars, micas, and other minerals. Shales are the
most abundant sedimentary rock type, so not surprisingly metamorphic rocks derived
from them are also abundant. Although shales can themselves seem monotonous and
nearly featureless, metamorphosed shales can differ strikingly from one another in
appearance. They can range from extremely fine-grained slate, perhaps not so different
in appearance from the original shales, to spectacular rocks bearing colorful, coarse
crystals, complex textures, pegmatites, gleaming cleavage surfaces, and a host of other
indicators of metamorphic history. Because Al-rich clays and quartz are commonly
the dominant protolith minerals in shales, pelitic metamorphic rocks also tend to be
dominated by quartz and aluminous minerals like muscovite, staurolite, the alumino-
silicates, cordierite, and garnet. Pelitic rocks can host spectacular lineations, foliations,
and folds at scales ranging from microscopic to kilometers across.

Metamorphosed pelitic rocks are typically gray and gray-weathering, the shade of
gray depending in part on graphite content. Graphite in most cases was derived from
the original sedimentary organic material present in the shale protolith. Sulfidic pelitic
rocks contain abundant pyrite or pyrrhotite, usually in addition to graphite, which
weather to give the rock brownish-yellow to rusty-brown surface stains. Abundant
sulfides indicate an anoxic depositional environment, which speaks to marine circula-
tion patterns and photosynthetic productivity in the original sedimentary basin. Some
pelitic rocks are interlayered with quartzite, commonly derived from sandy turbidite
deposits. Other pelitic rocks can be calcareous, or host calcareous horizons, possibly
indicating nearby carbonate platforms supplying fine-grained carbonate detritus, or
open ocean deposition above the carbonate compensation depth. Such variations can
be used to distinguish different pelitic rock units from one another in the field, and so
can allow mapping of them even in what might seem at first to be an endless sea of
schist.

Shale deposits, especially large ones, are generally derived from weathering in and trans-
port from large source areas. This means they were probably derived from a diverse range
of source rocks, which means that, in a compositional sense, they represent an average of
those rocks from a clay point of view. The result is that pelitic rocks tend to vary less in
chemical composition from place to place than most rock types (if one excludes calcareous
shales, at least). The similarity in chemical composition means that, as in Figure 1.2, one
P-T diagram showing metamorphic fields can be broadly applicable.

The figures below most importantly illustrate textural changes in metamorphosed
shales, in sequence from low to high metamorphic grades in mostly regionally
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metamorphosed rocks. The thin section images (Fig. 2.1) are shown to give a better
sense of grain size and fine-scale foliation appearance than can generally be seen in
outcrop photos. The thin sections therefore complement the field photos. The thin sec-
tion photos include slate (Fig. 2.1A), phyllite (B), schist (C, D), gneissic schist that has
lost all of its muscovite at high metamorphic grade (E), and a contact metamorphic
granofels in which all sheet silicates have reacted away to anhydrous minerals (F). The
field photos follow approximately the same sequence, from low to high metamorphic
grades: Slate and other low-grade, less cleavable rocks (Figs. 2.2-2.4), phyllite (2.5,
2.6), schist (2.7-2.10), a rusty-weathering schist (2.11), and gneissic, partially melted
schists at high metamorphic grade (2.12-2.15).

Figure 2.1 Thin section photomicrographs of pelitic rocks ranging from chlorite grade (A) to
cordierite — garnet — orthopyroxene grade (F; see Fig. 1.2). These show dramatic changes in tex-
tures and mineralogy. All images are in plane polarized light, and all field widths are 4 mm. A) Slate, a
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Figure 2.1 (Continued) strongly foliated rock composed mostly of chlorite, white mica, and quartz. The
slate is comparatively dark in thin section because most grains are smaller than the thin section is
thick, so they scatter the light more effectively than larger grains. There are also abundant, tiny grains
of dark, degraded organic material or graphite. South Hero, Vermont, USA. B) Phyllite, a well-foliated
rock mineralogically similar to slate (A) but with larger grains. Individual grains are not really identifi-
able with a hand lens, but here they show up as colorless platy white mica, platy green chlorite, color-
less quartz, and dark specks of graphite and other opaque minerals. Running diagonally across the field
(yellow arrow shows thickness) is a deformed fragment richer in white mica and opaque minerals than
the surrounding chlorite-rich rock. Tyson, Vermont, USA. C) Schist containing the assemblage quartz
— garnet — muscovite — biotite. Some of the biotite contains abundant specks of graphite, but exten-
sion during deformation fractured the biotite along its cleavage. New biotite that grew in the exten-
sional zones is graphite-free. There is a strong foliation defined by muscovite that is folded by a nearly
vertical crenulation cleavage. The red arrow points to a retrograde chlorite crystal that cuts across
the foliation. New Salem, Massachusetts, USA. D) Schist containing the mineral assemblage quartz —
muscovite — biotite — garnet — staurolite — plagioclase. The growth of porphyroblasts tends to distort
the foliation, making it undulatory on the scale of the porphyroblasts. Pelham, Massachusetts, USA.
E) Schist with the assemblage garnet — cordierite — quartz — orthoclase — sillimanite — biotite. The
loss of muscovite and growth of feldspar in the upper amphibolite facies makes this rock more like a
gneiss (see Chapter 8) than a schist. Sturbridge, Massachusetts, USA. F) Unfoliated granofels resulting
from contact metamorphism of an aluminous gneiss against a large mafic intrusion. This rock has no
remaining micas, and instead has the assemblage garnet — orthopyroxene — K-feldspar — cordierite
— osumilite — quartz. Vikesd, Rogaland, Norway. Mineral abbreviations: B, biotite; C, cordierite;
G, garnet; K, K-feldspar; M, muscovite; O, orthopyroxene; S, sillimanite; St, staurolite. Red arrows in
E and F point to yellow alpha particle radiation halos in cordierite, surrounding uranium- and thorium-
bearing mineral inclusions (probably zircon or monazite).

L
ek

Figure 2.2 Typical outcrop of slate with the cleavage nearly vertical. This is a metamorphosed turbi-
dite sequence. The quartz-rich former sandstone layers, now quartzite, are massive, without easily
visible cleavage. One quartzite layer is located beneath the toe of the person’s left foot, and others
are indicated with yellow arrows. Some parts of the quartzites contain quartz veins that cut diago-
nally across the cleavage, one of which is indicated by a red arrow. These rocks, including most of
the quartzites, are red-brown because they were deposited under oxidizing conditions. They contain
small amounts of hematite which colors the rock. Williamsburg, Maine, USA.
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Figure 2.3 Vertical sedimentary layering is clearly visible in this outcrop of metamorphosed shale and
siltstone. Although slate occurs nearby, in this rock the cleavage is not so well developed. What cleav-
age there is cuts the nearly vertical sedimentary layering at almost right angles. The cleavage forms
the flat steps that are particularly well-developed in the lower 1/3 of the image. North Carolina, USA.

Figure 2.4 Recently exposed, glacially polished surface that cuts across the rather weak slaty cleavage
that is parallel to the knife. Light-colored patches are relatively coarse-grained and quartz-rich, and
are interpreted to be former sandy layers (now quartzite) that were disrupted during soft-sediment
deformation prior to metamorphism. Williamsburg, Maine, USA.
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Figure 2.5 Interlayered foliated phyllite (darker layers) and poorly foliated quartz-rich turbidite layers
(lighter, more weathering-resistant, now quartzite). The pen points in the direction of stratigraphic
top, which is indicated by textural grading in the quartzite layers: coarser and quartz-rich at the sharp
bottom contacts, to finer-grained and originally more clay-rich toward the gradational top contacts.
Indian Pond, Maine, USA.

