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Preface

Petrography of Igneous and Metamorphic Rocks is designed for students taking their
first course in petrography. It combines, in a single book, a compilation of the optical
propertics of the common rock-forming minerals, descriptions of the textures and
structures of igneous and metamorphic rocks, and a treatment of the classification of
these rocks, The book deals with the description of rocks, not their origins. The
coverage is not exhaustive and is limited to what students are likely 1o encounter and
need to know in an introductory petrography course. The material is organized so as 10
make it as rapidly accessible as possible, For those who have not previously had a
course in optical mineralogy, Chapter 2 briefly introduces this subject.

The minerals described are the so-called rock-forming minerals. These are the
major building constituents of rocks, with which the student of petrography must have
some familiarity. For quick reference, they have been listed alphabetically in Chapter
3, Some minerals, such as the amphiboles, micas, pyroxenes, and feldspars, have been
listed together under their group names. The most important distinguishing properties
of these minerals are compiled into a single table on the inside fronl cover. For routine
petrography, this table provides most of the information necessary to distinguish the
commaon minerals. The interference colors shown in this table are those found in 30-
pam-thick sections, the standard thickness of a petrographic thin section.

The classification of igneous rocks used in this book is the one proposed by the
International Union of Geological Sciences (IUGS) Subcommission on the Systematics
of Igneous Rocks. In addition, a list of commonly used rock names, many of which are
not part of the UGS classification, is keyed 1o this classification. Also, the widely
used Irving-Baragar classification of volcanic rocks is included.

Nlustrations of minerals and rock texiures are grouped ogether ar the end of
appropriate chapters, Each of these 216 illusirations is shown in color on the CD
included with the book. The CD provides a conveniem means for the beginning
petrographer o gain exira experience examining thin sections,
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1 Introeduction

Fetrography is the science of describing and classifying rocks. It relies heavily on
observations made with the petrographic microscope, but observations on the outlcrop
and with the hand lens are also important. A petrographic description of a rock first
involves identification of the minerals and, where possible, determination of their
compositions. Textwral relations between grains are noded, for these not only help in
classification but provide evidence of processes active dunng the formation of the
rock. The rock is then classified on the basis of the volume percentages of the various
rock-forming minerals (mode).

In an introductory petrography course a student can become familiar with only a
small fraction of the great variety of rocks found in nature. Fortunately, the number of
important types 15 surprisingly small. This is because rocks are formed in only a few
tectonic environments on Earth, and the conditions in these have changed little, if any,
throughout most of geologic time, Thus a Precambrian basalt appears identical 1o a
modern one. A few rocks, however, are peculiar 1o the early geologic record.

Although the goal of petrography is the description and classification of rocks,
this in itself is of limited interest. Only when considered as part of perrology (the study
of the onigins of rocks) does it take on wider significance. Petrography supplics most
of the data that petrology strives to interpret and explain. It is expecied, therefore, that
students will take a separate petrology course. It is desirable, but not essential, that
some practice in optical mineralogy has previously been gained.

A number of excellent books provide all of the information needed for petrogra-
phy (sec suggested readings at the end of this chapler). These include reference works
on the oplical properties of minerals {Deer ¢ al., 192-63, 1966; Fleischer et al,, 1984;
Ramdohr, 1969 Troger, 1979 Cameron, 1%1), atlases of colored photographs of
minerals and rocks (MacKenzie et al., 1982). and petrography texts (Williams et al.,
1982; Spry, 1969; Harker, 1954; Nockolds et al., 1978). These books provide far more
information than can be used in an introductory course,  Furthermore, a selection of
books including one from each of these groups involves a considerable expense.
afudents should, however, be aware of these sources of information and make use of
them for extra reading.

Thas laboratory manual 15 a collection of the essentizl information needed 10 learn
the technigues of petrography and to apply them to common igneous and metamorphic
rocks. It presents the optical properties of all the minerals likely 10 be encountered in
the common rocks. 1 also describes the textures and classifications of igneous and
metamorphic rocks. Sedimentary rocks are not included. becavse the manuval is
designed for the laboratory part of a course in igneous and melamorphic petrology
The oplical properies of the common sedimentary minerals are, nonetheless, imcluded
ih the manual

The manual contains a lazge number of Higures illusteating the rock-forming mine-
rals and the textures of rocks. The figures are black and white drawings rather than
photographs, for these allow emphasis o be given o the properfies being ilustrated,
Color, especially that due o birefringence. is an important optical property of a
mineral, but inclusion of color photographs would substantally increase the cost of the
manual. The figures have therefore been reproduced in color on the CD that is bound
with the book,



The figures in the text and the €D are in four groups covering Igneous Rock-
Forming Minerals (IRFM}, Metamorphic Rock-Forming Minerals (MRFM), Ignecus
Textures (IT), and Metamorphic Textures (MT). Figures in each group are numbered
consecutively from one, and references tn them in the manual are given by the
reference letters followed by the number of the figure. Beside each figure is a shon
caption and sufficient space to make your own noles on the features that you feel are
important in identifying a mineral or in characterizing a rock rexture,

Froficiency in petrography comes only with practice and experience. It is
desirable to devote more time 1o studying petrography than is available in the normally
scheduled laboratory periods in g course. It is recommended therefore that, in addition
o the work done with the microscope in the laboratory. time be spent studying the
figures in this manual ( including the CD) or in the texts referenced below,
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2 Review of the Microscope and Mineral Optics

The Microscope

Most petrographic microscopes are of essentially the same basic design. They are
expensive, precision instruments and should be treated with comsiderable care. The
uscr must be familiar with their workings and be aware of any problems that may
arise. Avoid touching the gliss in the lenses, and al no time should any moving
part of the microscope be forced; instead ask for assistance. For purposes of illus-
tration, the Carl Zeiss standard polarizing microscope is shown in Fig, 2-1.

Modern microscopes are ftted with a built-in bght source. On some instruments
the brightness of this light is adjustable, For general work, the light intensity
need not exceed three-quarters of the maximum value, With normal tungsten bulbs, a
blue flter must be placed over the Hght source in order to render the light simi-
lar to daylight. If this is not done, the colors of minerals under the micToscope
will be distinctly yellow,

The eyepicee, or ocular, normally has a magnification of X, 10X, or 12.5%. Mal-
tiplication of this factor by the magnification of the objective lens gives the to-
tal magnification of the microscope, The eyepicce contains cross hairs which must be
focussed by cach individual user. In doing this, take care not to position the eye
too close, or too far from the lens, for this diminishes the fedd of view {Fig.
21} Relax the eye so that it is focussed at infinity; this can be done by momenta-
rily looking at @ distant object. Then, keeping both eves open, bring the cross
hairs into sharp focus by rotating the adjustable evepicce. You may find this can be
performed more casily by removing the cyepicce from the microscope. It can then be
placed in front of the eye while you observe some distant object. When replacing the
cyepices, mote that keyed slots om the side of the microscope tube allow the cross
hairs to be oricated m the 90° (NS, E-W) or 45° (N-W, N-E) positions.
The N-5, E-W onicntation is used most commaonly,

Most microscopes are equipped with three objective lenses--low, intermediate,
and high magnifications--and possibly a fourth, an oil immersion lens for extra high
magnifications, Each lens is marked with a series of numbers, such as 40085
Wl /0.17, which indicates the objective has a magnifieation of 40X and a numerical
aperture of 0ES in a microscope with a tube length of 160 mm, and i is to be wsed
with microscope slides covered with 017 mm-thick cover glasses. The total magnifica-
tisn of the microscope (ic., objective x eyepicee) cannol exceed 1000X the numerical
aperture.  Magnifications above this are said to be empty; an enlarged image is ob-
taned, but with no gain in resolution. Very low magnifications can be obtained with
the Berrand lens and no objective at all. The image produced is, however, of poor
fuihty,

Obpective lenses are commonly mounted on a tureet that can be rotated by a kour-
led wheel, mever rotale the turret by pushing on the lenses; this will almost
certainly cause misalignment of the lenses. Each of the lenscs must be centered with
respect (0 the axs of rotation of the microscope stage, The axds of rodation can be
sentificd as that point on a microseope slide which docs not move when the stage is
rotated. By usc of centering rings or screws on the ohjective bens, this point is
moved Lill it coancides with the image of the cross hairs.
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Figure 2-1 Carl Zeiss Standard Polarizing Microscope (reproduced with permission of
Carl Zeiss, West Germany).



Petrographie microscopes have a rotatable stage, which is marked in degrees for
angular measurements, A small knurled screw on the side of the stage can be used 1o
1mmwhw¢m&m..wnmmmmuﬁmmm
ing screw may not be loose enough, A number of screw boles on the surface of the
stage arc for attaching accessorics, such as a graduated mechanical sage or a uni-
versal stage.

The substage asscmbly consists of three important paris--condenser lenses, aper-
ture diaphragm, and polarizing filter, The emtire asembly can be racked up or down
but is used mouly in the up position, A lower condensing Jens normally remains in
the optical path at all times, An upper onc can be flipped in when conoscopic light
is required for interference fgures. An iris duphragm, which controls the amount
of light passing through wnmh:mhuwudmddmadb}-muﬁnglhwr.
Contrast in relicf between minerals can be exaggerated by partially closing this dia-
phragm. Normally the diaphragm is open. The polarizer, or polar, which s a filier
on most modern microscopes, constrains light to vibrate only in an east-west diree-
tion. On some microscopes the polar is rotatable, and on still others it is orien-
ted north-south. Its orientation can be determined with @ thin section  containing
baotite.  This mincral absorbs light moss strongly (will appear darkest) when its
cleavage traces parallel the vibration direction of the polar.

The upper polar, or analyzer, constrains light to vibrale in a plane perpendicu-
lar to that of the lower polar (normally N-5). A lever on the side of the microscope
tube rotates or slides the analyzer in or out of the optical path. Immediately below
the analyzer s a oot for inserting, at 45° o the planes of polarization,
various accessory plates, such as the first-order red plale or the quartz wedge.
Above the analyzer is the Bertrand lens, which can be swung inlo the optical path
lor observing interference figures.

The micrascope is focussed using both the coarse and fine adjustment knobs. Carc
must be taken in using the fine adjustment with high power objectives.  The working
distance between these lenses and the cover plass is very small (~0.6 mm), I the
point of focus is missed and the section is raised in comtact with the lems, sulfi-
cient force can casily be unknowingly applicd with the finc adjustment knob 1o break
the glass shde or damage the lens, Many high power objectives have spring-loaded
fenscs 1o avoid this problem. If you are doubtful whether the section is above or
below the plane of focus, make a visual check from the side of the microscope that
the lens is mot contacting the cover slip. Then, focus by mcreasing the working dis-
lancc--mever the reverse. A common problem encountered in locussing under high po-
wers is 10 have the microscope slide (thin section) upside down. Because the thick-
neas of most plass slides is greater than the working distance of high power objec-
tves, these lenses cannot focus through s shide. Moreover, the lenses are buill for
use with 0.17 mm-thick cover shps. thicknesses that deviate significantly (£0.03mm)
froem this will impair the quality of the image.

Il @ becomes necessary 1o clean any of the lenses, do 3o using lens lissue.
Hecathing on the lens normally deposits enough water so that finger prints can be
wipcd off. Ether can be used to remove more stubborn deposits, bul never use aloo-
hol. for this may disolve the cement botween lens elements. The front lens element
in many high power objectives 18 concave, which makes these lenses particularly trou-
blesome to clean. Utmost care must be taken 1o keep the microscope in a clean cnvi-
ronment al all times, and a dua cover should be used when the instrument i not in
LN
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Passage of Light through a Crystal

The velocity of light passing through most crystalling substances depends on the di-
rection of propagation relative to the crystal structore. Only in crystals belonging
o the isometric system and amorphous materials, such as glass, is the velocity the
same in all directions; such material is said to be ésoropic. Other aystalline
substances are said to be amisowropic; that is, the welocity of light wvaries
with direction in the crystal Ablhough varistions in the wvelocity of light are re-
sponsible for most of the optical properties uwsed to identify mincrals, the velocity
of light itsell is not determined. Instead, we measure the refractive index, which
is the ratio of the velocity of light in air to that in the mineral; that is,

Refractive Index (R.1L) = velocity in air / velocily in mineral.

From this relation, the refractive index is scen to be imversely related to the velo-
city of light in the mincral. Thus a mincral with a high refractive index will trans-
mit light more slowly than one with a low refractive index.

When light enters an anisotropic crystal it is constraived to vibrate in two mu-
tually perpendicular planes, the orientations of which depend on the symmeiry and
orientation of the crystal. The petrographic microscope uses polarized light in or-
det 1o determine the orientation of these vibration directions and o investigate
other optical effects associated with this pheromenon,

Light emanating from the microscope lamp, on passing through the lower polar is
constrained (o vibrate in only one direction, which in most microscopes is E-W (Fig,
2.2). ‘The light rising from the polar can thercfore be represented by a sanuesdidal
clectromagnetic wave that vibrates in an EW planc. This light, which is said 1o be
plane polarized, is cut out completely by the upper polar, which passes light vibra-
ting oaly in a NS direction, If, however, we could rotate the upper polar 1o a NE-8W
direction, as can be done on rescarch microscopes, the planc-polarized light FISINE
from the lower polar would transmit a component of its vibration through the upper
podar, but the amplitude of the transmitied wave would be less than that of the o-
gmal wave (Fig. 2-2).

Planc-polarized light, on entering an  anisotropic crystal, will resolve  itsell
into two components that vibrate in the mutually perpendicular plancs, The hight w.
brating in these planes will not, excepl i special casce, have the samc velocity of
propagation. There are ome or two direchions in anisotropic erystals along which the
velocities of the two components are identical. These special directions are known
as optic axes. Crystals having only omc optic axs arc known a8 usianal,
and those with two, as bigval.  Uniaxial crystals belong 1o the trigonal, hexa-
gonal, or tetragonal symmetry systems, whereas the baaxial ones belong te the ortho-
rhombic, monoclinig, or iriclinic sysems.

Because the welocity of light wibrating in diflerent directions in aniSOLrOpC
crystals varics with direction, so must the refractive index.  In uniaxal erystals,
only 3 madimum and minimum refractive index nced be defined, but in biaxal ones, an
additional intermediate value must be given, In any anisotropic crystal the diffe-
rence between the maximum and minimum refractive indices is known as the birefrn-
DETICE,
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Figure 2.2 Light passing through the lower polar of the microscope is constrained
o vibrale only in an E-W direction. In A, the upper polar, which allows light
lo vibrale only in a N-5 dircction, cuts ow completely the E-W polarized light,
and oo light passes through the microscope. In B, the upper polar has been rota-
ted 10 a 45 position, so that a componcnt (diminished in amplitude) of
the E-W polarized light is transmitted. In C, the planc polarized light & con-
strained to vibrale in two mutually perpendicular planes in an anisotropic ming-
ral. Onc of these directions is the fast and the other the slow vibration direc-
tion. Both wibration directions produce a component i the N-§ plane of the up-
per polar, but because of the different welocities of Iransmission, the two
Eul:;ft of phase when recombined by the upper polar, and an interference
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When an amisotropic mineral s placed on the stage of the microscope, the plane-
polarized light from the lower polar is resolved into the two vibration dircctions
permiticd by that erystal; these two directions are thea resolved into onc by the wp-
per polar (Fig. 2-2). Becauwse the light in the two vibration directions travels with
different velocities, the waves arc out of phase when combined by the upper polar,
and an interference color resulis. The amount by which the waves are out of phase,
known as the refardation, depends on the difference in the wvelocities (hence in
the refractive indices) of the two vibration directions and the thickness of the
crystal; that is,

Retardation = Thickness x Difference in Refractive Indices.

Because thin sections are normally ground to a thickness of 30 um, varlations in re-
tardation resull primarily from variations in refractive index differences (which de-
pend on erystal orientation). Small grains that do mol extend through the entire
!:EE:ﬂtﬁ of a section will, however, have smaller retardations because of reduced
thickness,

A retardation of 100 nm produces a gray inlerference color, whereas 30 nm pro-
duces a wellow color (see imside fromt cover). Colors resulting from retardations
between 0 and 550 nm are said to be fimt order. Firsl order red changes to see-
ond order blue as the retardation increases above 550 nm. Sccond and higher order co-
lors repeat at retardations which are multiples of 550 nm, bul the higher the order
the less intemse is the color, For example, first order red s deep red, whereas
third order red is pinkish,

Il the wibration direclions 18 an anisotrogic crystal are rofated 50 as o paral-
lel the polars, no bhght 15 transmitled throogh the microscope, and the mincral is
sald to be in eminction.  The onientation of extinction positions with respect
to identifiable crystallographic dircctions, such as ervial ouling, twin plancs,
or cleavage planes, provides a uselul diagnostic property.

In addition o extinction positions it is useful to identify which of the two mu-
tually perpendicular wibralion directions is the [aster. This is done by rotating
the grain o the 45" position and inseriing an  accessory plate, such as the
first order red one, in the slot provided. The fast and slow vibeation directions in
the accessory plate are marked on the plate. Should these correspond with the fast
and slow directions in the mineral, their combined effcet will be 1o increase the re-
tardation and produce a higher order color. On the ather hand, if the fast vibralion
dircction in the plate parallcls the slow direction in the mincral, the combined re-
tardaticn will be less, and a kwer order color wall result. The [ast, intermediate,
and slow directions in a biaxal eryual are labeled x, v, and 7 respectively.