Figure 2.6 Muscovite — chlorite phyllite containing black, euhedral porphyroblasts of chloritoid. The
rock has been broken along a prominent cleavage surface, on which there is a weak preferred mineral
orientation parallel to the blue line. There is also a weak set of younger crenulations parallel to the
red line (see Chapter |5). The small orange spots, most abundant in the left half of the image, are
weathered ankerite crystals. Tyson, Vermont, USA.
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Figure 2.7 Typical fine-grained, garnet grade pelitic schist, broken along the cleavage surface. The rock
broke through some garnets, which show their red color, and around others, looking like smooth,
gray bumps and pits. The matrix to the garnet porphyroblasts is made of muscovite, quartz, biotite,
albite, and graphite (which gives the rock its gray color). The pen is oriented approximately parallel
to a weak, younger crenulation cleavage. Charlemont, Massachusetts, USA.

Figure 2.8 Close up of kyanite — garnet — muscovite — biotite schist. In schists, mineral grains are typi-
cally large enough to see and identify by eye or with a hand lens, in contrast to slate and phyllite where
the grains are too small, except for porphyroblasts. The pervasive brownish-orange color is limonite
staining from weathered sulfides, which easily penetrates the muscovite cleavage and fractures around
garnets. The image field width is about 8 cm. Quabbin Reservoir, Massachusetts, USA.
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Figure 2.9 Typical outcrop of muscovite — biotite schist, showing one dominant foliation and cleav-
age surface that reflects the sunlight. This dominant cleavage has been folded on multiple scales. Big
Thompson Canyon, Colorado, USA.

Figure 2.10 Sillimanite-rich nodules in a sillimanite — biotite — microcline schist. The pencil is lying
on a flat foliation and cleavage surface, and the elongated nodules define a lineation on that surface,
perpendicular to the pencil. Montezuma, Colorado, USA.
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Figure 2.11 Rusty-weathering, feldspathic muscovite — biotite schist. This schist, metamorphosed to
amphibolite facies, is rich in sulfides and graphite. This indicates anoxic conditions in the sedimentary
basin at the time of deposition. Shown here is an outcrop surface that was a glacially polished when it
was exposed by erosion in the last few decades. Weathering of sulfides releases iron, which oxidizes
and precipitates on the surface as brown limonite. Sulfuric acid from the oxidation process helps to
decompose the surface rock, causing it to crumble more rapidly than most other rocks. Getting fresh
samples of sulfidic rock can take a lot of work. Beckett, Massachusetts, USA.

Figure 2.12 This isa somewhatinhomogeneous schist that was metamorphosed to sillimanite — K-feldspar —
garnet — cordierite grade. At medium metamorphic grade this rock was interlayered muscovite schist and
more calcareous biotite — quartz — plagioclase — diopside schist. At higher grade the rock partially melted,
probably during muscovite dehydration, producing white pegmatite bodies of different sizes. Intense
deformation after pegmatite formation caused folding and boudinage (break-up into lumps, Chapter 18)
of the pegmatite bodies. Some of the schist is quite biotite-rich and dark, following melt extraction of
felsic components into the pegmatite. Sturbridge, Massachusetts, USA.
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Figure 2.13 Gneissic biotite schist at sillimanite — K-feldspar — garnet — cordierite grade. All of the
muscovite and some of the biotite has broken down to make anhydrous phases. Lacking most of its
original micas, the rock is more gneissic than typical schists at lower grade. In addition, partial melting
has produced coarse leucosomes (the light colored areas, Chapter 21) of segregated, crystallized melt
in which grew large garnets. The leucosomes seem to be randomly arranged, suggesting that this rock
was not deformed very much after the melt crystallized. Ware, Massachusetts, USA.

Figure 2.14 Close-up of a partially melted pelitic schist metamorphosed to sillimanite — K-feldspar —
garnet — cordierite grade. The rock probably partially melted during muscovite dehydration in the
upper amphibolite facies, with the melt segregating into layers and blobs during deformation. The
melts crystallized to form the white pegmatitic areas (leucosomes). Sillimanite is mostly difficult
to see at this scale as individual crystals, though some are visible in the red ellipse and elsewhere.
The common curved, anastomosing white material between the mafic minerals (yellow arrows) is
almost pure, aligned, polycrystalline sillimanite. Most of the cordierite has been retrograded to an
intergrowth of chlorite and muscovite (red arrows), but some is still fresh (black arrow). Wales,
Massachusetts, USA.
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Figure 2.15 Although the protolith for this rock was probably somewhat more feldspathic than a typi-
cal shale, this gneiss is sufficiently aluminous to have abundant garnet and minor amounts of silliman-
ite. During high-grade metamorphism the rock partially melted, producing coarse, white pegmatite.
Later deformation disrupted the pegmatite and formed the horizontal gneissic layering. The large,
white, egg-shaped object just left of center is a single microcline crystal, surrounded by recrystallized
microcline. It is a remnant of the disrupted pegmatite. Comstock, New York, USA.



Chapter 3

Quartzites

Quartzites are metamorphic rocks derived from quartz-bearing sandstone or quartz-rich
conglomerate, having more than 75% (NAGM, 2004) or 80% (Robertston, 1999) quartz.
Sandstones are abundant in the sedimentary record and were deposited in diverse envi-
ronments. They may form extensive sheets that result, after metamorphism, in region-
ally useful marker horizons (Fig. 3.1A, B). They may also be of more limited extent, but
still form, with other rocks, parts of distinctive stratigraphic packages (Fig. 3.1C, D).
Sandstones range in purity from clean beach and dune sands, to carbonate-bearing sands
characteristic of some shallow ocean tropical environments, to feldspathic- or mud-rich
sandstones characteristic of many river channels and offshore turbidite deposits. Quartz-
rich conglomerates are more rare, and indicate a distinctive source region that could
supply little but quartz rock fragments in the conglomerate size range, and a depositional
environment relatively close to that source. Because of the chemical inertness, hardness,
and lack of cleavage of quartz, quartzite bodies tend to weather out in raised relief above
the local outcrop or landscape surface. More rarely, abundant joints can render quartz-
ites more easily eroded than less well-jointed, tougher surrounding rocks like schist.

Because quartz itself is more or less colorless, small differences in protolith chemical
composition can result in very different quartzite appearance. Quartzite color can be
white or light-gray, the common colors of pure quartz, dark gray to black from admix-
ture of graphite or more rarely tourmaline or magnetite, pink and red from hematite,
and green from chlorite. Yellow, orange, and red-brown surface staining may result
from the weathering of sulfides such as pyrrhotite or pyrite, carbonates such as ankerite
at low metamorphic grade, or silicate minerals such as orthopyroxene in high-grade
rocks. Because of surface staining, one often has to look closely at a fresh surface to see
the abundant, glassy-clear, conchoidally fractured quartz grains.

Although one might think of quartzites as being featureless textural granulites (not
implying pyroxene granulite facies), even where they actually do look that way they can
preserve a deformational fabric in the quartz itself. Quartz c-axis alignment, caused
by deformation, can be preserved and measured to aid interpretation of geologic struc-
tures. Muscovite or biotite, even if quite sparse, can define foliations, and minerals such
as actinolite and sillimanite can define lineations. Deformed quartz grains or pebbles
can define lineations and foliations too, but they may be subtle. Detrital minerals other
than quartz, such as tourmaline and zircon, may occur, and have their own uses for
provenance determination. With quartzites it is their simplicity and distinctiveness
that are their charms: they are recognizable as quartzites even where deformation has
thinned them from hundreds of meters to only centimeters. If the quartzite is in the
same stratigraphic position, it is probably the same quartzite.