For most mincrals the first order red plale is 2 convenienl accessory for deter-
mining the fast and slow vibration direcions.  The retardation in highly bircfrin-
gent minerals, however, may give such high order colors that the addition or subtrac-
tion of first order red may not produce 3 noliceable color change. For such cases,
the quartz wedge can be used, As the wedge s pushed into the accessory slot, an in-
ereasingly thicker section of quartz is introduced into the optical path. In this
way the amount of rctardation s increased until i@ produces a color change that is
discernible, The gquarty wedge can also be uwsed to determine the birciringence of
mincrals by rotating the grain into the 457 position that aligns the fast di-
rection in the mincral wiath the show direction o the wedge. As the wedge i shwly
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decrease until the grain goes black, Then,
as they increase to the initial
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Light passing from ooc material to amother of different refractive index is re-
fracted by an amount given by Snell’s Law:

where the various terms are defined in Fig 2.3, When a ray of light passes from a
mndimnllmu!nm:nfhigh:rmh:ﬁmhdmlhrwhm&:mdmmnhlhn
lo the interface. Thus, with grains having a higher refractive index than
E;Mtudsmhnm::mndmu:gmfﬁa.z-aj. If a
grain has a lower refractive index than the surroundings, the light tends to concen-
trate over the surroundings. By focussing above the grain (increasing the working

|
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RI2 >R

Figure 2-3 Light passing from a medium of higher refractive index to one of lower
relractive index (RJI, 2 = R 1) is refracted towards the normal (o the inter
face according to Snell's law, where i is the angle of incidence and ¢ the angle
of relraction of the light ray. Refraction of light by mineral prains that have
a higher refractive index than that of their surroundings results in light being
concentrated above the grain, as seen for convergent and parallel light and for
two different-shaped grains. Il the refractive index of the mineral were less
than that of the surroundings, the light would be concentrated over the surroun-
ding material.
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distance) a zone of brightness, or Becke line, will be seen to move inte the ma-
terial of higher refractive index In thin sections, thiz allows the relractve
index of grains to be determined relative to that of their surrounding grains or
mounting medium, The term rellef refers to the difference in refractive index
between the mincral and the mounting medium. Prior to the use of epoxies, Canada
balsam, with a refractive index of 1.537, was the main medium used. Thus, mincrals
with a higher refractive index than 1.537 have positive relief, whercas those with
lower, have negative relicl.

The color a mineral has in thin section under plane-polanized light (upper pola-
rizer removed) depends oo the color of the light source (pormally white) and the wa-
velengths of light absorbed by the mineral. Not all wavelengths that constitute
white light are necessarily absorbed 1o the same extent by a mineral Preferential
absorption of colors al the red end of the specirum gives a mineral a bluish color
in transmitted light, whereas absorption of blue light makes the mincral appear red.
Furthermore, anisotropic minerals may absorh  differently in  different  directions,
with the result that they change color when rotated in plane polarized light. This
grves rize 1o the property known as pleochroism,

The Optical Indicatrix

The wvariation in refractive index with irection in anisotropic crystals 15 conveni-
ently represented by a geometrical Dgure known as an oplical indicatric (Fig.
24). It is an ellipsoid in which the vector from the origin 1o the surface gives
the magnitude of the refractive index for light vibraling in that particular direc-
tion. Within the crystal, this light s constrained to sibrate in two mutually per-
pendicular planes, the traces of which are the maximum and minimum axes of the ellip-
tical section through the indicatrix normal 1o the direction of light propagation;
that is, the plane of the thin scction (Fig. 2-5). Except for the special dircctions
of the optic axes, these two vibration directions will have umequal velocities and
thus different refractive indices.

In uniaxial crystals, that is, ones with only onc optic axis, the indicatrix is
an cllipsoid of revolution. The axis of revolution is the vibration direction of the
so-called extra-ordinary ray (e). The refractive index for light vibrating in this
direction s commonly designated by the Greek letter epsilon (¢). The crcular sec-
tion of the ellipsoad is the vibration direction of the ordinary ray (o). Light pro-
pagating perpendicular to this section can vibeate in any radial direction and it
will have the same velocity regardless of vibration direction. This propagation di-
rection s known as the epiic ads. The refractive index for the ordinary ray s
commonly designated by the letter omega (o). If the refractive index for the cxara-
ordinary ray is greater than that for the ordinary ray (€>w), the crystal s sad to
have a positive sigm, whorgasaf €< w s acpanive (Fig. 2-4),

The indicatrix for a biaxial crystal {iwo oplic axes) s a triwaal cllipsmd
which the refractive indices associsted with the fast (x), intermedise (y), and
slow (z) wibration dircctions are the magnitedes of the three principal axes (Fig
244). The refractive indices in these directions are referred to, respectively, as
alpha (@), beta (), and gamma (Y). Two arcular scciions cxisi in a triaxial ellip-
woid. The refractive index for light propagating normal to cither of these is equal
to that of the intermediste value (I}). The normals to the circular sections are the
optic aves, and the angle between them o the ophc angle, or 2V.  The orys-
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Figure 2-4 The optical indicatrix is a graphical means of representing the magnitude
of the refractive index (distance from origin to surface of ellipsoid) for light
\ihulin.ginlhatpmni:u]udimuiminmmim-unpic mineral. In uwniadal
minerals, the indicatrix is an ellipsoid of revolution whose equatorial plane is
a circular section (shaded) through the ellipsoid. Light travelling normal to
this plane has the same velocity (equal refractive index) regardless of vibra-
tion direction; this umique direction is the optic axis. The biaxial indicatrix
B a trimdal cllipsoid which has two crcular sections through it (shaded) and
two optic axes normal to these, The acute angle between the optic axes is known
as 2V, The positive and negative sign conventions are indicated.

tal is said 1o be positive if the slow vibration direction, z, kies in the acufe
oplic angle, and negative if the fam direction, x oceupees  this position.  In
common usage, the acute angle is referred to as the optic angle. Bul often it is con-
venienl, especially with minerals where 2V increases beyond 90° with variation
m composition, to refer the oplic angle (o a particular axis, for example, 2V .

Planc-polarized light entering a randomly oricated crystal oo the stage of the
iqoscope will be resolved isto two mutually perpendicular vibration direciions,
One of these directions in a uniaxial crystal must be the ordivary vibration direc-

( 2-5). The cxtra-ordinary direction, however, will oot be the maximum val-

lion

uc pnless the indicatrix i lying in the unique position with the e direction on
the stage of the microscope. Im a general position, thercfore, this vibration direc-
ton i designated o' A randomly oncoled biaxial crystal may have none of the
princ axcs of the indicatrix lying in the plane of the section (Fig. 2-3) so
he vibration directions are relerred 16 m ¥ ¥, and ' to indicate the

axcs they most closely approach.




Figure 2-5 Planc-polarized light passing vertically through a randomly oriented
grain in a thin section (shaded planc) will be constrained to vibrale in two mu-
tually perpendicular directions. In a uniaxial crystal, onc of these directions
always corresponds to the ordinary vibration direction (o), but the extraordina-
ry direction in most orieotations will be less than the maximum possible and is
therefore designated by ¢, In 2 bimdal crystal peither of the vibration direc.
tions need correspond 1o the x, y, or 2 vibrations; thus they are designated by
any two of ¥, ¥, or ¥, depending on which axes of the indicatrix are closest
to the vibration directions.

Because the indicatrix is an expression of the interaction of light with the
erystal structure of a mineral, the oricntation of the indicatrix must obey the re-
strictions imposed by the symmetry of the crystal. Thus, because all uniaxial crys-
tals belong to cither the trigonal, hexagonal, or tetragonal systems, the oplic as
must be the ¢ crysallographic axs. The symmetry of bimdal crystals, likewise,
restricts the oricntation of the indicatrix. A mirror plane, for cxample, forces one
nlth:pmindpaltmnl’ih:indiuui:luhmmdlnthemiﬂmphm Only in
the triclinic system is the indicatrix free to take on any oricalation.

Relfractive indices listed in this manual arc refcrred to the vibration direc-
tions with which they correspond (¢ and o, or % y, and z) rather than using the
Greek letters (¢ andw, ora,fd, and¥). This is done because of the convenience of
listing in tables other properties which can also be related to these directions.
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Observation of Crystals nnder Conoscopic Light

Under aormal orthoscopic viewing, light passes through a thin section cither paral-
lel to or at a slight angle to the axis of the microscope. However, when the upper
condenser is swung into the optical path, a strongly convergent beam of light is pro-
duced. Light rays rising through the center of the condenser lens are still normal-
ly incident on the thin scction, but those towards the edge of the lens converge at
increasingly larger angles. A crystal lying on the axis of the microacops Chus has
rays of light pass through it in many different directions. With crossed polars
these rays produce an optical figure in the back focal planc of the objective. The
figure s made visible by inserting the Bertrand lens or removing the ocular, A high
power objeclive with large numcrical aperture must be used for this work.

Consider, for cxample, the effect 3 uniaxial mincral would have on a convergent
beam of plane-polarized light if the optic axis was parallel to the microscope, Rays
of light rising through the center of the convergent lens would be transmitied
through the crystal parallel to the optic axs (Fig. 2-6). The vibration directions
of light in such a ray, being normal 1o the direction of propagation, produce a hori-
zontal circular section through the indicatrix.  Crossed polars would completely eli-
minate this light, and thus the central part of the Gield would appear dark. Strong-
ly comvergent light rising from the west towards the cast would give risc to an el
liptical section through the indicatric, bul because the vibration directions paral-
lel the polars this ray of light would also be climinated. Converpent  light  rising
from the 5-W towards the N-E would also produce an elliptical scction through the in-
dicatrix, but because the vibration directions would be at an angle to the polars,
light would be transmitied. Simiar arguments follow for Jight falling in the other
quadrants.  When all possible ray paths are considered, it is evident that those
parts of the ficdd in extinction outline a dark cross known as a wnigral aplic
axis fipure. The dark bands of this figure are known as isogyres,

The color of light transmitted in each of the quodrants of a uniaxial optic asis
ligure depends on the birelringence of the mincral and the angle of comergence of
light, which varics radially with the distance from the center of the figure,  Be-
cause light towards the edge of the ficld of view comverpes a1 a greater angle than
that ncar the conter, it passes through the crystal al a preater angle o the oplic
axs.  As a resull, the more convergent light exhibits greater birclringence. Concen-
tric ochromatic fings may surround the optic axis il the birefringence of the mine.
ral & sullicicnily greas.

The sign of a umiaxial mineral can be determined cavily from an optic axis f-
gure.  In Fig. 26 it wall be seen that every scction through the indicatrix formed
by the various rav paths contsins the ordinary vibration dircetion. At right angles
to this and following radial lines s a component of the cxra-ordinary ray, o
When the first-order red accessory plate is imsericd, the iognres turn red and the
wierlerence colors in adjacent quadrants increase o decrease depending on whether
the vibration dircctions in these guadrants and in the accessory plale match or op-
posc onc another.  The fast vibration dircction in most accessory plates s paralic]
1o its leagth.  IF the mancral is positive (R ¢ >0 ), a8 is the case in this exam-
ple, Bight vibrating paralicl to the extra-ordinary ray will be shwer than that pa
rallcl 1o the ordinery ray, In the N-W and SE quadrants the retardation between
these rays will be opposite 1o that in the accossory plate and the interfercnce co
loes will deercase, for cxample, 1o yellow. In the N-E and 5-W quadrants, however,
the retardations march, and the interlercnce cobors increase, o cxample, 10 second
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Figure 2-6 Generation of a unizdal optic ads figure, Conoscopic light passing

through a uniaxial mincral with its optic axis orieoted parallel 1o the axis of
the microscope will vibrate in the two dircclions indicated by the principal
axes of the elliptical scclions through the indicatrix.  Where these vibration
directions  paralle]l the polarization planes of the polars, exinclion occurs;
where they do not, light is transmitted. The color of the transmitied light de-
pends on the birefringence of the mincral;, also the inlerference colors IHCTCEST
owtward and may produce concentric isochromatic rings. Imscrtion of a first-or-
der red accessory plale causes isogyres o beecome red. The interlerence colors
in the various quadranls increase or decrcase from first-order red depending on
whether the retardations in the acecssory plate add to or subtract from the re-
tardations in cach quadrant. For positve mincrals the N-W and 5-E quadrants
turn yellow while the N-E and 5-W quadrants turn bloe. The opposite occurs with
a4 negative mincral

order blue. If the mineral had been negative, the N-W quadrant would have increased
to blue and the N-E quadrant would have decrcased to yellow. Minerals with high bire-
fringence will have many sochromatic rings, which may make the change 10 bluc or
yellow near the optic axis difficull 1o sce.  In such a case, the quartz wedge can
be used to inercase the changes in retardation.
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Il the optic axs i s long

Il the optic ads lics outside the held
way out of the feld of view, the isogyre will bend as the stage is rotated and

of view, a straight isogyre will sweep across the ficld as the stage is rotated,

Various possible optical figures from a wniaxial mincral. From 1op 1o
diffuse cross breaks wp and leaves the feld of view afier only a few degrees of

the figure could be confused for a biaxial one. In the centered fash figure the
rolabion. The isogyres leave in those quadrants that contain the optic axes.

as shown in the successive positions 1, 2, and 3,

bottom:  Centered oplic axis figure.

Figure 2.7
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doubt sbout the identity of such a figure, it is best to search for 2 more favorably
oriented grain,

A biaxal crystal baving any one of the principal vibration directions of the in
dicatrix parallel 1o the wds of the microscope and the other two parallel to the po-
lars will exhibit an interference fgure that resembles the uniaxial optic axis 6-
gure, that is a cross. On rotating the stage, however, the cross breaks up into two
tsogyres. The resulting figure depends on the oricntation of the indicatric The
main types of interfercnce figure and their relation lo the indicatrix
Fig. 2-8 for a crystal that has been rotated into the 457 position.

E
E

Il the v vibration direction parallels the axis of the microscope, a flash fi-
pure is obtained. This resembles the unixdal flash figure in that the Bsogyres
leave the feld completely following a stage rotation of only a few degrees (less
for crystals with 2V near 907).  Flash figures are useful, for they identify
those crystals that have the x and z vibration directions on the stage of the micro-
scope. Measurements of extinction angles, for example, commonly require that grains
have this oricotation,

If the z or x vibration direction parallels the axis of the microscope, a bi-
sectrix figure is obtained. The bisectrix can be acule or obluse depending on the
optic angle. When 2V = 907 there is oo distinction between the acute (BXA)
and obtuse (BXO) figures. Figure 2-8 illustrates a positive mincral with a moderate
2V, when the z vibration direction parallels the axis of the microscope, a BXA is ob-
tained; when x parallels the axis of the microscope, a BXO is obtained.

As the stage is rotated 1o the 45° position, the cross of a cemtered BXA
opens showly (not rapidly, as with a flash fgure) as the isogyres scparate into the
quadranis containing the optic axes. The optic axes can be identificd as the points
of greatest curvature of the isogyres, and il the mincral is strongly birelringent,
isochromatic lines will form a figure cight pattern with the optic axes al the cen-
ters of the two circles. As long as the oplic angle remains less than about 55°
(this value depends on the lens aperture and the R.L of the mincral), the optic
axes will remain in the ficld of view. If they just leave the ficld of view, 2V must
be slighlly greater than 55°. I, however, they leave the field of view well
before the stage has been rotated 45°, 2V must be wery large.  In such cases,
there may be uncertainty as 1o whether you are dealing with a BXA or BXO ligure. Mis-
identification of the figure can lead 1o an erroneous sign detcrmination. I &
therelare preferable to seek an optic axis figure.

17



FOSITIVE CURVATURE AT
AN PORITION

Figure 2-8 Main types ol optical figures associated with 2 bixdal mineral All are
shown rotated to the 45° position. Sign determinations are easily made on
the acute bisectrix (BXA) and oplic axs fgures, becawse the y vibration direc-
ton is tangential 1o the isogyre at its point of maximum curvature when the fi-
gure is in the 45 position. The identity of the other wvibration direc-
ton (x or 2) can be determined with an accessory plate. In this example, the
mincral i positive (see tea for explanation). The 2V can be estimated from the
curvature of the isogyre in the 457 position.

With a biscotrix figure in  the 45 position, the v wvibration direction
et between the oplic axes and i tangential to the isogyres al the oplic axes
(Fig. 2-8). Whether v is laster of slower than the other wibration direction ean be
determined with an accessory plate. In this example, the area between the isogyres
would turn blec, and therelore ¥ is the slow vibration direction. The other vibra-
thon dircction must be £ By climination, then, 7 must parallel the axis of the mi-
croscope and lie in the acute bseciric. The mineral is therefore positive.