Quartzites generally have simple mineralogy, or at least the variable minerals
have low abundance, so quartzites usually don’t change much in outcrop appearance
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Figure 3.1 Examples of two different types of sandstone deposits that can lead to quite different
outcrop patterns. Extensive sand sheets, such as coastal sands deposited during a marine transgres-
sion (A) or an extensive dune field can result in a distinctive, laterally extensive marker horizon in
complexly deformed metamorphic rocks (B). This map is from north-central Massachusetts, USA
(Zen, 1983), and shows the Silurian Clough Quartzite that rests unconformably on Ordovician and
older rocks stratigraphically beneath it. The underlying rocks include the eroded plutonic roots of
the Taconian volcanic arc that collided with Laurentia (here to the west) in the Late Ordovician.
The Clough is overlain by younger Silurian and Devonian units. The Clough Quartzite is commonly
a clean quartz pebble and cobble conglomerate, with clasts deformed into the shapes (and sizes) of
sword blades in some places. The quartz-rich clastic materials were probably derived from erosion
of the Taconian arc accretionary wedge to the west, which has abundant, easily eroded, low-grade
metamorphic rocks with abundant quartz veins. In contrast, sand deposits of more restricted
extent, for example river channel deposits (C), will metamorphose to form laterally discontinu-
ous quartzite layers within other rock types (D). In this case, it will be the package of rocks that
includes quartzite that will generally be mapped as a unit, rather than the quartzites themselves.

with metamorphic grade. The thin section images (Fig. 3.2) show three examples:
a feldspathic quartzite that was recrystallized very little after deformation ceased,



Quartzites 3l

a clean quartzite with a moderate amount of recrystallization, and a mica- and
garnet-bearing quartzite that is well-recrystallized. The field photos show differences
in massive quartzite color and layering, and its relation to minor mineral components

Figure 3.2 Photomicrographs of quartzite in thin section, in plane-polarized light on the left, and the
same fields in cross-polarized light on the right. Field widths are all 4 mm. The images are all of strongly
deformed rocks, arranged in order from having almost no recrystallization (top) to well-recrystallized
(bottom). All three samples have a foliation oriented from upper right to lower left. A, B) Feldspathic
quartzite, fine-grained with porphyroclasts of feldspar, quartz, and scattered detrital zircon and tour-
maline crystals. The weak foliation is defined by rare muscovite and abundant, elongate quartz grains.
Bennington, Vermont, USA. C, D) Partially recrystallized, very clean quartzite with only a few zircon
and muscovite crystals. The weak foliation is defined by muscovite and some elongate quartz grains.
Williamstown, Massachusetts, USA. E, F) Well-recrystallized garnet-bearing quartzite with the foliation
defined by small amounts of muscovite and biotite. The abundance of other minerals suggests the pro-
tolith was a silty or clay-bearing sandstone. New Salem, Massachusetts, USA. Abbreviations: B, biotite;
F, feldspar; G, garnet; M, muscovite; Q, quartz; T, tourmaline; Z, zircon.
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(Figs. 3.3-3.5). Figures 3.6 and 3.7 show turbidite deposits, now metamorphosed to
quartzite. Figures 3.8-3.10 show strongly deformed quartzites, with foldsand shearzones.
Figures 3.11 and 3.12 show coticule, an unusual but distinctive garnet-rich quartzite,
and Figure 3.13 shows a sequence of thin quartzites that were useful for tracing complex
fold structures.

Figure 3.3 Layered quartzite showing how minor differences in mineralogy, probably related to differ-
ences in the original protoliths, can result in different appearance. From left to right the layers are:
1) gray quartzite with minor graphite, 2) dark gray, brown-weathering quartzite with graphite and
minor sulfides, 3) clean white quartzite, and 4) gray granitic gneiss that unconformably underlies the
quartzite. Nominally colorless quartz in quartzite is easily colored by minor amounts of other miner-
als, and surface staining. @rsnes, Moldefjord, Mgre og Romsdal, Norway.

Figure 3.4 Because of potentially large differences in appearance, it is commonly necessary to look
closely to identify the preponderance of quartz in the mineralogy. This is a feldspathic quartzite, with
the feldspars appearing as tiny white spots, about 0.5 mm across, among more abundant gray, glassy
quartz. @rsnes, Moldefjord, Mare og Romsdal, Norway.
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Figure 3.5 Folded, layered quartzite that has a small fault (red arrows), similar folds (most of the out-
crop), and a small concentric fold near the bottom, below the pencil (see Fig. 16.1G). The concentric
fold may have formed by slip along particularly muscovite-rich interlayers. There are also two white
quartz veins: a folded, layer-parallel vein (blue arrow), and a crosscutting vein (black arrow). Lenset,
Ser Trendelag, Norway.
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Figure 3.6 These vertical layers are composed of light-colored quartzite interlayered with darker
slate. They are interpreted to have been deposited as offshore, marine turbidites and shale.
The original turbidite deposits were graded with respect to grain size, with the lower parts of each
layer, to the right, being sand-rich, progressively grading to finer-grained, more silty or clay-rich bed
tops to the left (red arrow). Though the apparent bedding may be somewhat transposed, the grading
remains clear. Wells, Maine, USA.

Figure 3.7 Graded quartzite layer, interpreted to be a metamorphosed turbidite deposit, in between
layers of sillimanite schist. Stratigraphic top is toward the top of this image, from the sharp lower
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Figure 3.7 (Continued) contact of the quartzite to the gradational upper contact. The schist above
and below the quartzite is much coarser-grained than the quartzite itself because of growth dur-
ing metamorphism of large mica and garnet crystals, and large andalusite porphyroblasts, now
pseudomorphed by sillimanite. Jaffrey, New Hampshire, USA.

Figure 3.8 Folded muscovite- and graphite-bearing, thinly layered quartzite. In highly deformed rocks
such as these, primary sedimentary structures are difficult to discern. Note the contrast between the
gray quartzite in most of the image, and the white quartz vein in the upper right. Skar, Moldefjord,
Mgre og Romsdal, Norway.
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Figure 3.9 Gray, complexly folded quartzite, with layers that are alternately rich and poor in muscovite
and kyanite. Contrasting with the gray quartzite are abundant, deformed, white quartz veins. Many
of the quartz veins have been boudinaged into white lumps. Black Mountain, New Hampshire, USA.
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Figure 3.10 Sandstones commonly contain primary depositional features, but those are usually highly
modified or destroyed during metamorphism. The strongly deformed layers shown here may once
have been sedimentary bedding, but are now transposed (see Chapter |5). What appears to be cross-
bedding has actually been produced by a shear zone along the surface between the two red arrows.
The layers above the shear zone have been thinned along it, and rotated with respect to the layers
below the shear zone. Vestnes, Moldefjord, More og Romsdal, Norway.

Figure 3.1 A rare but striking rock type found in some metamorphosed sedimentary and volcanic
successions is pink, garnet-bearing quartzite known as coticule. This is a thin, doubly plunging, folded
layer of coticule in pelitic schist. Coticule is generally interpreted to have been derived from beds of
impure, Mn- or Fe-rich chert. In contrast to host rocks that may have millimeter-scale garnets, the
garnets in coticule tend to be very small, commonly less than 20 pm in diameter, and very numerous.
Though rare, these rocks can help form useful marker horizons. Jaffrey, New Hampshire, USA.
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Figure 3.12 Close-up of a coticule layer near the one in Figure 3.11. Garnets in the enclosing schist are 3-6
mm in diameter, but are much smaller and more abundant in the coticule. Jaffrey, New Hampshire, USA.

Figure 3.13 Even where they are not dominating the landscape, quartzite layer sequences can help
define structures in otherwise monotonous rocks. In the image center are several white quartzite
layers, originally turbidite deposits, within coarse, gray pelitic schist. This concentration of laterally
continuous quartzite layers helped define isoclinal folds and other structures during mapping
(Thompson, 1988). Jaffrey, New Hampshire, USA.



Chapter 4
Marbles

Marble forms from metamorphism of carbonate-rich sedimentary rocks, such as
limestone or dolostone. To be classified as marble the rock must have more than 50%
carbonate minerals (NAGM, 2004). Marbles can vary widely in appearance, depend-
ing on their original composition and sedimentary layering, metamorphic conditions,
the amount of deformation, and the amount of post-deformation annealing.

Limestones originally containing only calcite, or calcite and quartz (as sand, for
example), tend to change mineralogy very little except at the highest metamorphic tem-
peratures, or at very low pressures such as during contact metamorphism. Dolomitic,
quartz-bearing marbles tend to be more reactive. Decarbonation of carbonates frees up
components such as MgO and CaO that react readily with quartz to make diopside,
olivine, and other minerals, for example:

CaMg(CO;), + 2510, = CaMgSi, O, + 2CO, (4.1)
dolomite quartz diopside fluid.

The reactions that take place depend on the local fluid composition in addition to
pressure and temperature. CO,-rich metamorphic fluids tend to stabilize carbonate
minerals to higher temperatures and lower pressures, whereas H,O-rich fluid composi-
tions tend to destabilize carbonates and stabilize hydrous minerals.

In addition to quartz, impure limestones commonly contain clays, iron oxides, and
other minor components that are sources of Al, Na, K, Fe, and Ti. Assuming metamor-
phic fluids have intermediate CO,-H,O proportions, these can result in metamorphic
assemblages that include grossular, diopside, tremolite, phlogopite, spinel, magnetite,
Ca-rich plagioclase, titanite, scapolite, K-feldspar, and a host of others. Figure 4.1
shows a phase diagram for one marble composition, schematically showing the charac-
teristic progression of mineralogy for impure marbles: hydrous minerals and dolomite
at low temperatures are replaced by anhydrous minerals and loss of dolomite at high
temperatures, aragonite occurs only at high pressure and low temperature, and wollas-
tonite appears only at relatively low pressure and high temperature. Many limestones
also contain some organic matter, which becomes graphite during metamorphism.

Rocks having less than 50% carbonate minerals are usually classified according to
their other mineral or textural components. For example, if the rock is dominated by
Ca-rich silicates such as diopside, grossular, epidote, and tremolite, it would probably
be classified as a calc-silicate rock, or scarn. If instead the rock is mica-rich and foli-
ated, it might be called a calcareous schist. These are considered in Chapters 5 and 6,
respectively.
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Figure 4.1 Pressure-temperature phase diagram calculated for one particular marble composition.
The main points of interest are: |) Calcite is replaced by aragonite at high pressure and low tempera-
ture. 2) K-mica is the principal host for K,O at low temperatures, replaced by K-feldspar at interme-
diate temperature, and by feldspathoids at high temperature (feldspathoids are feldspar-like minerals
such as nepheline and kalsilite). 3) Dolomite is lost at high temperature both by dissolving into calcite
and by decarbonation and reaction with silica and other chemical components to produce silicates.
4) At yet higher temperatures quartz is lost to produce more silicates, including wollastonite at low
pressure. This diagram is shown only as an example, and should not be used to estimate the pres-
sures and temperatures of formation for marbles generally. Unlike the more widely applicable facies
or grade diagrams for basaltic or pelitic rocks (Figs. I.| and 1.2), marbles vary enormously in com-
position, so no one diagram like this has much significance for marbles of very different composition.
This phase diagram was calculated using the thermodynamic modeling software Perple_X (Connolly,
2009). The marble chemical composition used was SiO,, 12.45%; Al,O,, 2.81%, Fe,O;, 0.80%; FeO,
0.84%; MgO, 3.30%; Ca0, 79.06%, and K,O, 0.75% (average of eight limestones, Wheeler, 1999). Cpx
is the clinopyroxene diopside, and garnet is a grossular-andradite-rich solid solution.

The thin section photographs show marbles at three metamorphic grades in sequence
from greenschist facies to pyroxene granulite facies (Fig. 4.2). The field photos show mar-
bles from greenschist (Fig. 4.3), epidote amphibolite (Figs. 4.4—4.7), amphibolite (Fig. 4.8),
and granulite facies (Figs. 4.9-4.13). The last two field photos show some special features
that result from marble dissolving at Earth’s surface (Figs. 4.14, 4.15). Marble is quite
water-soluble and can contain a number of readily accessible chemical elements needed by
living things (e.g., Ca, Mg, from carbonates, P from apatite, K from micas), marble out-
crops tend to become rapidly covered with lichens, moss, and so on. Take heart, though, it
only takes a few square centimeters of exposure to see if it fizzes under a drop of dilute acid.
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Figure 4.2 Thin section photomicrographs of marbles. All images on the left are in plane-polarized
light, and those on the right are of the same fields in cross-polarized light. Field widths are all 4 mm.
The marbles are shown in order of metamorphic grade: lower greenschist facies (A, B), amphibolite
facies (C, D), and granulite facies (E, F). A, B) Quartz-bearing marble associated with slate, a small
fragment of which is the dark material to the lower right. The quartz, possibly originating as a now
disrupted quartz vein, is full of fluid inclusions along healed fractures, making it somewhat cloudy.
With optical microscopy, quartz and calcite are the only identifiable minerals present. Other miner-
als, doubtless present in the slate fragments, are too small to identify. South Hero, Vermont, USA.
C, D) Marble containing about 50% calcite in addition to diopside, tremolite, plagioclase, quartz,
and titanite. In D, some of the plagioclase can be seen to be zoned (red arrow points out the best
example). Gassetts, Vermont, USA. E, F) Silicate-rich area in marble, containing the assemblage cal-
cite — diopside — grossular-andradite garnet — olivine. Cascade Lake, Keene, New York, USA. In all
sections the calcite has abundant cleavage cracks, and deformation twins that can give rise to colorful
stripes. Abbreviations: C, calcite; D, diopside; G, grossular-andradite garnet; P, calcic plagioclase; Q,
quartz; S, titanite; T, tremolite.
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Figure 4.3 Close-up of marble metamorphosed to upper greenschist facies. Post-deformation recrys-
tallization and grain growth is indicated by the abundant, equant calcite grains that are 0.5—-1 mm
across. In the lower half of the image are layers rich in phlogopite (nearly colorless so it looks like
muscovite). North Adams, Massachusetts, USA.

Figure 4.4 Clean marble (right) in contact with garnet — biotite schist. As a result of dissolution by
slightly acidic rain, marble in wet climates tends to weather faster than silicate rocks. In this case the
marble has not been strongly weathered because it is a recently exposed, glacially polished surface.
The outcrop surface extends relatively smoothly from marble to the schist. The schist, a more brittle
rock, was fractured near the contact long before they were exposed at the surface. Kvithylla, outer
Trondheimsfjord, Ser Trendelag, Norway.
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Figure 4.5 Typical wet climate weathering surface on gray marble. The crystalline marble weathers in
cuspate hollows that result from dissolution by mildly acidic rainwater. The individual calcite grains,
about -2 mm across, are visible. Bolsgy, Moldefjord, Mgre og Romsdal, Norway.

Figure 4.6 The brownish-gray rock to the left and right is brown-weathering, impure marble. The
marble is exposed on either side of an amphibolite layer, between the yellow arrows, that is covered
with yellow and light-gray lichen. The rocks are folded about an antiformal hinge that plunges gently
downward into the water. Bolsgy, Moldefjord, M@re og Romsdal, Norway.
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Figure 4.7 Shoreline outcrop of strongly folded, alternating layers of carbonate-bearing biotite schist
and white to gray marble. The schist weathers more slowly, so it stands in raised relief above the
marble surfaces. The gray coloring in some of the marble layers is caused by small quantities of graph-
ite. Vikan, outer Trondheimsfjord, Ser Trgndelag, Norway.

Figure 4.8 Close-up of marble containing angular, dark-gray amphibolite fragments (upper and lower
right). The black mineral in the center is tourmaline, and the rest is calcite, silicate minerals including
quartz and diopside, and graphite. This is a close-up of the marble-hosted breccia shown in Figure
7.15. Paradox, Adirondacks, New York, USA.
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Figure 4.9 Coarse-grained, light-gray marble with folded dark-brown calc-silicate layers snaking
through it. The calcite grain size in most of the marble is about | ¢cm, but up to 10 cm in some places
(bottom center). This outcrop is covered by the Hudson River during high water from early spring
snow melt runoff. Because of ice and bed load scouring action, the outcrop is kept largely free of
lichen. Warrensburg, New York, USA.