A cenlered optic axis ligure consisis of a single isopyre, which rotates around
hke a propeller as the stage o rotated. The sogre may curve as the eorystal  is
rotated it the 457 position, The amount of curvature depends on the oplic
angle (Fig 248). Il 2V = W the isogyre is straight; if 2V = 0° (uni-
amal), the sogyre curves through 90°.  The curvature of the isopyre for wvari-
ous 2V's i given in Fig 2-8. Because, in the 45 position the isogyre is con.
vex towards the BXA, and the y wibration direction i tangential to the sogyre al
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In biaxial mincrals, dispersion can lead (o striking optical effects in  interfe-
rence Digures. I the three refractive indices vary differently with wavelengih, a
different indicatrix exists for each wavelength. This, in turn, causes the optic
angle to change with wavelength. [If white light is used, the optic angle for wave-
lengths at the red end of the spectrum may be larger or smaller than that for wave-
lengths at the blue end. If, for cxample, the optic angle for blue kight is greater
than that for red light, the blue isogyre would occur farther out than the red one
in a BXA figure rotated to the position. But the blue isogyre marks those
locations in the figure where blue light is in extinction. If no blue is transmit-
ted, the remaining light in this region will appear red. Likewise, in the region of
the red isogyre the tramsmitted light will appear blue. Thus, when the blue optic
wds is greater than the red ome, a red fringe will appear on the outside (concave)
of the sogyres in a BXA figure in the 45° position, and a blue fringe will ap-
pear oo the imside {convex) of the sogvres. The dispersion in such a mineral would
be described as being less for red hight than for blue, or r = b, More complex dis-
persions iovobing changes in the wvibration directions oocur in some minerals belong:
ing to the monochnic and tnclimc systems, Such dispersion 13 nol commoaly wsed (o
identily minerals bl in rare cases can be diagaostic. Readers are referred to texts
on oplical mineralogy for further information about dispersion.

Observation of Crystals under Reflected Light

A number of important minerals, including many of economic value, are opaque (0 vis-
ible light. Linke can be learned abowl these mancrals in thin sections from siudies
in tramsmitted light, except possibly ther exicrnal morphology and alicration pro-
ducts, which may be transparent. Sulfides can ofien be distinguished (rom opaque ox-
ides in ordinary thin seclions by their vellowish color when illuminated obliguely
from above. To properly identify opaque mincrals, however, uncovered polished thin
sections musl be used with a refllecting microscope. Many petrolograts use such sec
tions routincly, becaose they are also necessary if analyical work & 1o be done
with the electron microprobe. This instrument bombards the polished surface of a mi-
neral with high-energy electrons (1520 kv) which cause the clements present 1o emit
x-rays. From a determination of the intensuy of x-ravs walth wavelengths characier-
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istic of the particular elements, a quantitative analysis of a small (<10 um) spot
is obtained.

If polished thin sections are used for study with a normal transmitied fight mi-
eroscope, il i important o remember that the resolution of high power objectives
will be poor without & cover plass, If high resolution is required, a plass cover
can be placed on the thin seclion temporarily, using immersion oil as the mounting
medivm.  Alicrnatively, a rellecting  light objective, which is designed 10 be used
without a cover glass, can be used.

The reflecting microscope differs from the transmitted one in that the objective
lens is used both to view and to illuminale the sample (Fig. 29). A beam of Hght,
which may be plane-polarized by insertion of a polar, is reflected down through the
objective onto the surface of the polished section by a prism or a coated cover
glass placed in the optical path of the microscope above the objective dens.  The
image of the polished surface is then transmitted back through the objective to the
ocular, The illuminaiing assembly has two diaphragms. The one nearest the micr-
scope (Dhield diaphragm) should be closed down until the edge of the iris appears af
the margin of the Feld of view, Stopping down the other diaphragm (aperture dia-
phragm) will bring oul greater contrasts in relicl, reflectivity, and color of mine-
rals. To observe minerals under croseed polars, the analyrer is inserted in ihe
same way as with transmitied light,
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Figure 2-0 Basic arrangement of the oplics in a reflecting microscope,
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The amount of light reflected from the polished surface of a mineral is known as
its reflectivity. Obviously opague minerals are more refllective than transparcat
ones, bul even among the opague minerals there is considerable variability,. The val-
ve of the reflectivity can be measured accurately with photometers, but for routine
petrography, visual estimates of the brightness of minerals are adequate.

Ii planc-polarized whitc light is used, the intcosity and color of the reflected
light from anisolropic mincrals may change with oricntation. This gives rise Lo bi-
reflectance, which i equivalent to absorption and pleochroism in  transmitted
light. The colors encountered with reflected light, bowever, arc far less vivid than
those with transmitted Light. Indeed, when first encountered, most opaque minerals
appear almost the same color in reflected light--some shade between white, gray, and
cream.  With experience, however, subtle differences become far more easily recog-
nized,

Under crossed-polars, isotropic opaque mincrals can be distinguished from aniso-
tropic ones. Here, again, the imterference colors are far less vivid than those ob-
tained with transmitted light.  Monetheless, anisotropic minerals under reflected
light will brighten and darken four times while the stage is rofaled through 360
degroes, unless, of course, the optic axs of the mincral i oriented parallel to
the microscope axis. Commonly, the polars are slightly uncrossed (few degrees), al-
lowing some light to pass through the microscope and illuminate the ficld. In this
position, however, the polars do not cause a complete extinction, only a darkening
of the field. MNor will they cause the extinction of isotropic mincral; but isolro-
pic minerals will remain an unchanging dark color as the stage is rotated.

Although refractive indices of opaque minerals are mot measured, it is possible
to observe differcnces in hardness between minerals simply from the reliel on the
polished surface. Accurate bardnesses can be measured with microhardness testers.
But for routine wark, relative hardnesses are adequate. By increasing the distance
between the sample and the objective, a bright line of light, similar in appearance
to the Becke line, will move towards the softer grain. Hardnesses of opaque mincrals
are commonly given in terms of the Talmage scale, rather than the Mohs scale. The
Talmage scale has seven divisions, designaied by letiers, with A being the softest
and G the hardest.

Preparation of Thin Sections

A petrographic thin scction is a 30 pm-thick slice of rock mounted on a glass micro-
scope shide and cither covered with a cover glass or lefi uncovered but polished. Al-
though sections ¢an be thicker or thinner than this, listed interference colors for
mincrals in standard tables and in this manual are for 30 um-thick grains. This
thickness (or thinness, i you arc struggling to make your firsl section) is easily
aftainable with equipment that is in proper alignment, In sections that arc thinner
than standard, the decreased contrast in interference colors between different minc-
rals makes identification more difficult. And in sections that arc thicker than nor-
mal, grain boundarics that arc not vertical appear as fumy zones instead of dis-
tinet lines. Indeed, with finc-graimed rocks, even a 30 pm-thick section may nod
produce a distinct image of the grains. In extremely finc-grained rocks, a distinct
image may be obtainable only in reflected light from the polished surface.
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To prepare a thin section, a slab of rock approximately 22 mm x 4 mm x 10 mm
thick is cut with a diamond saw. The surface that i to be glued 1o the glass slide
is then ground successively with 240, 600, and 1000 grit carborundum powder. The pur-
pose of this is to obtain a perfectly flat surface. This stage of the process is one
of the most critical, and wet it is often rushed and not done properly. If the sur-
face that is glued 1o the shide is curved, there is nothing that can be done later
to sabage the section. Even if the wpper surface of the slide is perfectly fla,
the beveled lower surface at best will cause variations in thickness of the sec-
tion (hence of interference color), and at worst will result in the complete grin-
ding away of parts of the section. Grinding with 1000 grit powder can be omitted,
but it does produce cleaner-looking sections and docs help prevent plucking of ea-
sily cleaved mincrals (phenocrysts of amphibole, for cxample), If extremely fine fea-
tures are being sought in a thin section, the lower surface of the rock chip can
even be polished before it is glued to the shde. This would be done only if the
upper surface is also to be polished. Tt should be noted, however, that in doubly-
polished sections, the apparent roughness of high reliel minerals is not visible;
feldspar and olivine, for example, would appear to have the same low relicf,

The rock chip is glued to a petrographic glass shide (typically measuring 27 x
4 mm) with cpoxy. Traditionally Canada balsam was used for this purpose, but now
this matural glue is wsed only for attaching cover glasses; epoxies are simply much
stronges,  Nonetheless, it is desirable to have an epoxy whose refractive index is
similar 1o that of Canada balsam (R.1.=1.537), because the reliel deseribed for mine-
rals in the literature is given with respect to Canada balsam. A number of epoxies
are commonly used, for example, Petropoxy 154 of Palouse Petro Products, Buchler
20-8130, and Hillquist A-B and C-D. Only Petropoxy has a refractive index of 1.54;
the others are all between 1.57 and 158 This is particularly important to keep in
mind when identifying minerals on the basis of relief.

Epoxies cure more rapidly when heated, but most will cure at low temperature, if
given Lime.  Petropoxy, however, must be heated in order to harden, Rock chips are
heated before the cpoxy is applicd, not only to raise the rock to the recommended
curing temperature, but 10 drive off moisture from the sample. Water given off after
the epoxy has been applicd forms large bubbles that may cause the rock to detach
from the slide during the subsequent cutting and grinding steps. Some rocks contain
mincrals that continuously give ofl water as they are heated, for example, zeolites
and gypsum. Rocks containing such mincrals may have to be mounted with cold setting
cpoxy il gas bubbles keep forming on heating  One particular advantape in using
heated cpoxy is that it has substantially lower viscosity, which allows the excess
epoxy between the sample and the slide 10 be squecred oul more easily by placing a
weight on the rock or clipping the slide and rock together with a spring-backed
paper clip.  Variable thicknesses of glue on different sections slow up the process
of scction making, bocause each section has 1o be checked individually many maore
times than are oncs that all have a constant thickness of glue. A morc serious prob-
lem, however, arises with those scctions in which variations in the thickness of
gloc cause the thin section 1o be wedge shaped.  Such seclions may require excnsive
final grinding by hand in order 10 compensate for the rock chip not being mounied
parallcl to the glass shide.

Chnce the epoxy has hardencd and the rock chip eooled to room temperature, the
mounted specimen i placed in a cul-offl saw and sheed so that an approximaiely
“Mum-thick scction s "oft attached to the plass shide.  The initial slice can be
thinner than this il the equipment i in good alignmens; but the ncw, and final,
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step goes so quickly that there scems no justifiable reason for pushing one's hack
by cufting extra thin sections at this stage. Commonly, when the initial section is
cut top thin, wibrations from the saw blade may loosen the sample from the shide or
fracture unnecessarily coarse cleavable mincral grains which will later pluck out.

Mext the section is ground, either by hand, or preferably on a grinding machine,
When a thickness of 30 pm is approached, the section is removed from the grinder and
the interference colors examined under crossed polars in the microscope. Interfe-
rence colors provide a very simple bul extremely accurale means of judging section
thickness. This does, however, require that the section maker be able to identily
the minerals, know whal interference colors they should exhibat o a 30 pm-thick sec-
tion, and be aware of the cffcct of grain orientation on interference colors.  For
the novice, a micrometer is simpler to use, ‘The final grinding sieps are repeated
until the correct thickness is obtained. Il a polished thin section is to be pre-
pared, the grinding is stopped when the section is ~35 um thick. The following step
with polishing powder removes the final 5 um. If 2 normal thin section is to be pre-
pared, a cover glass is mounted with Canada balsam, which is then cured al approxi-
mately 90°C for approximately hall an hour, Petropoxy can also be used for
this purpose, becausc it is extremcly fuid when hot, and it hardens in just 3 mi-
nutes at 125°C.

General Hints on Dolng Petrography

Perhaps through an earmest desire to apply eventhing learned 1o oplical mineralogy,
the nowice petrographer tends to start viewing a thin section at too high a magnifi-
cation and with too many accessories inserted into the microscope. The expericnced
petrographer, by contrast, uses the lowest possible magnification commensurate with
the grain size of the rock and examines the rock mainly under planc polarized ligh
or possibly crossed polars. Of course, when first learning petrography a high power
objective may be necessary o defermine propertics that will confirm the identity of
a mineral. With experience, however, most of the common rock-forming minerals can

be distinguished simply under plane-polarzed light,

Stant your inspection of the thin section under a low-power objective and with
plane-polarized light.  You should distinguish felsic mincrals (low relicl--commaonly
negative, and mostly colorless) from ferromagnesian minerals (high relicf, mostly
colored).  In addition, features such as pleochroism, grain shape, lemural rela-
tions between grains, and cleavage can also be noted, Only then should the polars
be crossed. Do not lose track of the identity of the felsic and ferromagnesian mine-
rals while examining the section under crossed polars. For cxample, erhopyroxcnc
and plapioclase, which commoaly occur together in a type of gabbro known as norte,
have very similar interference colors and may appear similar under crossed polars
The difference in relicl of the two mincrals, however, makes them quite distinct un-
der planc-polarized light. Finally switch 1o high magnification and conoscopic light
il i i3 pecessary o obtain an interference Digure.

The light source on the microscope should not be turned wp Lo its brightest sct-
ting for the initial petrographic survey, nor should the upper condenser be inacr-
ted. These will decrease the contrast in color and relicl between mincrals,




contain quartz-the two minerals would react and form albite. In metamorphic rocks,

m:lﬂbﬂﬂﬂhnhﬂﬂtﬁhhiﬂhlhmbﬂﬂwmw

| is may belp you decide whether to look for additional

uun:ﬁ,npﬂhpamhmhmdtmumnu&twﬂmi&ntﬁudphﬁmq

be differently oricnted grains of the same mineral This approach to thin section
is yo

study, however, only possible after you have acquired the necessary petrologic
knowledge.

A suggested formal for recording petrographic obscrvations is given on the last
page of this manual Th.hﬁnmﬁumn?uim{hrm.ilﬂindiinduﬂrds. It can

be photocopicd or modified to suit your specific needs.
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3 Rock-Forming Minerals and Their Optical Properties

This chapier contains a tobulation of the common minerals and ther formulas, fol-
lowed by a lsting of their most imporiant distinguishing optical properties.  Most
of the minerals are bsted alphabetically for ease of referenang. Exceplions occur
where  mincrals  belong (o0 well-recognized groups.  Thus, all 10, poly-
morphs  are  listed together under 0, Other mincrals listed under a
common heading inclede amphibobes, ca tes, cpidotes, feldspars, garmels, micas
(= pyrophyllite), olivines, opaques, pyroxenes, silica polymorphs (under quartz),
spinels, and zeolites (+ analcite). For example, the optical properties of the amphi-
bole grunente are histed with other amphiboles under AMPHIBOLE rather than al-
phabetically under G. If a mincral cannot be found under the alphabetical list-
ing and you are uncertain fo which mineral group it belongs, the mineral can be
found in the index, if it is included im the mamoal, A blank page & provided at
the end of this chapter for the addition of optical propertics of less common mine-
rals thal you may wish to add 1o the manual.

The oplical propertics of cach mincral are gven in a standard format which is
sell explanatory, Illustrations of the relation between oplics and cnstal morpho-
logy are imcluded for those minerals where this mformation i weseful. I the ming-
ral is illustrated in the thin section sketches (and eolor shides), the number of
the illusteation 38 given an parentheses bengath the mincral pame, with IM# reler-
ring 1o the sketches of igneous minerals and MM# 1o those of metamorphic minerals.,

In addition io the hstings of optical properiies of cach mineral, a compilation
of the most importani propertics of all the mincrals s presenied in a single iable
on the inside froml cover of the manual For most routine inspections of thin sec-
tions, this table provides most of the information necessary o identify the common
minerals. It is worth spending a few minutes familiarizing yoursell with its organi-
zalion,

The table s divided down the center by a charl of interference codoss,  To the
lefi are listied mincrals which are colored under planc-polarized hght, and to the
right are mincrals which arc colorless. Some mincrals appear on both sides ol they
are oaly faimly colored, or they are colorless for some composition but eolored for
others. Both groups of minerals are listed in order of increasing bircfringence,
with isotropic oncs givem fist.  The interference colors in the centeal sirip are
those found in normal 30 em-thick thin sections for the particular birefringence inds-
cated.

The refractive index range for cach mincral is indicated by a bar with the aciu-
al values being indicated across the top of the table. The reliel relative 1o the
refractive index of Canada bablsam (1.537), s indicated by the densay of stip
pling. The refractive index bars in the left side of the table are colored 10
indicate the typical appcarance of these mincrals in plane polarzed light; pico-
chroic mincrals have two colors.

The table also gives the optical character of the mincral-sotropic (1), umax
bal {U1), and biaaal (B)--optic sipn, oplic angle, and promincnl cleavage planes and
the angles between them.