Figure 4.10 Marble enclosing a detached fold hinge amidst thinner, folded calc-silicate layers and layer
fragments. The large fold hinge has dark amphibolite and calc-silicate rock on the inside, with a white
granitic gneiss layer on the outside. Because of the enormous amount of strain that highly ductile marbles
can experience, silicate rocks within them can become greatly thinned, to the extent that the thicker
fold hinges become detached from their limbs. With isolated fold hinges, stretched and fragmented fold
limbs, boudinaged calc-silicate layers, and fragments broken off the contacts, marbles can become, in
effect, tectonic breccias containing a wide range of rock types. Warrensburg, New York, USA.
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Figure 4.1 Close up of a granulite facies marble, in which recrystallization has erased most small-
scale structural fabric. The assemblage is calcite (white) — diopside (dark-green) — forsterite (light
green). Light-brown spots in the upper |/3 of the image are serpentinized olivine (two indicated by
red arrows), which formed when fractures allowed water access to some olivine crystals. Keene,
Adirondacks, New York, USA.

Figure 4.12 This is an example of the ductility of marbles under high-grade metamorphic conditions. The
gray rock is a garnet-bearing charnockitic gneiss (charnockite is an orthopyroxene-bearing granite). The
white dike cutting through the charnockite is marble, 10—20 cm thick. The marble is interpreted to have
flowed in the solid state into an opening fracture in the gneiss. This marble dike has the same texture,
mineralogy, and mineral proportions as large marble bodies nearby, so it is unlikely to be a fluid-deposited
vein or a carbonatite dike. The marble contains numerous angular fragments of the host gneiss as xeno-
lith-like breccia fragments. A large one is visible in the center of the photograph (red arrow). Schroon
Lake, New York, USA.
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Figure 4.13 A close-up of another apparent marble dike that was injected into a fracture between
amphibolite, below, and garnet-rich granitic gneiss, above. The marble contains nearly black diopside
and graphite. The original marble was probably relatively fine-grained, but recrystallization appears to
have transformed those grains into a few very large single crystals, as indicated by regions having the
same calcite crystal cleavage orientations. Ticonderoga, Adirondacks, New York, USA.

Figure 4.14 Because of the high solubility of carbonates in water, silicate layers within marble
can weather out in spectacular raised relief to give a three-dimensional view of the structures.
Unfortunately, because of the large ductility contrast between marble and silicate rocks, folded layers
in marble may not reliably represent larger scale surrounding structures. Fjgrtoft, Nordeyane, More
og Romsdal, Norway.



48 A pictorial guide to metamorphic rocks in the field

Figure 4.15 In wet climates marbles tend to erode faster than adjacent silicate rocks. Long grooves
in the outcrop surface, or valleys in the landscape, may hint at marble even where it is covered with
lichen, grass, soil, and swamps. Here, a thin marble layer, between the yellow arrows, is sandwiched
between layers of garnet — biotite schist. Dissolution has lowered the marble surface below that of
the surrounding silicate rocks. Vardholmbukta, Moldefjord, Mare og Romsdal, Norway.
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Calc-silicate rocks

Calc-silicate rocks, also called skarn, are composed mostly of calcium-rich silicate
minerals such as diopside, anorthite, grossular-andradite garnet, and wollastonite,
though they may contain some calcite, quartz, and other, non-calc-silicate minerals.
Calc-silicates can form directly from calcareous sedimentary or volcanic rocks
(e.g., calcareous shale, carbonate mud mixed with reworked pyroclastics), in
hydrothermal veins, at igneous contacts where plutons crosscut carbonate rocks
(Fig. 1.9B), and at contacts between marble and silicate rock (Fig. 1.9C). Calc-silicate
rocks associated with pluton contacts can form ore deposits of economic impor-
tance. Formation of calc-silicate rocks at rock contacts commonly involves exchange
of chemical components, generally with marble supplying the Ca and possibly Mg,
released from carbonates during decarbonation reactions, and the silicate rock sup-
plying silica and possibly other components. Reactions between these components in
the contact zone produce the calc-silicate minerals.

Although calc-silicate rocks are rarely extensive enough to form their own geologic
units, their characteristic occurrence as parts of some stratigraphic successions, for
example in some pelitic or volcanic sequences, can be a distinctive characteristic for
identifying different units. Calc-silicate rocks in an extensive unit may indicate a
near-shore carbonate shelf-type environment, or possibly slow clastic sedimentation
in a marine environment above the carbonate compensation depth.

The sequence of photos below is two-fold. The thin section photos (Fig. 5.1) are
arranged from low-grade to high-grade, to a certain extent showing mineralogi-
cal changes with grade. Because of wide variations in chemical composition, the
reader is cautioned that mineralogy, in these rocks, is not always a reliable guide
to metamorphic grade in the sense of Figures 1.1 and 1.2. The field photos are
arranged first by origin, and secondarily by increasing metamorphic grade, where
possible. Figures 5.2-5.4 show calc-silicate boudins that are interpreted to have
once been stratigraphic layers, indicated by their presence in stratigraphic succes-
sions of metamorphosed sedimentary or volcanic rocks. Figures 5.5 and 5.6 are
interpreted to have been hydrothermal veins, based on their occurrence in meta-
morphosed plutonic rocks. Figures 5.7 and 5.8 are also interpreted to have formed
as veins, because of their stark mineralogical contrast and crosscutting relation-
ships with their host rocks. Figures 5.9-5.11 are products of reactions between
silicate rock and marble, or contact metamorphism. Figure 5.12 is an interesting
example of a calc-silicate outcrop puzzle.
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Figure 5.1 Photomicrographs of calc-silicate rocks at different metamorphic grades. Images on the
left are in plane-polarized light, and those on the right are the same fields in cross-polarized light.
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Figure 5.1 (Continued) All field widths are 4 mm. A, B) Calc-silicate rock at greenschist facies,
composed of tremolite and calcite. The black material is graphite that was mostly pushed aside by
growing tremolite grains. Bath, New Hampshire, USA. C, D) Calc-silicate rock at lower amphibolite
facies, composed of diopside, tremolite, and calcite. Deformation was accommodated primarily in
the tremolite-rich parts, indicated on the right half of D by the preferred tremolite grain orienta-
tions. Bolton, Massachusetts, USA. E, F) Oxidized, Fe-rich calc-silicate rock at upper amphibolite
facies, composed of andradite-rich garnet, diopside, quartz, and magnetite. This is part of a prob-
able fossil hydrothermal plumbing system in mafic volcanic rocks. Within centimeters to meters
of this rock are different layers that are variably rich in magnetite, garnet, diopside, and sulfides.
Interlayered with them were amphibolites that contain abundant Fe-Mg amphiboles (cumming-
tonite, anthophyllite, gedrite) that are indicative of unusually low whole rock Ca/Mg ratios. Such
low ratios can result from hydrothermal alteration of normal basaltic rocks by high-temperature
sea water (Schumacher, 1988). Quabbin Reservoir, Massachusetts, USA. G, H) Calc-silicate rock at
granulite facies, composed of diopside, olivine, plagioclase, and grossular-andradite garnet. Cascade
Lake, Keene, New York, USA. Abbreviations: C, calcite; D, diopside; G, grossular-andradite garnet;
O, olivine; P, plagioclase; Q, quartz; T, tremolite.

Figure 5.2 Carbonate-calc-silicate boudin in layered, calcareous biotite — quartz — feldspar schist
at epidote amphibolite facies. The carbonate portion of this boudin is brown, in the center of the
image. This example shows a rim around the carbonate of light-gray calc-silicates that include
green epidote and nearly colorless actinolite and diopside. Kvithylla, outer Trondheimsfjord, Sor
Trondelag, Norway.
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Figure 5.3 Calc-silicate boudin in amphibolite at upper amphibolite facies. The inhomogeneous boudin
center is made of red grossular-andradite garnet, dark-green diopside, and white anorthite. The outer
parts are mostly hornblende, diopside, and calcic plagioclase. This was probably once part of a more
continuous layer. Quabbin Reservoir, Massachusetts, USA.