FELDSPAR ¢

Tridymite
Cristobalie

" Sanidine

Microcline

Albite

FELDSPATHOID &

v Anorthile

'-
Mepheling
Kalzilite

Leueite

| Sodalite
Analele
Scapohite
Cordierite

NaAlSi;0p
CanlSiyOg

(Na,K)AISIO,

(K.NaJAlSiO,

KAISi,0,

NagAl 5i.0.,Cl,

NaAlSi,0, H,0
(Na,CaK)gAly(ALSi)481,04,(CLO04.80,,0H)
(Mg Fe)aAl 800,
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ﬁ IL ROCK-FORMING MINERALS WITH HIGH REFRACTIVE INDEX (Mostly colored)
-
s Name Furmula
.
:'_'__'.' Forsterite Mg, Si0,
r-'- OLIVINE Fayalite Fe,Si0,
:'-: Monticellite CaMgSi0,
"=
. Enstatite Mgp5ipOg
r— ORTHOPYROXENE 52 :
r_-. Ferrosilite F-:ESa.z-ﬂﬁ
r“-
rl"

F Diopside CaMgSiyO
r- Hedenbergite CaFeSis0y
- Augite (Ca,Mg.Fe, Al)y(SiAD, 0
"= CLINOPYROXENE ¢
r; Pigeonite (Mg, Fe,Cap(MgFe)Si,0,
"= Acgerine (Acmite)  NaFe *38i,0,
r-‘ Jadeite Nwﬁizﬂﬁ
g -
-

: Wallastonite CaSi0
. 3
g
r -~ & ’
B Anthophylite (Mg.Fe)Sig0y(OH.F)y
F Gedrite (MEFe)gAl{ALSi )0 (OH F)y

- Cummingtonite (Mg Fe)aSigOas(OH,F)s

AMPHIBOLE  { Tremolite-Actinolite  Cay(Mg,Fe)gSigO45(0OHF),
Hornblends Cay(Mg.Fe Al) o{S1Al)g 045 OH,F)y
Ricbeckite NagFey * 2Fey * 35ig05,(0H.F),
Lﬂllump‘nn: Na Mg AlsSigDLo(0H,F),




IL. Continuwed

Micas

Garmet

Meliline

Muscovite

Fyrophyllite

Talc

Chlorite

Serpentine
B

Pyrope
Almandine
Spessarting
Grossular

Andradite

L.

Veswaante{Idocrase)

Andalasite
Kyanite

Sillimanite
Mullite
Stauralite
Chloritoad
Epidate
Clinozoisiie
Lawsonite
Cachlemite
Akermanite
Soda melilie
Caleite

Dalomite

Formula

K(MEFe)3(AlSi0,0)(OH,F),
KAL(AIS}HO1p)(OH,F)
NaAL(AISiy01o)OH,F),
ALSi§0,4(OH);
MigyS14010(O0H),

(Mg ALFe)(ALSH) 10,,(OH)g
MiggSig0,g(OH)g
s

FegilSia0yy

MngAlSis0,5

CagalySiy0yy

CayfFe *3,Ti),$130,,

Cayg(MeFeAl)y3Siyg(0,0H,F)g,

ALSIO;

04500
FeghlgSiy 75020(0H),

(Fe* 2 MeMa)y(ALFe * )AL0(SI0,)5(0H),
CayFe " FALO(SI,04)(510,)(OH)

CapAlAL O(Si,04)(510 ) (OH)
CaAL,(OH),5i,07H,0
Capl;8i0

CapMgsin0y

NaCaAlSisOq

Cally

CaMg(CO4),
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1L ACCESSORY MINERALS

Splnel £ Chromite

Barite

Formuls

Cag(PO)(OHF.CT)




M;,SJDE
ANDALUSITE ALSIO, Biaxial - OdAkerhombic

(MM 512

¥ LA31.65 .01 parallel
¥ LA31.465 TaB6  bengeh fas
P 14166 Lst cender white
Colar
—Lleothroises Cloavage Hardness,
Angle =
X {110] good {10y ytop B9 7
¥
 J

Morphology: Cosre columnar grains with simoel square cross sectioms.  Crystals may contain emany isclesions, s
of earboniceces materisl commonly being coscentrated into the core of mlong plancs that represent ik nrerscction of
the priim faces & the crystal grow, Chiastoliie [s § varery @ which the inclusioes form a prosaineal cros.

Composition: Andabusive varies  fitle in  composition Soeme
vancies:  coniain  emell amounts of Ferric bron and Min, which makes o
hem laindly pleockroie in thades of pink and green.

Distinguishing Properfies: Low birefningence  and  lamge 2V o [
duilsnpuish  andabexite  from  aillimanie, Eyanie  has  inclined
erlninioa  and  hapher  pelicl, Fleochroic  warieies  of  sndabasile B
resrbile  hyponithene, bul hypemitheos i bempih wkw,  Apalic W0 @ o4 b
whianaal Urder crossed polam, large  isclusson-filfisd  posphyroblasts e
of andiduiite resemble those of confierie, bwt usder planc-polaneed

Kyanile
Sillimaniis

Inght mndalunic has highes rehel, Cosmeonly sltered io musooite, G
Occurrence: Forms in metsmorphosed pelilic rocks st low o medium M"'““T :
prades of mgronal rn-mnn‘};phum Ia stability ® limiied 1o prewsures . T90 400 %00 Bud
of ks than 0375 OFa (75 kbark whowe this it chanpes 10 the poby- I
mofph byvasite. and at high lemperalwncs, o ihe podymorph sillimanisc,
& wbw wn IBr adjiming fpere. Andalusite @ o8 commoa  contect Prasr  relujons amoag ke ALLSID
meLasirphic mineral an pelitic rocks arousd high-bevel plaion:. polymarphs (Holdaway, 1971). Fa
EYANITE ALSIO, Biaxial - Trctic
LYY ERE T
Helractns ladtn Birefrngence A1 Estinctson

Relgt Interl. Cidae Llongatios
i 171 oops " 30
P B 1] length show
r LT Ist onder red

sl EH-I'II'I-F

it ow' B Clemage Angle Jiprinens

Fusorr e sk
' | 1] perfect ® Fand 7
i {018 gored = all RS-50

t {007 ) parung »

Morphology:  Biaded crysials which spppear brosd when weewed on (100)-these sectsons have an estinction a1 X0°
bt ngih—and nammow wien viewed on [010j—ibese sooimons beve evtiscion almast paralich 16 ibe lengih.

Composilion: Kvasie shiws SImdost bo vansdion g compossisn

Distinguishing Properties:  Alhosgh colofess, the high rebel makes kyamiic appear qusie dark 0 rhis sectics
iprilly slong grac Pousdshes and comagrs Cloaveprs and ones  parsAg Bfc promunend. The sanable estincion
wnghe (0 M0} of ihe piow B0 derecteon on the lengin of cryiel  charscs ke of byanse

Occurrence:  Sinaly o metsmorphe minersl formed dunng fegonal metamorphnm of pelitie roeks 11 s the highs
presum sluminem ubesdc pohmorph and no dabie sl migersedude redes of melsmorphiam.  Depending on the nature of
1 prothermal pradinl dunng motamorpham, eadaluatie may Be prewnl af kewsr grades. snereas the Baph-fcmpsrature
peetyminph, wllimansie, s sormably Wablc 88 higher pradis
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SILLIMANITE ALSIO,
[N 14}

Refmethe ledex  Birefringence IV Estinction
Relief

PRIAR. o paralle]

y Lé MM bengph slow

E LAL14E Znd arder Blug
Color Clewmpe

Lloochroim Dlexaags Angle Hardness.
calodes

K {10} good 7

Morphology: Prisms of Gbrows  aggeegwies  (fbrolite). Prisms hove square  cross  sections  with  diagonal  {010)
thenage

Composition: As with the other ALSH0, polymorphs. sillimanisc differs little from Ihe formuls.

Distinguishing Properibes: Siender prisma  wiih  wadclyspaced ¢ross  frectures, panafiel  extinction, longih  whow,
moderabe  birefringence, amd  strong  digpersion  (f>b)  daginguesh  sillisasnice. Apatite noodlos  have  much  kretr
bire{ringence, are beagih fasi, and have hexxgonal crods sections.  Aathophyllice bas & large 3V (P00, and in Croes
iectiond hat  ihe fypical ren  cleavage directiona of amphibole Fibrous  sillimanile may be mose  diffecull Do
distinguish  from  [brows  amibophyliic: cross  sectioss of proms  are jhe mosl  diagnostic property BB Ik case
Sillimanite i difficult 1o ditingush  from  melle.  Mollite @, however, o mlatively rare miscnal reunnced o
high-iovel, high-bemperature coniact mctamarphoscd pelies (specally as semoliths in basic igeoous mckal, it commanly
had a Tt lilas pledchrmsm,

Occurrence:  Oecers & high-prade  reponal and  contact  metamorphic  mcks. AL lower  lemperatures  kbasie  and
andalugile &re slable, bwi iaveron of milimande 10 these polymorphs on cooling W ussommon becwuse of  sluggih
[ S

MULLITE MIEUJ-&'U= Fhimazal + o horromba
(M 03, 1) g -:} 4
X
Helmoive Index Birefringenoe 2 Estingtian W Anka o F
1 wierf - e
B 1 EA-1 AT LO300% pearalic] A aF
¥ lik1a7 4540 hengih Llow ; et
L 165149 2nd order blue g (/,
Calar Clesvage
Braisen Clemage Angle  lsrdnes
ol ss
1 oolorices {010 pood 7
y ooloricss
¢ pade lilas

Morphology: Sicader priums waib squarne cross seotions and disgonal [0} clesvage,

Composition:  Mullite s sot a polymorph of .M:Sn!'lnj_ for @ & more sluminous and hay 8 SoMpCalEDn  ACAr
J.M*ﬂa_:&ﬂ, It can abso contain some fermc eron and T

Distinguishing Prnpﬂ'llﬁ: Properises are very simalsr 1o ihose of sillmanice, bul mullsic can comtan more eos
which makes B pleochirmc, Melhe o rare, #nd aa resincied mode of octurmsde may belp dukirguah o Troe
ullimanitc

Decurrence: Hesimeted  #o high-lemperaisr  low-preitare  fohlac!  metamorphss  peliles It tymcally oftuf =
wencilfs in el getous fchs

k]



Symmetry Sgn 2V ¢t Color
Anthophytite (Mg Fe)|Sio0, NOH.F), Orthorhombic -+ 7110 0 colofes
Cedrits (Mg Fe ) ALy AL S 0. KOHF), Onhorhombic +  B80 0  colorss
Cuommingionite-Crunerite  (Mg.Fe),[$,0,,[(0H.F), Moncclinie  +- &5-00  21-10 colorioss
Tremolite-Actinclite Cay(MpFe)[Siy 0 HOHF), Maonoclinic 8565 2012 coloresgreen
Hosmbiende Cay (Mg Fe Al [{(SLAT O, OHF), Monocline -+ 5080 1530 brown and green
Resbeckive NayFeyFegl iyl J(OH.F), Monocline 5000 5 biue
Gisucophane Ny Mg AL [Sig0.. [(OHF), Monoclinic 050 5 pale biue
ormulse, K and Mn can substitute for

i tios of wme
b subwiandial, for ecxmmple in keerpuibie (10 wi% in which Ti may cven substibate for 5o In some
homblende OH mnd F ocan be repliced by CF snd in bomblende ®nd kacriatic by O, Thid bafber sekwlileticon
alio imvobed ihe replacessent of Fe™ by Fe™, and coesequently ihese ansphiboles are decp reddesh brown,

emparts the bleo oolor sfer which tho bloeschisl fackes
L, grasilcd, syenitcs, and monzonite W B
rocks whete it mdy oonkan contidersble Th

Ew

ANTHOPHYLLITE (MgFe),{Si,0, HOHF),
GEDRITE (MEFe) AL [{ALS),51,0,,HOH.F),

Refructive ladex Birefringence w Extiestwn
—Pelief Qe Color  Elosgasios

x LA0-168 o000 paralizl ¢ nxa
¥ L6LT] TG leaplh show
* LB-1.T2 lia-2nd order
Color Cheavage =
—eochrolsem Clewvage Mnghe Harines
eolodieds =
- {210} perfect (0[5 &

y
z
Marphology: Chamoenically forms bong prami and may be fbeous.

Composltion: Asthophyllide 5 sluminem-poor snd pedritc B sluminem-rick.  Compositions more iros-nch hes 40
ke T P (Pe + M) mre menoclinks and beloag o the cummingroase-Erancrioe sere

Do Charscicrized (M%) i secuons cut merom the ¢ oass
ﬁuuhﬂuﬁwuﬂm i wmm:m-p -E
pruscrite have Bagher berelringeace end heve inclined existon 1o the £ ama B dutinpuabed [rom
mummwmmwwnhmﬁhmrw V=203 Dutiacios
berween palbophyllie wod  gedmie regquire  chemical snalyid amibopyllae & optcally e excepd for
MMmmmMmmmanwWMhm s

OCCuimencss  Asthophyllise B common i moamorphoscd wiimmalic k. DD abo cooun 18 Mg-nch  melsscematic

rocks mockited will cordicrile.  Thu sscmblage @ found in some wulfide one boded  Introducticon of eulfur inbo a
roch cas pesndve on from (e slicate miserls thes ennching them i Mg Gednie = common bs mets-Batali
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CUMMINGTONITE-GRUNERITE  (MgFe) IS0, OH.F,

(MM )
Refmcthve [ndex Eﬁﬂm v Exinction
¢ LA-LT 00200 oo 2110
¥y LoA-LTL 6590  length show
& LAS1.T3 Ind order
Color Clexvage
_Pecchrolsm  Cleavage Angle Hardness

{110} good {10y ss &

Morphology: Prismatic to fibrous. Prisma may be curved.

Composition: The mole % Fe/(Fe+Mg) in commingionite mnges from 30 (o 70 and in gruserite, from 70 1o 100, The TV
imcresses from +65 at the Mprch end io %0 s Fe/(Fe+Mp) of 075 from 075 the dign & nepative, and (ke IV
decreases from 0 fo B at the Pe end-member, prusefite,

Cumsingtonite is commonky insergrown with grees Bomblende and bodh amphiboles may comlan exsalution lamelse of the
paber. The lamellse are onesiated approximascly pamlkel 1o {001}, and if iwans ase preseni, ihey may produce B
Berring-bont paiiem.

Occurrence:  Cummingtomite and grusesite occur priacipally e metamorphic  mocks. Coemmangtonile & commely
injergrown with green homblonde i metamorphosed  malic  igaeous  rocks. Giruserite [ common in Precambnas
meiamorplosed iron fermetnns.

TREMOLITE-ACTINOLITE  Cay(MpFelg[S,04,HOHF), Biaxiad - Ml
(MM 10 M, 46, 4T

Refractrt Indes  Birefriagesce w

v 1010 003002

y LAl-LT0 B5-45

1 1A2-1% 2nd order med

Ciodar Cleavage
Clewvage Angle

podoriess b green =

o filoriessayriiow {10 pood JARGET {100} 6 &
¥ fplOriess-prean

¢ eelaries-green

Morphology: Prismatic 1o fibrous apgregates.

Composition:  With sncreasiag swbisituion of Fe for Mg ihe color changes from colorless to green, amd fhe
extinction angle and 2 decnease.

Distinguishing Properties: Teemolte & duingushed [rom cumeningronils by is negative optic mph.  Aba,
multiple v e 60l B commos A emolilc B o cummingsonals,  Actinohite i difficult 10 dutingush  rom
horsbiende afd opiscal propertics grsde from the nod sluminoss scunclie 1o ihe aluminous homblende.  In precrl,
¢-Inﬂﬂﬂu|;lnbﬂﬂﬂ‘1ll‘|ﬂﬂthmﬂﬂl‘tlldﬂmmﬂhﬂlﬂmmmmﬂt-

Occurrence:  Tremolie-actinolde @ resincied 10 low  grede  mclamorphic  rocki bl borms 0 melamorphosed
lseaiones snd melamorphoced ulmmalic rocis




AMPHIBOLE

HORNBLENDE (oK) | Cay(MeFe Al[(SLAD;0, HOHLP),

(TM 28, 34-37, 39, 40; MM 48)
Belractive [ndex Birefringepes Fi) Extincticn

1 0

r L&1-1.70 Q020,03 e 138

y L6217 1000 length slow
r L6317 i 2 rder

f.hhq'_
Ereen and brown

] my=fii fi
:3:1; {119} good {11a)= {10} 56

Composition: Common hombiende has compesilians berween
immaolite-actinalite  and  pargasite-fermohastingsite. This

vanalboe @vobes (b sobstitution  of far H'ﬁi
asd Fely uuuq-mmpniqn:romﬂ!m
s pargalite, and ferroactinalite and Terrohatingsae;

Tremahie l:i:hl& lﬂl'i ﬁn]['ﬂH.F]: Ferroactisalise ﬁlF‘H 131' D::HDH-HI
Subrac 542 Subtrmer Pe S,

Add  MNa Al ""I.! Al Ma Al '.H.12
Fargaisc mn:.;zu,;‘.wﬁﬁ.mluﬂﬁﬂmﬂ: Ferrobustisgiie ”'ﬂ'z'*ﬂ'ﬂﬁﬁ""zﬂuumﬂa

MaAl can replace Si 1o form an edenite-lerroedenice composts: H-Q.:{Hpﬁ:jlﬁﬂa?ﬂﬂkﬂﬂ,?}r
and ALAI can replace MgSi to form a sche maakite-fesrotsche rmakite DN prnen- &ﬂﬂ;ﬁ}'uh&iﬁﬂnl{ﬂﬂﬁr

But the eaent of these submiitutions is usually el greal.  Refractve indices increase with increasing  roa  content
But IV decvesies F:m:mmzu;wdmmmmdwur;umqmmmhthu

Funcrml 1B¢ wopes may mol be clearly defined and e optic fgpare may sppear abmost wniaxisl The IV increases 1o
W e hen Bootmcs pOSIbvG i pargasise,

Hasaltic Hornblende mmmmﬂnh&mmumuuniﬁ“.mnﬁptuumﬂlhe
o Illrnmlﬁ:mll_b:lhmﬂnnfdmu“qnm It has deep red s5d B plecchrossm.

haersutite & & wllow 10 dee reddish Brows pleochroie amphibole that costains some ferric iron. bed it
Ehemical charecienatic is u high Th cosiens, inguished from basalisr homblends by dupemaoa—rs b keemulse,

Febom haslns homblends. Kaemuing s common in alkalise rocks. Tis formuls s &&ﬂhph‘ﬁ“hﬂﬁ&&ﬂrﬁﬂﬂﬂﬂ:.

lehiiﬂh-murhpnddubbm—m. I doct mod havee se hogh ma Fe™ comtent a basadic
hombichds. nor dock o have sa miech Ti ks keerutite B dots, Rowrver, costain considersbis Mn Dustingeashed from

mher medduh brown amphioles by IVebarkevikile 030, ksersulsic mnd basalti boenbdende 6B}  Like hacmuniie,
harkeilate o resinoed 1o alkalise igneces mocks

Distinguishing Properties: Common hombiende cansot be dulinguaked easily by opias from actinolite; hamblends
doci, howrwer, heve higher birefnngence and linger 2V, Homblende = dasnpenhed from bictie in hiving o
mﬁmmmmwhdthWlmm

Decurrenee: Imunﬂ-umd:ummmmlu:nh One of the mujor mincrals in
Mélamorphosed male ipgreows rocks n ik smplibolie  facses h-umhmpun.mq:nlmnq
nnlmmmm;mmmmm:udmmmxmmmﬂm-mmh
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r 1.61-166 Qui-002 rch
¥ LaE-147 030 lengih slow
e 1A1.47 1st opdier red
Codar Clemmge
—Lleacheoiiem Clemnge Anple Hardnzss
Bluelavender
& neutral {110} goos (1o)(1ioy 58 &
y lavender
z blue

Morphology: Pramatic or codumsar sggregaics.

Composition: The formuls of glwcophane can be dertved from thal of ircmolite by subsiiuiing Na for Cs and
muimtaining charge balance by replacing Mg with AL Tygscally scme Fe substitutes or Mg,

Distinguishing Properties: Bluish pleochrmoim dminguishes gavcophane from most ociber minerals.  Riebeckin i
alsn blue, bet it B o large 2% and i beagih i

Occurrence:  Glecophan: i lormed dusiap reponal metamorphism o0 low temperatures and high pressures. Bt @
commonly aocisted with (b mineral Liwsonite; tha assemblage chammetermes (Be paucophane schist facies.  Becavsr
of ke blee oolor of paucophsnc, cven In hand specimen, schists conlaiaing this miserd are commonly refemed b0 a3
Blucschisis o comlras them with grecaschin, which contaln chlonis, epidote, or sctinolite.

RIERECKITE HaFeyFe [Si 00, (OHF), Blimadal - #) Monnciinic
(I 35)

Reliel Interf. Codor Elongation

% Lak1.70 000 016 ]
y L1 gy bt masked 40590 length fast
r 16T1.72 by blue color

Calor Cleavage

—Pleochroism Cleavage Angle Harlnces
dark blue =

1 deep blee [0} o {110 [110] 54 5
¥ Bght bl |
¢ greeniah

Morphologs Prsmatic io fibrous.
Composition: Replacement of Ca by Na is couplod with sebititution of Fe™ lor Fe™.

Distinguishing Properties: Tohe dark Bue 1o grees pleochroism of nebeckite distingpuishes it from olber minersk.
Tourmaline is unaxial and lscks clrmage, Glawcophane has paler colom, smaller 3V, and s length alow,

Oecurrence: Fusbeckibe ooouns m Ne-nch felsic Ifstetous foks

35



ANHYDRITE caso

4 1 Chri bbb

Helmctive ladex ﬁﬁ F4 Eatinetion

157 Qi paradiel i1 b
; 1.57-1.58 | dheavages / b
T L61-1.62 3rd onder green :

Coler Cleavage
—flechroism  Clogenpe

Angle Hardrens

E {210} perfec = 3
¥ (OO0} very poced > a9
F {000 } s -3

Morphalogy: Gremernlly forms anhedrl agpregates, bul tabubar crysials do form in veias,

Composition: Small amoents of S end Ba may subsiituee far Ca,

Distinguishing Properties: The thres prominent receangular clesvages and high birefringence are charscteristic.
Cecurrence: Thmliumhﬂ{nwummihmmhkm Mear ibe Earth’s surfsce it tends o altor o

psum through the sddition of water In st forms in welns, bul here o if dends 40 be alered of pemosed
sitageaber, beaving only tabular molkds,

APATITE Cag(PO, Iyl OHLF.CY) Uniaxial - Hexagraa
1% T

Fetractog lnsdcs Barelinngence Extinction
— Bl Inceel. Cplor Elongaison

= lgt =

2
o
o Dadaa? il paradic] ielo (E<1Ti]
o [akpLa? 1u1 erder gray bengih fasz
Coslinr Cleavags
s, s
L e £

(1]

Morphology:  Subby hesagonsl prums in malic ignoous mela dender pnams o felsic ipneows rocks, and amhede]
Frains & meldmonphic focks. Long slender prums sy have an asd gty ilbod wath laser-srystalling monerals.

Composition: IHn-n\HlHnnhnnLh:mnmunfﬁH.F.ladﬂ.lﬂp'.lu'lﬂiﬂnmuu The rare

tank ciemendi, it paricular Ce. can subsntuie for Ca and rommondy produce Musrcaccnce when bombanded with clectrom
oF sllFivaale] radiaison

Distinguishing Properties: The ke bareinageal heaagonal prame wath high rebol are chamaciensiic of apalite
The minersl lacia chcavape. bu piemi rommosly have 8 waicly spaned ooms (reciere.  Sllimsenite has gisilsr cross
fractures Bt has higher Brelnngence, o lengih sow and Bunaal and Pl i e € P el

Occurrence: mmmrmaqmmm:hnn-.mnm phate s pgeowt,
melamorphe, dad scdimaniany rocis b abundescs o Seiermined umply by the sbendamce of P & the rck Thus i &
R iR okl wlirmalic focke, relsievely sbundant m malfic sad sniermedusie roschs, amd e abundant is felsss ooc.

12424030240 40 12 1028 0 0 v vl vl a e
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_w'__m_ﬁﬂ__—m
x 164 (iTH paralie] {001}
¥ Léd n {001} slow
1 L&5 15i order yeliow
Color Cheavage
—Elcochromm Cheavagy. Anghe Hardoess,
colarieet

% {001) perfect  (008)"{010} %0 3
¥ {210) very goed (210} (210} 78
: (010 pood

Morphology: Plate-lske crystals Mattencd parallel 1o {001},
Compaosition: Barice shows littl variation in composition, but Sr can replace the Ba.

.';'-'fﬂ’""“h““‘h"‘"‘“: Clesvages distinguish bariie from anbydrite asd albite.  Ashydritc also has much higher
Il'w

Oceurrence: Commonly forms in veins with quarts and calcite. 1t coturs in the cement of some sandsionce.

BERYL Bey AL 5,0, ] Ulninsial - Hezagonal

Heirmeirve [ndes Birefrisgeade Extinction

o Belisl
£ 156160 D00 panliel
o 1.56-1.60 Lz owder grey length fasi
Cadar Cleavape
Diochrmesm Deinage  _Angle = Hapless
Fa= lai="1

£ - {0l | poor 8

Morphology: Large hexagonal prsms with commes sermantion by (0001}

Composition: Large holes im the rimg structure of bery! permit the eatry of large alkali ons. most bend conising
goeme aleshs. Semall amousts of Cr scovant for the groen cobor of the pem vanety emerall

Distinguishing Properties: The oaly mincral pesembling berdl @ spetite, bwl spatilc hai much higher mirsie
induoes and lacky basal clesvage, Qesrns i wnianal postee.,

Occurrence:  Mosi berd formi s pepmastites or late siage miarclits cavilies in gramites and  Fpenied B ks
oorun in marhles and schusis, he variery ¢meribd being foand typscally s baotte schis.




CARBONATE
Trigosal
¢ bul appears [WA1) perfect 75 3
o cloudy
M ,Hmlimnmumphudu-mmmmmmﬂm:mmmm
Lamelfar twinnisg on (0002) & pasticularly common,

Composition: Subatitwtion of Mg, Fe, and Ma can ocour. Al low lempersture, however, calcite is nlatively pure.

Distinguishing Properties: Extreme birefringeste distisguishes cabonites from most olber mineral,  Sphene
high birefrisgesce but appears yellowsh or brownish under planc light and @ biamial Cakite and dolomise can
distinguished by the relation of the twin lmellse (0 the clemage plancs.  In dolomile, twin lamellac parsiiel both
the long asd shon diagonals of the cleavage rhombs; in caltite the twink parallel the long diagonal and the edpes of
the rhombs. The high-pressore polymorph of cakite, aragoaite, slio has extremc bircfringence, bul it is cmkorhombi
with a negative 2V of 15 and kas oaly ooc poor cheavage, [B10], which ks pasallel extincison,

Occurrence:  Caicite is & common mineral in sedsmentary limesioaes, melmorphic marbles, hydrothermal veins,
ipaeous  carbomatite, and w8 deuteric aberstion product of malic geeous rocks.  The Bigh pressune polvmorph,
aragonite, oocum in  plaucophane schists, Bul it abo oorum metastably af surface  condiboss when  precipitated
arguaically, at for example in shells. It also oocurs metatiably as fine necdBes filling vesacles and vesns tn basah

hat
L

DOLOMITE tlHﬁml}: Togonal
Relracire Index Birelringence Eaninctasn

Relsel leigel, Ciolor Eloagatios
e 150 0k TYMEIRE ID
(U F -] wery high order the cheavage

whiie

Colar Cleavage
Cleochpim  Clewvage  Anple  Hardecy
A T e T —
& (1001} perfen T3 4

o
Morphology: Mossly anhedes! bt ihombn wilh sunved crvital Dol do eocur

Composition: Fe, Mn, asd Ca can tubitituse For Mg Vancies wih more than X% of ike iron EOMMponCR Brt kAo
as ankeme, and the pfon cnd-membor b ssdenbc.

Distinguishing Properties: Dolomie has the extreme bireinngence typecal of camomstes It w dutingenhed (rom
faltue By RBeang reansang pafalicd o ol (he ot and long dispoadk of ke clesvage rhomba, calone Baa femming
parailel io oaly 1he kg daponal snd abo edges of the doaviege rhombs.

(kccarrence:  Ckeun in scdementary doloaions. @ motamorphic marbles 51 bow 10 insermcdiale prades ol meamarphom,
in carbspnaivies, shd &8 8 vein e sl
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4 nhﬂﬁﬂﬂnﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ FIFI MMM P S M O s e

CHLORITE  (MgALFe) J(SiA1,0 OH),

(MM 17200
Refracipes lndex Hirefrngenoe n Extanction
7 EE

% 157166 00,01 OB  ext on (001} <9
y 137167 iow st arder masl ot lenpih a8
1 155147 T bt amall

Color i Cleavage
pr.u.-:dud:ﬂ-
s pake green joL ) perfect 2
¥ pale green
I oolorioss

Marphology: Mmhmmhmummdﬂthﬂmhtﬂnrmmdunﬂmﬁmﬁ
atber princrals it sy form a fine-grasned aggrogate.

Composition: Chlonis il:duhdrm.nﬂhliibn‘ﬂhlummﬂumﬁﬁﬁIHEmuﬂfhmﬂlﬁﬂ
and 5 contents also vary. hmmﬂﬂkmhﬂnhi:uﬁluunw—’nﬂlm The chiarite fommed o
s deutersc alteration of ferromagnesian miserals in igneces rocks lesds 10 be Fe-nch Mot chlogide s positive, bel
Fe- and Sl-rich vamctics ase negainm.

Distinguishing hwu-ﬁmr.mnmnmm:;ﬂ-umhmuummmmqunmﬁmm
Mosl sppean abmost motropic and masy edhibit gnomatous blue amd brows intcrference eolors.  Duiperson |8 stroag
{e<h). Serpentine has kwer refractive indices, lacks pleochrotm, and has weak (r>b) ba po dispeion,

Occurrence:  An imporant constituent ﬂmnrmprﬁ:uumnwhtruu.ndlhnmmmh:klﬂ
derved from the oolor of b mingml in hand speoimen. Il occers in both metspelies and metm-mafic gpreous mooks

Chlomie & also & common alicratice prodoct of ferromagnesian minersls formed during the cooling of igneous mock I
fems kydroibermally is mafic preous. rocis as is commosly associnbed with bydroihermal ore depotits,

CHLORITCID :Fzz‘mu;:uﬁhw_,,c:zmnl]lmm‘ Hanzial # Ml conoclinic
(MM 36,37

Relrmctr Indes Eerefnnpeaie n Exinctios

e 17173 Q08002 ext on [001] <30
¥ 1L.7T:1LT lowe 151 arder 4568 {000} Tast
LT ansimalol
Cidor Cleavige

e hrpssm Chegepge  Asgie  Hardncss
green and pray

1 EFRygroen [0} e t

v pra-blut }
1 oolorioe

Morphologry:  Forms bular crvtali that mey cabwihii howrpiss ronsng B oypeally proee porphyrohlass B
meta-peings Lameliar tsannmg on {001 & wery comman

Composition: Chiantoed i restncted 1o Fe-nch compositions
Distinguishing Properties:  Peochroum w shades of green. gy gnd blee &re  distinctive, especally when
emphaiscd by Ihe feinfing  Fescmble chionie shghily, but chlondosd's  sefractive  mdices are muth Hhigher, # B

datincily blacal wheress moal  chlome  appean ymamal asd @ exhibals  cross  (raciures Chlantmd v alie  much
harder than ebdorte. K. lowy = o

Occurrence: Forma in Fe-neh pelite mocks 82 low 1o medwm grades of reponsl mesamorphasm.




CORDIERITE (MEFELALISIAIO, ] Biaxisl -

(MM 2831 MT 19)

Refesctoe Indes IV Estinetion S& N

il

x 153156 _H"f'

¥y 153157 e H0.00

r 153158 Rat order white ;,f X*

Coler Clesvags
_Phochroisn  lepge A Hantoess o

; {010} poor ?

z
Morphology: Oocurs &6 anhedral prains, owoid-shaped he cagnaal
o Pa . porpiyroblasts, and pssudohexaponal ermtals.  The

; Mmmﬁn miﬁmﬁmmw:mmﬂmm Lame|iar

Composition: Although some substitstion of Fe can fake Mg-rich
g - i place, condierites are remricted o o P aons.
ol “mmmpmbnh-mnhmmhtkmmmwn

'-dinul.llhncluﬁ" ]

lmp-mlum. I is shercfore more common in
presures. [ does, hewewer, remain stable i hi
of eordierite in igneous rocks iy ressli from the assimilation of mlusincus sedimenty,

g8
E
|
g
i

Morphology:  Mormally forms
: :uhﬂnqunli:hnmﬂurmmm-w i

¥ thksess may be prester thas that of the resi of the fhin sccicn: lhmmd:mtm tdmw“:e“;m‘"r
ikl be expecicd Iroen the minerals kow bircirisgesce. d R

Composition: Sobutson of
“bm“m. mmﬂﬁnﬂﬁm&mm-ummwmmu

Dhisti Pro :
o T e 18 e oty o s s s g, 14 et

Oeturrence: Pﬂuﬁdhmm};hlﬂmmmmwﬂﬁhmm-lmhmﬂﬂh

tpmnel o form emery.  Fosand
o ¥ -mmuﬂIﬂWmumm-HHMMrMMkﬁu

T2 50 Y 0l el A B
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EPIDOTE ::..zl-t"m:nisi_-,u.,][ﬁn.xﬂm
(AN 4143
Refemctie ladex Bireiringenes n Estinctics
Hehel . y
¥ LTRLTS 007005 parnliel lzageh
y LTLLTR Bright G50 siow and fast
r LTA-1.80 Ind-3rd order
Coldor Clemage
—Elaichroiim Dcmage Angle _Hapleges
wrikowish grecn
gpaleyel preen (001} perfect &
¥ Ereenish yeliow
z yelloasih precn

Morphology: Mo forms granular aggropaics, but some forms crystals closgated along their b axis,

Composition: Substitution of Al for Fe'™ cavees cpidats b0 grade imio chinosoman: (see below); this decreases
its birelmngesee and refradte indices.

Distinguishing Properties: Very bright wnd varishle interlferemce colom wre characteristic.  Becouse  epadobe
crysials are clongeied panliel 10 cnwaliographlc b, cratali ase both dength slow and  length fast.  Distinguished
I'rn:ntupllml;:niﬁmmpﬂn#wmm:uhnﬂdlupﬂuwmmwtﬂm
perpendicular o the cleavape.

Opcurrence:  An exiremely common mineral in mediem prades of megionsl metsmomphism, egpecally i mola-malic
ipneous rocks. I also oocurs as & deulene manernl and fifls vesicles and fmotures in basalis

CLINDZOISITE Ca AALO|SLO. IS0, KON} Biaxial « Mook
ot
(%AhE 43} ool
Relractre Index Bireifringence ki Extmction = =1 el
Retic] Intert, Color Elongation. - e
= = — g g
1 LERLT QOS-0.015 paralict engih s —— = =17
y L6™1LT2 anomalious 1450 slow and a5l o~ -
rolan1 T lowe |t order — —= | oo
vl Cleavage !
—Flcothmism Clearage Angle Hardnes
roloheas
b= (D1} perfect 65

Morphology: Commosly farms crywals elongried parsliel o orystallographss b but also forms pranular s gates.