Figure 5.4 Boudins made of interlayered calc-silicate and amphibolite in migmatitic gneiss, metamor-
phosed at lower granulite facies. The host rocks are garnet — K-feldspar — Al-silicate + cordierite
gneisses that melted, producing a highly heterogeneous and complexly deformed migmatite. The
more mafic blocks are composed mostly of diopside, plagioclase, and hornblende, with minor
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Figure 5.4 (Continued) amounts of grossular-andradite garnet in the lighter-colored diopside-rich lay-
ers. The proportions of minerals in the mafic rocks varies considerably, but the diopside-rich layers
are too calcareous to have had a purely volcanic protolith. These were probably interlayered dolo-
mitic limestone and mafic volcanics, between thick shale beds. During metamorphism, the carbon-
ates reacted with adjacent amphibolite to produce the diopside-rich layers. Are, Jamtland, Sweden.

Figure 5.5 The host rock is strongly deformed tonalitic gneiss and black amphibolite. The greenish
boudins across the middle of the image are a calc-silicate rock made of epidote with minor chlorite,
titanite, quartz, and calcite. These rocks have been metamorphosed to upper epidote amphibolite
facies conditions. The calc-silicate rock is interpreted to have originally been a hydrothermal vein
that cut the adjacent plutonic rocks at some time after host rock solidification. Ductile deformation
took place long after the rocks themselves were emplaced. Almvikneset, outer Trondheimsfjord, Ser
Trondelag, Norway.

Figure 5.6 Calc-silicate boudin in inhomogeneous tonalitic gneiss, metamorphosed to amphibolite
facies conditions. The calc-silicate is composed mostly of epidote, diopside, and quartz. It is thought
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Figure 5.6 (Continued) to be a disrupted hydrothermal vein that post-dated pluton solidification, but
long pre-dated regional metamorphism and deformation. Different sized, mineralogically identical
boudins are strung out in a line to the right of this photo. Quabbin Reservoir, Massachusetts, USA.

Figure 5.7 Boudinaged quartz vein (yellow arrow) and later crosscutting calc-silicate vein (red arrow)
in sillimanite — muscovite schist. This calc-silicate vein was precipitated by Ca-rich hydrothermal fluids
that flowed through a late-opening fracture. The white vein margins are made of quartz, calcite, and
anorthite, and the pink core is made of grossular-andradite garnet, diopside, and minor quartz and
anorthite. Mount Moosilauke, New Hampshire, USA.

Figure 5.8 A calc-silicate vein cutting fine-grained amphibolite at upper amphibolite facies. The vein is
zoned with a rim made of black to dark-green, inward-coarsening, euhedral diopside crystals, and a
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Figure 5.8 (Continued) white center made of anorthite and calcite. The brownish margin at the finger
tip, and on the opposite side of the vein, is Ca-metasomatized amphibolite, now made mostly of diop-
side, anorthite, and titanite. Warrensburg, Adirondacks, New York, USA.

Figure 5.9 Calc-silicate contact zone between marble (dissolved away, used to be in the region above
the yellow dotted line) and granitic gneiss (lower half of the image). In a traverse from the brownish-
gray gneiss, the layers are: 1) calcic plagioclase — K-feldspar — diopside — quartz, 2) anorthite —
diopside — quartz, and 3) garnet — diopside — anorthite, with the garnet being a grossular-andradite
solid solution. The layers were produced by double-diffusive transport of different chemical compo-
nents across the contact, principally silica moving toward the marble and calcium toward the gneiss.
Warrensburg, New York, USA.
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Figure 5.10 This is a coarse-grained marble that has engulfed large blocks of granitic gneiss (top and bot-
tom right), that are surrounded by black selvages of diopside —anorthite — grossular-andradite — graphite
calc-silicate rock. The marble also contains a long, folded ribbon of rusty-weathering diopside —
olivine calc-silicate rock. The ribbon may be the remains of a severely extended and thinned fold
limb. Weathering of pyrrhotite and olivine in the calc-silicate ribbon produces the rusty staining.
Warrensburg, Adirondacks, New York, USA.
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Figure 5.11 Calc-silicate rock that occurs at the contact between diopside — quartz marble and
metamorphosed gabbro, which are about a half meter away to the left and right, respectively. The
marble and gabbro themselves have metamorphic mineral assemblages characteristic of the upper
amphibolite facies. The calc-silicate rock shown here is composed of orange grossular-andradite
garnet, dark-green diopside, and white scapolite and wollastonite. Where fresh, scapolite and wol-
lastonite can be difficult to tell apart in the field. However, the greater solubility of wollastonite
causes the initially rough surfaces to become smooth. The white material in most of the image is
scapolite, but the smooth-looking white and gray material in the lower left corner is wollastonite.
Strangely, the wollastonite-bearing assemblage shown here is characteristic of high-temperature,
low-pressure contact metamorphism, not regional amphibolite facies conditions (Figs. I.I, 5.1). At
this outcrop common marble is abundant, and this anhydrous calc-silicate assemblage occurs only
at the gabbro-marble contact. It is possible that the calc-silicate rock was originally formed when
the gabbro intruded at low pressure, forming the dry calc-silicate contact metamorphic assem-
blage. This assemblage then survived subsequent upper amphibolite facies regional metamorphism.
Comstock, Adirondacks, New York, USA.
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Figure 5.12 This is an elliptical exposure of a calc-silicate rock (center) made mostly of quartz, diop-
side, and actinolite. The calc-silicate rock is surrounded by migmatitic quartz — feldspar — mica —
sillimanite gneiss. On the outcrop, several possible explanations were offered for the shape of the
calc-silicate body, including a large, pre-metamorphic concretion, or an unusually smooth boudin.
As some at the outcrop suggested, it is most likely a tightly folded calc-silicate layer having a doubly-
plunging fold hinge. That is, a folded-over layer having a nearly vertical axial surface, and a fold axis that
is bent like a bow so that it plunges down into the gneiss at both ends. Milton, New Hampshire, USA.
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Mixed sedimentary rocks

Many sediments can be referred to as sandstones, shales, or limestones, but others are
mixtures between those and other sedimentary end members. Siltstones, for example,
generally have compositions between typical sandstone and shale, and marls have com-
positions between shale and limestone. Where metamorphosed, these rocks develop
mineralogy and appearance that can be quite different from the metamorphosed end
members. This has been discussed to some degree in Chapters 4 and 5 regarding mar-
bles and some calc-silicate rocks. This chapter illustrates such sedimentary mixtures as
they occur in metamorphosed stratigraphic sequences.

Differences in mineralogy can be expressed in terms of some example reactions.
Lets take a simple example mixture of calcite and kaolinite clay. Calcite alone would
metamorphose to calcite marble, and kaolinite alone would metamorphose to an
unusual aluminosilicate-quartz rock. Mixtures, however, might undergo the following
reaction:

AlLSi,O(OH), + CaCO; = CaAlLSi,04 + CO, + 2H,0 (6.1)
kaolinite calcite  anorthite fluid.

Anorthite would not occur in either end member at any metamorphic grade, and so
is unique to the mixture. Under different metamorphic conditions kaolinite + calcite
might react to form a different mineral:

3A1,S1,04(0OH), + 4CaCO; = 2Ca,Al;5i;0,,(OH) + 4CO, + SH,0 (6.2)
kaolinite calcite zoisite or clinozoisite fluid.

In this case, too, zoisite or clinozoisite are unique to the mixture and could not occur
in either end member. Next, replace some of the calcite with dolomite and include some
quartz:

13A1,51,04(OH), + 4CaMg(CO;), + 13CaCO; + 8SiO, =
kaolinite dolomite calcite quartz

13Ca,Al;Si;0,,(OH) + 4CaMgSi, O, + 21CO, + 26H,0 (6.3)
zoisite or clinozoisite  diopside fluid.
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Again, none of the solid reaction products could occur in a non-calcareous schist or a
clay- and quartz-free dolomitic marble. Here is an example with illite as the clay min-
eral instead of kaolinite:

2K, ;AL Si; sAl, sO,0(OH), + 2CaCO; = 2CaAl,Si, 04
illite calcite anorthite

+ KAISi;Og + 2CO, + 2H,0 (6.4)
K-feldspar fluid.

A low- or medium-grade, non-calcareous schist would be unlikely to have K-feldspar
and could not have anorthite, and a clay-free marble could not have any feldspars. If
the initial carbonate is dolomite:

2K, sALSi; Al sO,0(OH), + 3CaMg(CO;), = 2CaAl,Si,05 + KMg,Si;Al0,,(OH),
illite dolomite anorthite phlogopite

+ CaCO; + 5CO, + H,0 (6.5)
calcite  fluid.

In this case the resulting rock could be mica-rich and schistose, but anorthite- and
calcite-bearing, unlike either non-calcareous schist or clean dolomite marble. The
mineralogy of metamorphosed carbonate-shale mixtures will therefore tend to have
anorthitic feldspar and a variety of Ca-Al, Ca-Mg, and K-Mg minerals such as epi-
dote, diopside, phlogopite, and Ca-amphibole, depending on the starting composition,
metamorphic conditions, and fluid composition. You can play this reaction game using
any end member rocks, with the prize being new mineral assemblages in the mixtures
that would be impossible otherwise.

Figure 6.1 illustrates four end members common in sedimentary successions,
and typical rocks at medium metamorphic grade that will form from the six binary

Clay (shale—aluminous schist)

Biotite-rich calc-

dijicats sahist Quartz-rich aluminous schist

Quartz-rich marble and
calc-silicate rocks

Quartz

Carbonate )
(sandstone—>quartzite)

(limestone—marble)

Quartz-rich amphibolites
Biotite-poor calc-silicate rocks

Aluminous schistose
amphibolites

Mafic volcanics (basalt-»amphibolite)

Figure 6.1 Schematic quaternary system showing four common sedimentary rock end member com-
ponents that can end up in mixed sedimentary rocks. The end members (black dots) are labeled
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Figure 6.1 (Continued) with the principal materials they represent. In parentheses the sedimentary
rock protolith names are given, along with their medium-grade metamorphosed equivalents. The six
fields along the edges (binary mixtures) are labeled with the medium-grade rocks these intermediate
mixtures characteristically form. You can use your imagination to consider what kinds of rocks three-
and four-component mixtures would turn into during metamorphism.

mixtures. Some of the reactions to make the mineral assemblages in intermediate
rocks were given above, but readers are left to ponder the rest. Identifying which
components, and how much of each, in rocks that had mixed sedimentary protoliths
is basically a chemical mixing problem. It can be solved by defining the end member
compositions, and then calculating how much of each is needed to make the rock
composition you actually have. Rock compositions can be analyzed directly with a
bulk chemical analysis, or calculated from analyzed or estimated mineral composi-
tions and mineral modes. The point is that these are distinctive rocks, worthy of close
examination.

In the illustrations below, emphasis is on distinctive appearance of mixed sedi-
mentary rocks in the field, rather than metamorphic grade. The rocks shown in thin
section (Fig. 6.2) were all metamorphosed to epidote amphibolite facies conditions,
and so emphasize the mineralogical and textural differences between three different
protolith mixtures. The field photos show rocks formed from a variety of mixture
types that were metamorphosed in the epidote amphibolite and amphibolite facies.
Mixtures include basalt-shale (Fig. 6.3), basalt-sand or silt-carbonate (Figs. 6.4, 6.8),
basalt-shale-carbonate (Figs. 6.6, 6.9, 6.10), rhyolite-carbonate (Fig. 6.5) and more
complex mixtures (Fig. 6.7). The different mixtures show a wide diversity of textures
and mineralogy. In some cases it is the diversity of a geologic unit that is its distinguish-
ing characteristic.
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Figure 6.2 Photographs of rocks in thin section that have mixed sedimentary protoliths. All images on the
left are in plane-polarized light, and those on the right are the same fields in cross-polarized light. Field
widths are all 4 mm, and all rocks were metamorphosed at epidote amphibolite facies conditions. A, B)
Hornblende — epidote — quartz rock, from a position in Figure 6.l close to the clay-carbonate-quartz
face of the quaternary system. The lack of mica suggests that the clay component was kaolinite. Lebanon,
New Hampshire, USA. C, D) Hornblende — biotite — quartz — calcic plagioclase rock, from a position
in Figure 6.1 close to the clay-carbonate-volcanics face. Candia, New Hampshire, USA. E, F) Hornblende —
biotite — quartz rock, from a position in Figure 6.1 on the clay-quartz-volcanics face, probably much closer
to the volcanics-quartz line than to clay. Charlemont, Massachusetts, USA. Abbreviations: B, biotite; E,
epidote; H, hornblende; Q, quartz; QP, quartz and plagioclase.
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Figure 6.3 Hornblende bundles in a quartz — biotite — muscovite — garnet schist. The hornblende
crystals nucleated at single points, and grew along their c-axes mostly in the plane of the rock foliation
and cleavage. This kind of texture is commonly referred to as garbenshiefer, from the German for
sheaf-schist (as in a sheaf of wheat). Notice the two garnets near the upper right corner (red arrows).
Charlemont, Massachusetts, USA.

Figure 6.4 Quartz — garnet — hornblende rock that was probably a mixture between basaltic volcani-
clastics and small amounts of other sedimentary material that probably included quartz and carbonate.
The weathered out pits to the left (yellow arrow points to one) were once occupied by carbonates.
Notice how the large, brown garnets have overgrown the rock foliation (one example garnet indi-
cated with a red arrow, with a red line parallel to the foliation). Brockways Mills, Vermont, USA.
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Figure 6.5 Calcareous schist (brownish layers, indicated by red arrows) between layers of rhyolite
(probably volcaniclastic), metamorphosed to epidote amphibolite facies. The schist contains 10-50%
brown-weathering carbonate with quartz and white mica. Considering the adjacent layers, this rock
probably had a protolith that was a carbonate-rhyolite volcaniclastic mixture. The white areas are
deformed and boudinaged quartz veins. Brattvag, western Moldefjord, Mere og Romsdal, Norway.

Figure 6.6 Amphibolite (red arrow), and interlayered brownish biotite — hornblende — plagioclase and
gray-green diopside — quartz — plagioclase — biotite layers (blue arrow). A thick diopside-rich layer
(yellow arrow) in the interlayered sequence is boudinaged, indicating that it was more brittle than
the surrounding thinner layers. White arrows point to boudin necks, which have white vein quartz
in them. These rocks were probably derived from metamorphosed sediments made from variable
proportions of clay, carbonate, and basaltic volcaniclastic components. The white layers are deformed
and boudinaged quartz veins. Midgy, Midsund, Mare og Romsdal, Norway.
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Figure 6.7 Interlayered epidote amphibolite (top only, A), hornblende-rich layers (gray, H), diopside-
rich layers (greenish-gray, D), and mica schist (rusty staining, S). Thicker layers are labeled. The layers,
and possibly even the amphibolite, are probably metamorphosed sediments that contained variable
quantities of carbonate, clay, quartz, and volcaniclastic components. The rusty stain is caused by
weathering sulfides in the schist layers, which suggests that the clay-rich component was deposited
under reducing conditions. Though the sedimentary sequence shown here is only about 10 cm thick,
it may once have been many meters thick prior to deformation. Kvithylla, western Trondheimsfjord,
Sor Trendelag, Norway.

Figure 6.8 Layered mixed sediment that has been metamorphosed to epidote amphibolite facies con-
ditions. The layer labeled | is coticule, pink garnet quartzite, in which the typical garnet size is only
I-5 pm. Coticule is generally interpreted to be metamorphosed Fe- or Mn-bearing chert. The layers
labeled 2 and 4 are made of quartz, hornblende, biotite, ankerite, and epidote, and are probably a
carbonate-volcaniclastic-quartz sand (or chert) mixture. Many of the ankerite crystals are euhedral
and rhomb-shaped, and weather out to form rhomb-shaped pits. The layer labeled 3 is a feldspathic
quartzite having the assemblage quartz — plagioclase — biotite — ankerite. The white layer on the far
right is a quartz vein. Charlemont, Massachusetts, USA.
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Figure 6.9 This is a complex section composed of amphibolites (upper right), inhomogeneous, brown
biotite- and hornblende-rich rocks (mostly to the lower left), and the green epidote — diopside —
quartz — carbonate-rich rock layers passing diagonally across the image (possibly one folded layer).
Although the green layers may be a folded hydrothermal vein, in this somewhat calcareous, volcanic-
rich, layered sequence, they are more likely to have been a sedimentary mixture between carbonate
and volcaniclastic material. If so, the volcaniclastic material must have lost its sodium and potassium,
possibly during weathering, which may have occurred in an oxidizing submarine environment. The
outcrop, particularly on the left side, has been cut by a series of late, crosscutting fractures that are
filled with thin quartz veins. Z\rnes, Surnadalsfjord, Mere og Romsdal, Norway.