Composition: As sluminem-nck, irompoor end member of the epsdose scnes. At the exteme won-poor esd of the
sefts  onbohombs  boisse  formas Relraciree  wedices, bamcinapescc, and IV of chnorcakiles snofcass wall  an{Eeiang
e OOHLE &

Distingulshing Properibes: ©Onc of o small group of menersls (+  mehlie, veswaaniee, chlonie) that  echibit
sAcemaioul Dlwe mierference colors D ddflers froem melilie aad weseaansic n bewg buaual snd from chlonie by
i mech BEpher relmcine  indeol Clinoppesie  commonly ofcufl an  fraind  that  afe moned I mOve  iroAsnch
eompciiteans and may 1henelon: Wi condsderable vanation in Birefnngence

Occurmence;  The cccwrrence of clinoeosale ciaenially the same & thal ol cpdols, oCurnng. o amplabolies
h npmnwhrl,- Sidonciared winh 1k aleerahon of cakoic ol e lane

41



FIEMONTITE Cay(Ma *%:“Aﬂ,ﬂﬁzuﬁm‘xum Diaial + Monoclinic

(MM 44, 45)

Refmctive Index  Birefringence IV Estinction
—Beliel  leesfColor _______ Eloogtion

r L1 Lo-n.os I ke
y L5181 B4-55 mﬂ
T LM-LES IrdArh oardier
Colar Clewage
_Pleochroiem ~ Clewwge Angle Hardogis
¥ yellow {001} perfect &
¥ amscthyst
£ ped

Morpbology: Commonly forms prismatic crystals eloagated parsllel o eryutallographic b,
Composition: Formas s solid sclution series with sormal epidote,

Distinguishing Properties: The itriking pleochroim disiisgaishes i from cther minerbs,

Occurrence: Forms over the mme mnge of conditions as other epidotes, bul i remncted 1o metamorphossd
s pasiferous rocks, sech as chens, which form plemontite- spessastine-besring quartrice.

ALLANITE (CaCe)yfPe®® Fe* AL O[5,0, 1|50, KOH) Blisial -+ Monaclink

Refractive Index Birelnngpence P Extincison

o LEe1T G -0y paralicl kagih
y 1.MR1E1 A0S0 plerw and las
T LTi-1E3 b 2nd arder

Calor Clerage

i Clemage Angle Hardness

hrrmnish ye ko
o lsphil Brrown (001 ) pooe &
¥ yeiiossh brows
1 dark browsn

Morpbology: Forms subby prums which are commoely very cracked due £o the metamct nature of the mineral

Compositlon: This Cebeanng cpdote commonly conteing oiher ram canb cloments and Th asd U which, s undergoeng
rediacisve decuy, Sestroy ibe structurs of the mincrsl, sakeng (I metamict.

Distingulshing Properiies: Opticsl properics may be dilfcult to obemin i the mincral 8 Etrongly metamact
Metmict vanenes may Eppess molfope.  Pleothroe haloes may Be produced i pantaposed bictite.  Distinguished from
feroen emphabode by & Gingls clemage, aganit which the cxtinclion B paradic] i clongated grans

Oecurrence:  Common nikes snd < i found mlso and
MGy I Eradalti. ©yT At s B I8 ROME LR oo LT
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FELDSPAR

Feldspars ame the most common rock-forming mincrali i ARGRTRLTE
exgentisl /

soletion, Bowever, occurs  between  amorthite Lkl

Arsdeilne

wrilen Ak i, whero and 3 indicale the
e m::ﬁ'lni" anuthite, E;Hh:. and orboclase Tlieclase

plapioslakes, i ones, & &0 small
plagioclase 15 expressed in terms only of i A1REe
: hile-aThite comtemt [recaleulssed fo 1OO%E), which i
wrilien a5 ARy ALBITE AETROCLLET

5
fill ihe tcipmhedml sitcs rasdossly.  These sites are nol
all identical, and @ lowes lempematurcs Ee  paclenceces
develop which cause the strectures bo cha tly.
result b5 that the ciscal  properici uﬁa@n
ooly & fusction of composition but also of whai & rele
by Bs fheir afructersl gtsie.  ARbough this ompheates
the sdentification of [eldspars, Hﬂim‘:ﬁk{nﬁlﬂm
on thelr temperatures of formation, is  pariulay
tret in the alkali feldspars, wiere tho of onrdcnng
af A snd S on tctrahedmal sited couses readdy obucreable
optical differences.

Schemanic  represcniason  of  rclalne  lespersbores
a4 which vanious aliad foldipars fom

ALKALI FELDSPAR (m]{ﬁtﬂ;ﬂﬂ Hiaal - Monochinie, Trcling
Ktln-c:r-': Inden Bare{nngenie F4 Clewage
1 fill
K - Ma
1 15181529 0007 perfect (010} =50 u
y 1522.1.513 0E0  perfec (001]
$ 1522-1.539 Lst onies ray poor [ L00] =110

General Optical Properties Allali feldspars are colorless im thin segtion. bt they may sppear & clowdy gray of
proen du 1o slieraiion 15 cley mingrab.  They may form cubsedral rooangular cryslati especuaily ai phesocnan in
precus meka They aluo :-ga as anhedral grashs iR many Erafibes aned hegh-grade metamosphic rocie Twn pecaminani
chewages inEerec] Bl abowt . Twinming i COMON. In momi getous sleali (cldspars & Carlsbad twin & preseed
s ihe tncline feldzpars albie and perelbne reRs an B0 e proscnt in gencral the 2V of the aliab fellipan
ncreases with  increadang ordemng of the Al and 50 s Lhe peirshodssl mies.  Thus, st high-temperatune  alkah
lekdspar formed in volcams ks and cooled mipsdly presene tho diordered Al and 5e and the 2V u small  In
pluinnt gaecus mocks and  melamarphe focks wherp cooling mibes st slow, ordenng hag more  chance o oocur, asd the
I becomes barger.  Asihipeeecally-formed  slkal Feldspar an wdimeaary rocks has @ large IV Witk  [afing
wmpcrature homogeneoss  alial fokdspan may poht o K and Sa-mch phascs  Tha eoolulion produres lefaes of
ome [ebdspar in ibe other 8nd B milened w0 & perthie or  miioperthite depeading on whoiher & mercops o
mecesaary 16 observe the phenomenon.  Lasoleuon may develop an rapediycooded foldspars on sech & fine acale that the
oo phadei cam  be  doicowed omly by wemmyn b Epparently  optwally  homopgsaeous  fcldapar are knowmo &
reyplope riBiics
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hat & lerper IV than weidies (35B0) s & resall of
periial  ordering in  the  teimbedrsl mies In igneous
rocks, crysisli commonly heve s Carlsbad twin mnd costsin
exmoletion lemelse of afbite  Oriboclise & 8 common

MICROCLINE (1M %) With sufficient ordensg of the Al
upd 5 0 ecimbedrsl  omites,  alkab  feldspar  becomes

from the higher tempersture monocling form.  Some e
mrochss fousd a sedimeniry mciol pEosa mially @
the tnchnk form wnd lecks grd twinning  The 2V of
m““lﬂﬂhhnh;-dnnﬂmmh
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mnﬂnmhum-wmmww
with quarts. Interferenace cobors mnge wp b0 fiml order
-H-hrmh.ﬂqmnplkﬁrﬁmrplh-m
snoribite. The reliel @& almost mil, with Ab-nch vanstics
being slightly negative and An-rich fes posite.

L mmwmlmmﬂu
decreases in Ca content wish faling fempemature, Crystak
Mwmmmmimhﬂmmmm
rims mre sad io be pormally soned, whereas thase that are
more cilce on tht nim are revenely roecd,  Some cnlals
exhibit ponimg which ocscllates betecen gligmily  different

IR mmwumﬂhmmm
known &s oscllsory zoning  Althosgh zoning
kis common i metamorphic  plapeclase, mormal and

Es
i
B

Truu-p:m-u-lwmhmp'mmwﬁﬂmh
!muamh:h-:h:nnrhlwppnqnm-rthmdnr
the plagoclse series.  Comsequently, plagiociase  within
mwmmmmfwmmmﬂwm
Hmmr.phﬁnﬂmmmﬁﬂdlumicﬁmrm
rescts 1o form epidole at kw metamorphic gradel Thee:
mmﬂmmhhmpﬂ:mmﬂﬂnh

he Ab.ich end of ihe scries. Mo

until the amphibolite

ik e Porm Kl lemporRlares

mmﬂiﬁtﬂldmdwtﬁmqunh!hp

exsolution  lamellse, which may gee the emilals &n
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FELDSPAR
mmuqmummﬂmmnmqmmmmmm
WMdehmmlmmhmmmm.mum;auhﬂnuru-ul
determining  compositions. delermination imvolves measwring the onenmtion of the indicalris wilh TERpECY B
] 'mmlunhenump.mmwmmﬁmimﬂmmimmmummﬂmu
& simphe sk ﬂulkl‘htmpﬂlh:mm.ulnlinimdmuuﬁurﬂm:mnwmmﬂm
mﬂd:mhnguuhmﬂmtnmuﬂhpqﬂrﬁ:ﬁnmuauwhudbrMhthum
promisest cheavages. Throe of the mest commoaly used methods are described below.

Hllilﬂm:ﬂhﬂim Mlﬂsﬂ“m Mormal Lo [I!]l'll- Titimeeims angles o+ 5° for virisus a=r | jane
Sections mormal to (000} are resdily kestified W aBbile twisg are Hhrrags plagiociaie crystals.
presead, which & the case for most Igneces and some g

moiamorphic plagiociase.  The albite twin plane s (010). In

octions normal to thi, tin lamellsc #s gharp dark and [

light basds wnder crossed polars  The (010} planc must be a8 close P

15 pormal 1o the section s possible, can be in
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E
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fﬂ m'“ u‘m -tﬂuuﬁl in this way H'_ Wfl' Exp pid R ioe amglen borlvees 0" and T yn pose G000

in the mwdicaina. Thut H]j' ke plagieclose pryslale svbibiting & Corlobad Fwin, The
derection. parallel fo the slage of ik batges miciaciios saghe ai \hs Carlobsd teis is gives by
} wll I“'“ ke i extinciicn “ﬁ; any  olber LLL J-I:a:-\'-l-llh-r. 5. A :-q:lln ||.Ilh.- iq--h.-t limes
wectiom will phve 8 compoment of ks angle. It i iberefore -'.;,“:';.'. :,_:,’:‘,:'*::::l:;::‘:*"”-:"h'_*r :I;;I-'-‘-n
8 pumbed of differess prains before the  siruciural ststes, CATLer Tabi sms Erall, E979; penlpakid
known with any cermingy. With ik aagle, ™iEP Fermaavica o [hé dewrican Jiusea] of S iendd )

of pagiclaic i read from the paph.  Two Loi L FLUTONIC]

valocs are obdained for plapeclaie more sodic than An, | but - LT WY R R
refractive indices cam be used 1o determiine it coree ahE, g
Phﬁmhulinnrwm:hmn&muumm
paralicl to & Their composition o determined [rom the  mamisum
entiadtion angle from o

Extinclion Angle in Sections Normal to {010} and {001}

Ths emeihod requires that {010) and [001) both be mormal 1o the
section.  This plane w casily idesiificd bocause [001) i the best
dleavage in pagocisss; it appean & sharp hine Bpprowimadely
perpeficitalar fo the afite mwa  The cabinciion anglc boiween
the fast vibration direction. x'. and the (010) plame is messured
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romposilions  berseen Ay and An.. the maximum extinction angie
on (010} and thar evcagured in l-ﬂﬁﬂm carmal io (080} amd (001}
afe caonvially ihe wme Al mare caltic composilon,  however,
The bt curves deviaic. and in ths ranpe the maskmum  extingtion
asght 1% MO sERLvE b COMpOSIGNE] varsiion,

Y

¥

Carbbad man, wilh thear & compositson can be desermuscd diroctly.
As in the oiher methods, the [010) planc must be verical Cryital

e

with Ca ind albwie rens are Bwirsied i Fop 1M 4851

In b Pomiton albaie  pwsns s el vibde, Bl the = B
Carbsbad man o when (010} s paralicl o the polan the slbie —
and Carbad twin lamellac have the wame color asd wre 800 viashle o= B

Extenciion sngles berwran 1 amd (O] arc messured on albaic rem
i both habes of the Carisbad rwin  Compositsons e resd From
fhe sdjosning  grapha by ploting the kerger of the two  extinction
amgics on the Mold fures and the wssalier on the deshed cwre
Moil plapoclast @ om 8 wdo-siermedate  vineciurl  waie,  for
these use the low plapochss graps 10 the plapociss w lormed
& high empersiere and @ guenched repidly, wie the graph for the
high winectursl swte, Whore oo compositions it 1ke dula, anoither
moasuremesl of relmcine indsors CaR feuohe bebeeen (B we

&y

IdJdd 44400
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FLUORITE CaF, Rectropic Cubic

1AM Colorieis Iscurngic {111} pesfoct 4
Mm?ﬂmﬂ In wvelas, Muoriie may form rebes and octahodra, bul in igeccos rocks W orpstalliocs lale asd i
shuge determined by the morphology of surrounding carbor-formed manerals.
Composition: Esentially pure calcium fworide,

Dis Properties: Hsi the lowest mefractive ndex of any of the common mincrab. § Bad strong segainee
refiel. It is isogropic and commonty has parple spots and bands, cepecially s conincl with mdssactive miscrak.

Occurrence:  Common in Bydrothcrmal weins and &5 8 lsic-orysiallising accessory in some  ERENISES, syesiles, and
mopiwchme syomiles

GARNET Ihﬁﬁ.ﬁ}ﬁ[ﬁﬂd!
(MM ZE-23)
hlﬂﬂﬂ |m= ;yﬂ ﬂiﬂ[unﬁm m H.dm
L.7-150 red, Ca i 7
ik - VEMEIES Bone

Morpholegy:  Si- and cightsided sections ikrough cubedsal crystals are commwon especially in whiste  Anhedml
Eraing are a0 common, aid they may enclose many imali graans of g

Compositlon: Shoes extorsie solsd solution betwisa un common end-members.  In poneral they Tall indo two proups
depending on the presence of Ca, which in turn Scpends on the eomposiiion of the rock
Colos in hand specsmen

Pyrope PRl LD R Fale pink

Almandine e Al Sl ) Dheep red

Spessamine oAk smy0, Bed weal biselfnngence
Cirosulagite  Cactl 50 Hane y-brimm asomabous birefrngence
A radine il B ™ Tl S5 ) W e By piasy anomalous birelrngence
Livaprsaie L r- %500, Girech wnorsaious hirefnngenor

Distingulshing Properties: The cely other common hegh mefracine mdex solropic miseral wo spinel, which ooun
ms ociahedra or anhcdral graini  Commen spinels are green, ewcepd for those comtmsang Cr which are dark brown o
opager.  The Ca-rich gamcls commonly kave ssomabous low inbcrennde ¢odors wharh sy aliow faiml soitor Pwind 1o be
wiible. Spescarice may ahid calihil werl elARgence.

Occurrence: One of (he most common melamorphic minerals &nd 1 foend in 8 wide ranpo of conlact asd Feponal
metamorphic rocks.  Garnets neh in the sbmandine composssl (with minor spessariine and pyroge) are coemmes in
intermedsates b0 high-grade repionsly metemorphosed pelitic and mafic igneoes rocks.  The cores of these cndtals jend
i be Mnench, Wik morcasing melamorphs grade asd  particularly waho ancreaming  pressure, the Tops  coelchl
increxses.  Caonch pamets form  in cakareous rocks both of mgional and fonect menamorphic ongan. G
conteminated with aleminous fxks may crysialice almandiee, amd ome ncphcline syemiies comlam 8 Tiendh asdeadis
knoswm 35 melanite. Mastie-dered noduled sn kisberlites commaonly coatain pyrops-nch garmel

GYPSLUM Caso, 21,0 Hiaxial Monociinie
Hefmciwe  Hocinapoace M Clewage b "'TI' :
- - a o Fy
Indes Inier (o Plane Hardngss ":-'J:: 1 g
L 152 ool $E (010} perfecy 2 ' Ao {l,.-’r
y 153 [ 100 daie = o
BEL it onder whaie {018} Haie H

Muorphology: Typcally forms anbedral grans o rocks. In veens, it may form Large crystals atzened on {010]
Composition: Deviaes very Lt from as formals.

Distinguishing Properties:  los  biecfanpesce and  peguier molwl chamsocnse  prpsum s distinguak ol from
ankwdnbe Cngmum had sErong dispenean (F>b)

{Mccurrence:  The main oocurrenes 6 &k B sedsmentary suncral oo evaponie depoans wheore @ o fommonly Easccased
wsath ashydmie. 1 sl ocrun wiih Bmesloncs and shales and s @ coment 10 s sl OPER
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LAWSONITE CaAL(OH),|SLO.[H.O

(MM 50, 513

Refractie Index Hﬂﬂm v Extinctics
r Lig Gl parallel lengih
y 147 B0 lenigih show
T 188 2nd order blue

Color
Llsgchrotem  Claveps

x pale blsz {100} perfect {00y % 6
¥ palle grees (00} perfect
£ caloriesy

Morphology: Euhedral crystals with rhombic or rectangular outline. Singhe and lamellar twins on {101] afe commen,

Composition:  Lawsosite has & composition thar can be thosghi of as Mydrated amorthite. Indeed, besting of
lawncrnite caumes if 10 eodven fo anarthibe.

E-"ﬂ"‘“‘“ Properties:  Lawsonite resembles clinoroisiic but  lacks (e  anomalous inerference  colom.
has better cleavage and crymial shape than clisozcisite. Lawsonite has very strong disperson (r>b)

Occurrence: Forms at low temperatures and high pressures. A comenon constituens of ghascophane schists

Peeudo Boerepic {+ ) Tetragoaal

Morpbology:  Euhedral erystale with oclagoaal outline.  Abowe 400°C kwdite @ cwbic and grows = (Epcsohedral
erviale On cooling it becomses tetragonal, and fine lameliar mvinning develops in sumerous sectors within a crystal

Composition: Shows linle devaton from it formula bl may contein & imsll smount of Ma subsisutisg for K

Distinguishing Properties: Fant lamellar twinning is an slmast sotropic minera! and the cryssal cutlne.

Occurrence:  Restricted  almost cntirely 1o highly potassic volcans rocks where #  forms phencenats. It s
commosly asocated with sepnec. It o also found in shallow potssic nfrusions, but bere i commonky wers o

feacts waih ihe magma o form anbergrowths of nephehine and crbhoclase.  These intergrowths retms the morphology of
the eyl leudrie cryilals asd are therslore meformed o as pEesdoleusite
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MELILITE  (Ca.Na),[(MgAL 5,04 Uniszisl » - Tetragonal
(M T1, T2 MM 40 . —
Refractive Index  Birefringence  Eatinction "“1|'--1:__‘__‘_‘h |

Al Mg Al . =

- 000800 paralicl 5 'r"; —
7 7 I s oo o g g — H\‘K +
L
—Liepchroiim ey Anght Hardnsis, +eaj
polarie
¢ {001} poos 5 | |
2 g 0 1] [T ac
Cehlenine L Aumrmanii®

Morphology: Rectangular cryetals fNanicoed paralicl to (001). Also as snhedral praiss.
Composition: The melilines have three principal end-members wilh complete solid sclution between them all.

Akermanile Ca, My 8,0,
Crehdenice i‘.‘a: Al AISED,
Soada melilide CaXa Al Ei:'f_'l.lr

Mclilites with compositions  berween  aiermanite and pebienite are common in  high-tempeniure metamorphoted  impure
dokamites, Hlﬂ:ﬂuuhﬂ:ﬁumﬁmlmﬂmmﬂmﬂh.

Distinguishing Properiles:  All eseliites hve low birefringence (muximum, It order gmy) snd are  unisal
Gichlenite=rich vanetics are segathve, wheress skermasnbie-rich ones are positive.  The change from negathe B0 positne
oocur  approgimarely  hall wwy through (ki semes. [aleemedinie members are therefore almost  motropic and  ahos
wnomabous bilue and brown interference oolors.  Melilice differs from ncpheline, with which @ i commonly stsecistod,
by bBaving much higher refrective indices Apatite has  bexmponal cross sections mnd does  nol  oexbibil | anomabous
intorference oodom. Melilile oooers oaly s rocim with low  silfiem sctivity. For comple, it @ mever founsd  with
Teldiepar, but i ia with nepheline; it does not oocur with sphens, bt it doas with perovekite.

(ecurrence:  Melilices beiween gehlenise and  skermanite are commos constituenis of high temporaten metamorphessd
impure dolomite, where they may be aiociated with mosticellite, diopside, or foritente.  Melilie also ofcurs B
highty silica-undemesdurated alkadine igroous mock, whone i6 uwsally containg & large amcunt &f wdada mellilize,

MICA

of ignecwd #nd memmorphic rocks, snd they are mable over a
‘Their perfeat baisl clemage, which & o consequence of the sheen
o whesisly in Boih hasd Epecsmen

Micas e proicol i B widt  COmpoLEcna] g
considerable rangs of iempereiurel and preasure,
of hnkod [SJN}D tetrahedra, makal (sm one of the caissl groups of mincrls
#nd in Ehis SECTOR.

Micar can b deided o o whprowp, dioctahedel and  tn-octabedral, om the basl of the number of
cctabedral sdoms  befween the Weimhedral yem  The di-odtabodra]l micas Bave Invalent ooclabedrml  jons  (enminky
ALFe™) mnd 1 tn-octabedral mecas have dhabest joes (mainky MEFe™) this maimsineng change balance,  Mias are
cucnlially potsssiem-beanng minemls, bul in the di-<xishodrl onci ome wodium ey dubdlitute [OF polRssaurm. A
micibility pap scpamit  ecdivm-boamnf masoosite  from ke ciscohally  eadivm-besnng  deociabedml moce  parsgoase.
In the fr-ociabedral micas compleie eodid solution emmth botwotn the Mg asd Fe end members of ke senes  In Both
the & and tn-ctahedral mxcas Ko ocan be replaced by Ca o form the earer brittle evicms marganie snd  chintonine

Micas snd amphiboles form the oo impostent groups of hydrows rock-forming minemis.  Micas are stsble ower @
wuilci magE of coaditicad than afe amphiboles, lorming 8 such dhene emdroaments @i ecdimentary rocks snd epper
manthe pendotice Althowgh the dr- and th-oilaBodral mactd Both onlaen aluminum, the di-onahedrsl ones hve an
cxrgis ewer the amounl of slesle  Di-orshedml messs sre ihus more commos o slemiseench rocks  Mesooaic, for
cample, B the mam mincrsl b seoil ke 10 iRiermeduste-grade mein-pelies.  Muboowme also OOCUME @B many ErEailes
where Al B in exocss over alkals  The peatas of ihese pransies likely ievohes the incorporstios of & signaliceni
amount of pelitic focki.  Beotite B aleo fommon B prante and mesy melmorphel focks, but B doss A0l require ER
cxeeid of sluming for i fosmateon.  flotic & 8 common consttecnt of alkalee mafic igetoul mocks, snd & oEome may
even form phenocryste. The Mg-nch wancty, phiogopee, commonly OfCurs o marbbes and & & principal constieent of
e rock Bype Bamberbile, im which dismosds aro [Dund.




MUSCOVITE KALJAISL0, NOHF),
(I 41, 42; MM 17, 18, 20, 22)
Refractive Index  Birefringence IV Estisction

£ 1.55-1.57 00 5 001 = paraliel

¥ 158161 2045 {001) s L.

 1.5%-1.62 high 2nd oeder ita
Cnlor Cleavage

—Fleochrolsm Clemagy Angle Hardsess

x pabe grean-pink  [001] pesfect 3

y coloriess

§ eclarices

Morphology: Forms wbulsr crystale paraliel (001); these bt six-gided irregular in owifine.  ln pepmatites
mhmrhuﬂMPﬁ-Mm:hmenLumm:rﬂ . -

Compaosition: Muscovites show considersble varistion s composition, but this is not easily determined from optics
alom, Bhudutitvth;tultpmﬂm:l‘-hdmpﬂ;ﬁdﬂuﬁﬂ-lmrﬁpupﬂ:.rhhuﬁuuﬂ
musvite, 5ot muKTAitcE conlain higher propostions of silica in the icirshedmd sies and sre refered b0 @
high-uilica muscowite or phengitc. In these, charge balence is maintaiscd by substitution of Mg or Fe™ for Al m the
ectahednal sites—thess, consequenily, tond o be pinkish or greesith & basd spocmen.

Distinguishing Properties:  Emily distinguished by s bigh birelringence, essentislly paraliel extinction along
i oaly ceaage dircction, (001).  The clenape direciion s lengeh  show, Hmﬁu:ﬂiﬂlmiuﬁmm
kmoem a3 Birdicyo extinclion, wheth s charscicristic of sl the mims. When rotated 10 cxtisction B¢ prEin ppesrs
motlied becavse of ghe failure of small sposs 00 go 1o cxtindion.  0f resembles the wood praim in birdseye  mapile.
Emmmhﬂmpﬂilﬂm{muhntmm-lﬂnhn-:mhm{lﬂmlmﬂmc]mdm-phmrm

amy signs of they appear to be of & completely dilfereml mineral from (e muscowiie prains tha: are omented
om0 mveal the clemage. 10 b6 ibesc bamal scctsons thal show a wvery sinking bascrix fgere with sochmmaiic
rings. The IV of nommal mescovie is about 45 byt with increasing silica costes) the 2V decrcases to as bow as 13

phengse. Tha i a2ill larger than the 2V of mest phicgogite, which i ussally comsiderably ks than 15,

Occurrence: A common constituent of pelitic schists formed al low- bo medium-grades of regional metamorphiss. 1
i a0 an emportan| consltuen of pegmatites and abuminous granites where it is comsondy atsocaated with baotibe

PARAGONITE NAALJ A0, HOHF), Bliaxial - Mo hinie
. oo
Relractive Jndex Tirelringence w _—
x 156158 0.0y { ;
¥ 159061 [T R ——
r L6161 Imal rder ye o e
Cedar Clesvage
_Pleochrim  CQeavage Anghe - 01
o
& {001} perlecy

Morphology: Foems wbelar erystak Matiencd on (001},

Composition: At hgh wemperstures pargosite can dissobe wp o X% of the musoowiie componenl. Al s
iemperniures, however, 1 approaches clowely the Formula shove.

Distinguishing Properfies: Wihout chemecsl analvss parsponite casnes be Swhngunhed for certan fmom muscove
wing oaly optical propersss.  The IV of most paragonic s smalier iBen that of muscovte, bul Righ-lcs  musoove
b has o gmall 2

Ocrurmence:  Pamsponde ooturs wilk muscowse B precsacha memorphie focka. 1 may be more shusdim than
presently  recograied  Botawse  of the  diffwubty  of dotngeshisgp @ opically  from muscowie. Wuk inereaung
melmoTphic fradc. pamgomic bocomees more sobuble in mesctsais.  Boswic mutomaie i typaally the mose sbendant of
ihe ren minerali, pasapos dIApRCAn 4% 8 Mparaie phase by disaodvang in Ehe uscenale
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BIOTITE KM Fe )| AlSLO NOHF), Biaxial - Moesclink:
(1M 3543 MM 1730

M "l Cor " osgts
Reliel
E 155163 D007 jooa)o-%
y 188170 25 (001} abeow
1 180170 2nad-Jrd opder
Ciolor Cleaagn
—Fleochroien Dlemuge Angls Harlecs
red hrcwm, green
x light .. [0 } perfoct =3

¥
T dark .

Morphology: Commoaly octurs as well-lormed tabular crystals in pelitic melamorphic socks and in graniles. Ia many
pEbbroic rocks it crystallizes lsie sed i anbedrel in some alksline mafic rocks, especially lampropiyres, @ may
crysialise eardy and foren abulad phepocnsis.

for

w&wmnmmhyhmﬂmmmmmmm for
i also  roquining  eebstibetion of trvalens ons  (Fe™, ALY into b sitet.  Subsiiistion
turns biotite a deep red, and Fe™ tumns it green. The lithimm-rich tri-ociahedral mica is lepidolize.

Distinguishing Properties: umm&w_ﬁ:mmmm{mqmmw
barelaingence and extinction nesrly parsilel to {001). caly common mincml resembiing beotile Bomblonde;
mmﬂrmﬂtnmuwwwmuaiyp-mmmudlmpﬂﬂlmh

The exiinction potition known s birdseye fexiure, which i charscieratic of all the metas.

Occurrence: Onc of the most common of the mek-forming minerale It occurs i all But the very lowest and Righest
metamorphss  grade pelitie rocks In masy granites it may be the major ferromagnesisn mineml It @ 8 major
mﬁm:umﬂmmmmHWMMMmtﬂmaﬂhm
EyTniLeE. hmmkmmﬁirunmnﬂhﬁlmmmmhﬂnnﬁmmﬂ
magnctite and ilmenite prains.  Im some lsmprophyric dikes (minefte, kemantite, alnciie} biotibe forms  pRenocTyti
m:mm-mlimu-nmmwm Highly magnesisn hiolite oTurs
in kirberlite (see philogopic )

PHLOGOPITE  K{MgFr),|ASi,0, WOHF), Biasial - Mono lines
Refractre Index HBirefringenor v Entinction
x 15%15% el S FE ) {000} 0-5
y 156164 B8 (D00 sow
15184 Tred=3ind oaded
Ctaaar Chemvage
~Dlsochrosn Cheavage Anghe Hartness
u caliorks (001] perfeet -3
¥ bk browm T
r palc brown i

Morphologe: Thick tabular crystals are common in marbics.

Composition: Magnesium end memser of the mm-octabedral mices: ussally restricied 10 those with MgFe > 2

Distinguishing Properties: Disunagashed from muicovite by smaller 2V and from chionies by higher bureinagenoe
Occurrence: The mais oocefrence is in contsct meismorphosed marbles and reponally metsmorphosed impure dalomils
hmeiceer, # i 1hus commonly msocsbed with cakite and caledilwies.  Phlogopeic occum in some

ultmasafic focks, espeoally thise coslmmemp bowile B alko & major comsbieent of ibe groundmas of lambesiae
brecoias

1




FYROPHYLLITE ALISIO, Ok}, izxial - Manoctinic

Refractive Index Birefrinpence k4 Extinctios
FLe ) nic ], Codo Fhcan e i

1.55 s oo} =~ colorless (00 12

; 159 5363 Em;ur-ﬂ LEl s

z lL&d 3rd ender red

M | tabalar pasallzl o 10),  medisi and i imad
Hﬂmmmﬁnuu crystals {oo) ing  chusters, ne-grn Spgregates.

Composition: Vasies lie from the formula.
Distinguishing Properties: Resembles muscovite and tale, but kas o barger 2V,

Oecurmrence: hh‘-ﬂlﬂ:ﬂﬂﬁﬂu‘dpﬂh“ﬁulmmwmﬁﬁmnﬂzuium
ascociated with quarts.

MONTICELLITE CaMg(Sio,| Biaxial - Orthorhombis
(1M 15) A,

Refmciive Indes  Birefringence 2V Extinction [ -0

LR ] o002 paraliel Bane i3 E

y L1066

3 1AS167 182 order red :

Morphology: Colorless crystals with ihe same ehape us ibose of olvine.  In undersatursied alkalise igrcous mocks
-dwhnﬁiIl:-1mmhmmlrhfmmmhﬁhmnﬁ;Immhm-ilhhﬁ
aliematics products. In high-tempemture contact metamorphosed lsmesiose 1t forms granular grains.

Compaosition: May consain 8 small amount of Fe sobutiteting for Mg.

Distinguishing Properties: Usder plane light monticeline and olivine appear identical.  Under gromsed polars,
Bowever, mosticellite hat 8 much kower Birefnnpease.  Oplic axs figures of monticellte do nol exhibis the pemercas
isochromatic rings that thoke of alivine do

Occurrence: In ipneows mocks it s resincied 1o thoss thai are exremcly wndersurated in sidica |1 does mot
ocrar with feldspars bet docs with melilies | i & common comsimuent of carbonatites snd high-lemperature ot
mrtamarphosed impure dalosnie lemesiones.

NEPHELINE (Na K| ALSiO, | Uniaxial - Hesagras!
(1M 6387}

Refracire Endex Burefnngense
a

e 1Akl 0un0s rologhess o &
o 153185 1t order gray prominent

Morphology: May form eshedral siubby prsmatic phenocris which eshibu hessponal Of Mclangular Cross sechiens
depeading on  wheiber dhey are cectioned perpoadicelst or parallel e the ¢ ame rospecinly. la mafic  sad
inermedinte  ibcw-andematumted  igneous rocks, nepheline  crpoallises late and thus takes on fhe shape amgumed by
fuftousding crvitals

Composition:  Most nepheline contmns spprommatcly oee K for every ihree Noowns i the snecture Wb
increasing Wemporature nepheline cas dusobe more of the K endemember, kabulive  Kabubde sl s o8 rare mencral
bul does form emolution Bmelise i nephelisg, knd i doti [orm scparsie crysials & some mre potsisic volcank ks
and e fOnLAS Sclamarphosod hmosione. Kaliilne contisns v litle Ne

Distinguishing Froperties:  Low  bueinagence. Jow  reliel. and  wniausl megatne  figure  are  characiense
Because of low birefnngence. i goel  inbo  cxienction  eskily and  when  iotally  black  commonly  exhibits Beragia
hirefrngent Mecka of mustonie smhich sre & common shermion prodect of nepheine.