Figure 6.10 Interlayered dark-gray amphibolite, thin brownish biotite-rich layers, and greenish
epidote — diopside — quartz layers. The whole section probably represents metamorphosed mixtures
between volcaniclastic, carbonate, quartz sand, and shale sedimentary components. The flat green
patch, outlined by a white dotted line, is a shiny slickensided surface that is covered with epidote and
chlorite. Midgy, Midsund, Mare og Romsdal, Norway.
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Conglomerates and breccias

Conglomerates generally indicate rapid deposition from nearby elevated terranes, such
as a mountain range, a rift valley flank, or beach escarpment. They are therefore use-
ful for interpreting local paleogeography, and more indirectly the tectonic processes
responsible for it. Polymictic conglomerates have a variety of clast rock types (e.g., a
mixture of volcanic rocks, plutonic rocks, and sandstone), while those consisting of only
a single type of clast (e.g., only granite or only vein quartz) are monomictic. Clast types
tell about the eroding, uplifted source terrain. For example volcanic arcs are dominated
by volcanic and low-grade metamorphic rocks, deeply eroded continents are dominated
by plutonic and medium- to high-grade metamorphic rocks, and regions draining car-
bonate rock escarpments will tend to be dominated by limestone and chert clasts.

Strongly anisotropic or soft rocks like phyllite and schist tend to fragment easily,
and so are uncommon in conglomerates except very close to the source region. The
quick destruction of well-foliated rocks prior to conglomerate deposition means that
conglomerate clasts tend to be more or less equant in shape, rather than platy or pencil-
shaped. Because of their roughly equant initial shapes and generally minor depositional
preferred orientation, deformed clasts can be useful strain markers for structural geo-
logic studies. During deformation, roughly spherical clasts (at least on average) take
on shapes that can be approximated by triaxial ellipsoids, in which the lengths of the
three mutually perpendicular axes represent the deformed clast shape. Clasts can be
extended in one direction to produce a lineation, flattened to produce a foliation, or
extended and flattened to produce a rock with both.

Breccias begin with rock fracturing into angular fragments, commonly as a result
of brittle behavior caused by low temperatures or high strain rates. The matrix to the
angular fragments can be another variety of rock, into which the breccia fragments are
incorporated, or it can be a more finely broken form of the same rock.

In some cases deformed clasts may be difficult to tell from boudins (Chapter 18),
particularly if the objects are sparse, or if the boudins become anomalously rounded.
Figure 7.1 shows some examples of the transformation of clasts into boudins (Figs. 7.1A,
C), and layers into similar-looking boudins (Figs. 7.1B, D). In most cases, paying close
attention to rock type, boudin spacing, and boudin tails should make it possible to dis-
tinguish between clasts and boudins. Deformation can conspire to make distinguishing
the two more difficult, however, in isolated cases (Fig. 7.1E, F).

In this section there are examples of both metamorphosed conglomerates and brec-
cias. The conglomerates, Figures 7.2—7.10, are shown in a sequence of increasing met-
amorphic grade: greenschist facies, epidote amphibolite facies, and amphibolite facies.



68 A pictorial guide to metamorphic rocks in the field

Figures 7.10-7.12 show a strongly deformed quartz pebble conglomerate on three
mutually perpendicular surfaces. Figures 7.13-7.15 show metamorphosed igneous
and tectonic breccias at lower and upper amphibolite facies.

A Cobble B Vein, dike, or bed

Original

Deformed

Flatening (pure shear)

Boudins

Original

Deformed

Boudins

Simple shear, spaced slip planes

E Obvious boudin F Boudin resembling a clast
Strain field change —>

Figure 7. Conglomeratic clasts can, in some cases, be difficult to distinguish from boudins, as
illustrated in these schematic examples. A and B represent a conglomeratic clast and a layer,



Conglomerates and breccias 69

Figure 7.1 (Continued) respectively. Progressive deformation of each can produce an odd-looking,
partially boudinaged clast or bed, and strings of boudins. In C and D, spaced cleavage surfaces
(effectively local shear zones) disrupt and offset clast and bed fragments to produce boudins that
don’t have the characteristic blocky ends or connecting tails, making them more difficult to tell
from clasts. E and F show an example of how tails on ductile boudins (E) can themselves be
deformed and attenuated so that they lose their obvious identity (F, see Fig. 18.11). The point is
that boudins can be confused with clasts, so how does one tell a deformed conglomeratic clast
from the odd boudinaged lump? Most boudins develop from competent layers, dikes, or veins,
and so tend to form strings of lithologically identical pieces, commonly either immediately adja-
cent to or connected by thinned necks. Clasts, however, are usually deposited with a great many
peers, and so yield a haphazard arrangement with no blocky ends or connecting tails. Clasts may
be deformed, but will usually be arranged with other, similar-looking objects packed together. If
boudinaged, adjacent pieces will be the same rock type, but will not form long strings of regularly
spaced boudins. Not every rounded lump is a clast, but the presence of boudins should not negate
the possibility of a conglomeratic protolith. It is wise to use context, for example tracing a unit that
varies along strike from obvious, little deformed conglomerate to more severely deformed rocks.
A-D are modified after Spry and Burns (1967).

Figure 7.2 This is a glacially polished outcrop surface showing conglomerate that has undergone essen-
tially no deformation, though it is at greenschist facies. This conglomerate contains a wide variety of
sub-rounded clasts including felsic and mafic volcanics, chert, and quartzite. Notice that there is little
or no preferred orientation of the clasts, typical of undeformed conglomerates. Caucomgomoc Lake
area, Maine, USA.
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Figure 7.3 Deformed conglomerate cobbles (granite, vein quartz, volcanic rocks) in a muddy sandstone
matrix, metamorphosed to middle greenschist facies. This rock is interpreted to be an Ordovician
turbidite sequence that was deposited offshore from a nearby highland. The two conglomerate layers
visible here are actually one, repeated across the axial surface of a tight fold with the hinge to the
left. The prominent set of lines in the fine-grained rock (approximately parallel to the blue pen) is the
axial planar cleavage to the isoclinal folds, and so it is approximately parallel to the folded layering.
Extension of the clasts parallel to the cleavage resulted in sets of extensional fractures in many of the
clasts, parallel to the yellow lines. There is also a sparse spaced cleavage that extends from the upper
right to lower left, parallel to the red line, that crosses the conglomerate layers and earlier cleavage.
Storvika, Stjgrdal, Nord Trendelag, Norway.

Figure 7.4 Deformed cobble conglomerate, showing large, distorted quartzite cobbles in a matrix of
more severely deformed sand and gravel-size clasts. This rock has been metamorphosed to green-
schist facies conditions. Goat Island, Tasmania.
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Figure 7.5 Muddy sand-matrix conglomerate, metamorphosed at greenschist facies. The clasts
weather out in raised relief, clearly showing their outlines. Some of the clasts contain fractures that
are perpendicular to the extension direction (red arrows show examples of clasts with such fractures,
yellow arrow shows the extension direction). Just above the wooden bench are quartz veins (blue
arrows) that opened in the extension direction, like fractures in the clasts. Blekkpynten, Feettenfjord,
Nord Trendelag, Norway.

Figure 7.6 Deformed conglomerate, containing mostly quartzite clasts but with a wide variety of
minor rock types, metamorphosed