Occurrence: A common mancral o sdica whiifaturaled ks A major consituent of Rephelne dyensie and oevun
eh Emalier amouni n dopheloe pabbro {eweuice ) knd s woloenie cquralont bawsiic
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OPAQUES

A pumber of common sccessory miscrals and imporiand ore mincrnls are opague.  Thelr macroscopic ldentification can
coriainty oaly in polihed sectioms under reflecied Hght. Grsin morpholopy sed sssccialed nosopage:
gcrer o distinguish some of those minemils in imnsmicted bght.  Polished thin sections &
i -d-ulq:lqn:mluulhilmfhﬂldm1numumﬂu‘hl.m
the moa! wecful optical proponticd lor idemlifying tbe common opague minemls  Most of ihese
progesties are geen usder refected Bpht, but some may be ovident with transmitted light.

it mineral amwd
ingral. The oolom

whether i B isctropic of eniscerople,
of reflected g
e

Mlagnatite P *ﬂﬁ‘:!i-lﬂj »ilmenile  Beofropic ¢ F Commonly forms octahedm. May

Ciray, brovamish timi < « hematite comials lameilse of ilmenise,
Beematiie, or bercyniie,
Chromite  Fe' *ﬂﬂrzﬂa Diark gray, brownish < < magnetite  Riotropic B G Deepbrown in transmitied
« o jlmtnite Kight. Forms oceahedm
" i
Hematite  Fe Bright grayish white > »magnetite 5 & FiG He £i. Fd im
1“3 » wilmenite .ﬁ.u-mwrll;p-: lﬂﬂmﬂ%ﬂﬁ;lm thin edpe.

limenise F¢:1+1I:I'I'|!::I2 Cirayish brown with <magnetite  Sarongly 4 G Heznponal plates. Deep brown ia
pinkish or violei <o hematite  ARSOLOpR trasamatted light os very thia
tint edpes. May contain easoluticn

lamellsc af hematite. Alien to
leugomgpe, & white Ti-Cande

ﬁ'ﬂpﬂqﬂ iQ Ciray, browmish find smagnetne  Strongly 12 A Hexaponal plaves. Poliskes with
> ilmvemine A 08 PO deflicalty. Reflection
plecehrotam s very sirong,

Sphalerite  Faf Ciray <magnetite  Teoiropic 4 C  Deep reddisk brows color ia
= |lmmenite rresameteed bagh. | 110)
cleavage prominent.

faadees  Pos White cxiremely Leovimopic 24 B Polishes eaxity but ofien has
scraiches. Emremely soli
Cubic cheavage alwuys presen

Pyrite Fes, YVelkmuh white cximmaly lsoimapic &  F- Polwhes with dafficulty. Cube
‘et mnd pyritoledron BEe COMIMOn
forms. Alien 1o kmonice
Pymhotite Fe, S Creasn with pankish < pyrite Strcngply 4 D Polishes casily. Shows yelliow,
{r==02) borcrwm Rins ARILOE PO green, and blue colom under
creased polam Alber readily
o limoeiie.
Ancno-  FoaS 'Pﬂ!.m with cream or = pyTile Sirongly ] F Yellow, green, and Blue ars
pmite Pk tant FpyTThOtite Ak POgR. evden] under crossed polan
Lamsilar Feianing wory common
Chako- E"F'EEI Brassy yeliow < pFiLE Weakly 4 C  Pohshes caisly. Lamciar
e FPATTHOLIEE A Fogus ik FT A
33
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OLIVINE (MpFel, 50| Piaial + = Chriborhoesbic
{TM 515 MM 35,36

Refraceive Inder Birefringence !'F‘ H#hﬂhm

Mg Fe Mg Fe Mg Fe
r 14%1%3 CLOA0L0S parullel cleavaps
y LAS-187 A2-1M
it LAT-1.ER 2-Yarder

Colar Cleavage
—Pleachrainy Cleavage Asgle  Hardness
TR rT—r—
x {010} posr {OI0F"{100) %0 TS
¥ [ 100} possr
B

¥ Commonly forms phencerysts i ignecws rocks where it typically has ke prismatc form ([ Bustraied in
the re, Hly“]fintmdlnpﬂ:m.htm[ﬂﬂmmmlihmimmm-
SEFpending, magneiite, tac, amd carbonate, Arc more common.  Im ihe Auchean sitrsmabic lsva komatie, aliving forma
extremely loag dendritic ensiali. o many plutonic igneces rocks and in metamarphic rocks, olivine is snhedral,

Composition: Simple compositions berween the fwo cod-members Forsterite (Mg} and Fayulie(Fe). As chown s 1he
plot below, optical properties of olivine vary linearly with substitution of Fo for Mg The compadition of olidne ean
themefors be determined casily usider it microacope.  Theis compositions afe sormally qeoted & the malo percent Fo
Fr-rich varieties are mare yellow. Olivine commonly costains significant amounis of Ni,

Distinguishing Propertbes:  Easily identified by high bircfringence, ok of marked clesvage, cuning fractores
filled wilk dark ablertion products, and large IV, In woloanic rocks, oliving may enciose paiches of rappod mesli.

Occurrence:  One of the mosl common minerals in mafec amd wltramalic ipneces nocke It s also thought to be a
mapar erititecnt of the Esrb’s manibe. Oliving it alio s prodict of the mctamarphism of dodomtc rocks.,

EETRACTINT ASfipfds

FEROVSKITE camo, Freudistrogne + Monothes
E:r[uh: Isicn Loy |3|EI:[II!EM !:Im g mbres
il T e | for s prmacn wrak g i85

Muorphology: Small cubs crvitals that stand oat becuuse of their very bigh selief

Composition: A lamge sumber of chemonts can submAwe o perovakites, in particular bt rare esmba for Ca. and
Nhoand Ta for Ti

Distinguishing  Properties:  The wery bagh relhel, eudor, erystal farm, snd weak berelnngense of large crecals
{=ath Faint lamellar ranmang are ypscsl of perovakite,

Occurrence: Resincied 10 rocks wih very low sevwis of sica B ow mot found i focka [hal  rontsss

Feldspar Iois mssociated  walh mchilitc, nepaching, monticelife, and  calise. It occurs sn hedh ipneous  and
mEEamorphs fok

s

|

A i S
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] MprescEiation
oomesanly refermed o m the pyrosene quadnilaieml - Pigeenaiiv_ . = Fayalsls

The general formulac and soms impostanl oplics] - D e aw - - aari s
properties of the pyroxemes ane a8 follows:

harrakilive

Symmenry Sign Fi'd 't Ciosbesr

Ortharhombic Fyronene (MpFely|Sith, ], Omhorhombic «{+) 5090 0 coborless

Pigeonite Mg Fe,Ca)y [ 5ia, ] Mosnckinic . 034} -:E: oodorkcss

CHpopyroxsae - Aufsile l:Jll[Hl..Ft}ISnﬂ}l] Monnclinic S =50 45 calnheis

Aegirine (Acmite) m"lmarz Monoclinic - 65 <10 green

Badaize NaAN SO, Maonoclin . W 140 colories

ORTHOPYROXENE (MgFe),[Si0,), Discial - { +) Ortharhomb

(1M 1624 I Ao

Refractive Index  Birclringence 2V Extinction | .

— Refic] e Color Elosgation #

5 148177 000,02 paralict & axis ~ B-114 P

y L&R1LTT S0 o mcd slow T

r 1A 15t order yellow 1!.
Ciolir Cleavage : o0 : D'

—Fleochoism Cleragy Angle Hardnews Tt |

Cobdrkess or -

x pale pink {214] poecsd {2104°{210) 8 54

¥ pale yellow

T pale green

Morphology:  Commonly forms cuhedral pramsis crvals, eloagated paraliel 10 ¢, with cighl-sded fross  gertsons
Sections cul paraliel o [M0] may Beve 8 stready Bppeafance upder crodsed polam produced by then Lmcllas of dighil
varyiag birelringence parailcl to [0}, Thin emalytion lamellse of aupte commonly paraliel [ B0},

Composition: Vary from the purc Mg end-memnber, Enstatice, (o compomibons gencrally no more Fo-nch than show 900
of ime Feerich endimember, Fornsilbic.  Usder crusial presseres the Fe-nrh omhopyrosencs arc emitable and fayaiie -
quariz forma ensbead A0 prossurcs preated then 105 GPa. onboferrsiline @ sable.  The orhogemoscses aee gnen
specific namses for pamcolar mnges of molc porocntage of .'d'_frh'll-l-'t:l. emstatite o from 100 o B8, broanis Teom 55 o
0. hypemthene from ™ o 50, formehypersibgne from 30 o M, culire from X to 2, and ferromibee [rom 12 0o 0
When possible, however, o i preferable 1o gve Ib¢ compoution of an orthogyromese in feren of b percentage of
ensuadite, which = expresasd s Eng. In mafie ignéts focks, onbopyrosemes are  Gpeoally an ke Broasae b

Byperthens renge. In melamosphic rocis they have s wader ranpe of compositioe,

Distinguishing Properties:  Dusnguahed By b burefnspesce, expooaly o oseclions cult pamficd (010, shee
the secton may cubibil wircaky lamcllas wath whiee wnd  gray nberlerencc oolom. Seclstnd cul parslisl o the © aan
hve parnlie] entiscton and an boaghl pke

{Occurrence:  Proarite and  hypomdhens i fommon @ (holentc pabheos and dabascs  snd  cali-athall Endewies
Ovthogrroaenes n gpeeous rocks am ranhy mons Fe-nds rhan Bypenibenc, nstcad piprondc of emeficd epsonds o
the Ca-poor pyroxene formed ai thowe Feonch compoinons. In high-grade meamarphic mocks. orthopprosenes caf hadse
O PR E0RE thecephoud the entim rasge, bong lmaied 82 the Fe-neh end by the resction 10 o fayahic + quaris

55




PIGEONITE (Mp.Fe,Ca) 150, ], Biaxial +
(TN 30,30)

Refeactive Index Bh’d’l'ialu IV Exisction

¥ 168172 CTer T F'e 34

¥ Lig172 030 leagrh Fast

® L7105 and order green

Celdos Cleavapge

_Pleochroism  Chavape Asgle  Hardpess

eolorices (10} good {110} (110) BY &

Morphology: Rarely forms euhedral crytals becsuse it crystailires late berween earficrformed crysaly grows
lﬂnhnﬁnlmuﬁﬂhmmu.wﬁimﬂ'rﬁnmdhyuﬂa Girams tend 00 be clongated parallel 1o c and

hivt @ i twin plane parsllel {100). Ceniag fracieres (often filled with dark ablerstios products)
Ermnsverse 1o i length of the graing are very comman,

Composition: A Ca-poar clinopyronene that contains about 10 mole T of ihe wollatonite component, Most pigeonise
has MM+ Fe) < 0.7, AL maft magnesian compositions, onhopyrasces it the comason Ca-poar pyrovens,

Distinguishing Properties: Characterized by small 2V, commonly appearing simost umiaxial. The oaly ciber pyrosene
with small 2V & Tirich augite, but this s detincly brownish, pinkish. or wioler asd has ancenmlous low inderferenss
colar. wunmﬂrmu:qiu.nm-ﬁhiuummwmhul pigeonite shiem mare  readily
to dark prodects aslong cleswger  and curang fracturcs. I birefringence is slighily bess than  thar of coexisting
supie, bet ibs  daffcrence 'ﬂ.lﬂ-ﬂnll]lh-llhnmmﬁﬁpﬁmmml&um-mtﬂmml
continwity. Pigeonine is commonly rimmed by amgic, which grows & opeical sontinuity with the pigconite.

Occurrence: ‘The comman Ca-poor pyroscne in swbalkaline rocks that have Mp/{Mg+ Fe) less than =07, Stable ooty
hagh iemperstures, dnd prescrved only in rapully-cooded Igneces rocks, such an bna MNows, dikes, snd wmall infrusive
bodies.  On slow cooling it fisst cxsohves Lmellse of augite nearly paraliel o (001} bet then inverts 1o ortho
Fitomens. Ombopyrosens contaiss jess Ca Ehan prconie snd, Bus, (he imamion Enabed Terther esolution of augite
which & added 10 the aircadyforsed lamellae in he pigronite.  Pigeonite comsequesily invens 10 onbopyroutne
contkiniag ihick aspie bmcllee nesty paraliel o ke orgieal (001} of pigeonite.  Sech  orbopyroscse praini aro
referred B0 e ieveried papeonite (IM 32, A3 In soene  Emveried Feptonite  augite Lemellse are quite ireegular o

e v AL

L]
)

blebebike. Punber cooling of the orikopTontnc resulis In thin lameilae of sugite exsobving Beaddy paraliel s (100}, -
Figoonite neves occurs in alkaline of dilicn usderssteratod rocks. 1 farms s some high-rempesature me timorphie focks ';1"
AUGITE En[H;.FrJ[ECI-le Monogires -:
(1l X5, 27) :,...
Refractres Inden Herefnspenos Fi Extemction a8
-
i L1 T2 Dubdgay e = 4% -q;
¥ 1671, M4 ] Paasdvad .
z 188176 hdnﬁ:t;:lhr O b rines ﬂ;
-
'EH I -\‘I.H-.I---: j
e Figsosine ._
u pale Browvi-grees  [100) pood (L1097 (1T0) 87 [ -
¥ pakz Brown -1
= L
I pale grecn i-'.
Morphology:  In mafic slkaline sgneous rocks and asdesites swgic commonly forms stubby evhedrs! prsms  In mere f-_.
mlwecws focks fhe prams snc clonpsted. I kaleiibe  rocks Bupté fends io be snhedral  In mamle, 0 commony "
Forme plobulir prains with 8 wiiroous surlsce ':-.-
=
Composition: Complese sclid solution berween 1he Mg end-member. Dhopside. snd the Fo ond-mesmbey, Hederterpie ":-..
Intermediste compositions m  hobonilie moci fypecally conaim less Ca than do pysoaencs oa the diopasde-hedenbrgite N
pim, Wnd Iboy coesst waib 8 Caopoor pemowsens, Aupie cocaihag with ppeomie will have eoolution lsmelise of —
Pipeondie  pesrly parallel o [001), wheress thar cocambing  walh ofhopyronens  willl foddamm  onthopyroisac  Lemcile - N

mearly paralicl to (M0} | slkaline igeeous rocks, Bupites hawe compobiions very near (be dicpande-hedonbe rpde
pon bui may sleo condain Ma and Ti

Distinguishing Properties: Dwisguished from pgeoaine by langer IV, lagitly more color, end being o aliered

Occurrence:  One of the mapr comstiwenis of mafic alkaline and swbalkaline ipnecus mcks  In the slkaline mcks
it may contam conssdershle amounis of Na oof Ti (sce mexi papel  In swhalkalse socks o o ported with 8 Ca-poor
pyrozene (onthomymonene or pgeomiic) or olvine of both.  Aspie formed s mEiEmOrpsaaed impen dolomades himeiiones
i rypecally mehoin the diopsads componend.  Augpse in malic ignecus recks molamorphoicd an the prenulae (soci b
ihe same peaerad Fnge of compossieon as that in Ehe et Fecha bat wails shightly hagher Ca contents.
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TITANAUGITE  (CaMgFe’ ' TuA IS ADO,),
(1M 36,77
Refractive Indsx Threlfapeare k) Extimction

¥ L 02008 P
y L7210 240 longth slow
: LTHLTE 2o oeder yeliow
Coldar Cleavage
_Peochriom Clemvage  Angle Flardness
purplsh berws T
x pale hrows {110} pood ({10 aT &
¥ hrowmeviodct
2 purple

Morphology: Commonly farms cubedrs] subly prisms that exhibit sector moning (housglss sireciure) which & made
evident by sght dilferences in Barelingence berween sacton. Crysiall also commuonty show lehe oscillatory posing.

Composition: T probubly enters the structere as CaTiALO,  As 8 resull, lilassugites have low  wilica
condonis. Some Tl may cven cater the tetmhediral site and replyce Si

Distingnishing Properiies: Resembles asgite, cocepl that s ¢olor o moch darker and the XV s much smaller,
Pigeonite akio kas a wenall 2% bai s almosl colorless. THanawgite has strong disperiion (2B

Oecurrences Reapicted o adlica-undemsiurated rocks and s thorelore  commonly  sewoenoied  with  feldepathond,
melilites, prrosakine, and other underaueaied punerals. B mever coours with Ca-paor pymoaae,

AEGIRINE (Acmite) Nare’* [si0,1, Dhiaxial - Mowodlieie
(1M 28)
Hefemcive Index Pireinrgence ' Estisction
Eeliel Inierd, Cobor Elonpation
F LB O Ly a'e < 10
y . Th-1.62 G lengih fast
& IB-1LE Jed order vellow
Codsr Clcavage
_Picochrvises Clemage Angle  MMandness
[FTass grecn =
wdark groen FI) ot {100} 100 &7 &
¥ baght grecn
¢ yeligmnik precn

Morphology: Typicalty crysialires as kong prisms bal may alka form nima on siubby aupic itk

Composition: There o complcie solsd solution from sugite 1o scginne, wilk the color changing from clear 0 groen
with ewcrcasng suhaeitution of NaFe™ for Ca{Mple™) Crsials are commosly aoncd [rod sujite #1 the oone oal
I'hrﬂu:h srpnc-Gugic 10 BEEIFAE OH the mmn.

Distinguishing  Properiies: Distnpuiied By boght iransparesi  prass groes oolor,  prech amphiboles arc o
frantparcal @nd Bppear meddy by companisos,  Cleavage snples dmiinguish sepnnc from grecs ampRiboles The smal
euhecicn  daple datinguahes scpinne from  other  clonpyrosencs Intermediabe  compoanans  berween  segining and
waptc Bave intefmediare Dpdical peoperies

Ogcurrence: (heun = Mench  igneous  pocks In may be ssacoabed with. ncpbchne and sodalrie &n nephohing
ivenics, bl 41 also oocum w0h guarty i alials svensics and pramibes
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(MM 52)
r L6d-1.68 il 1] " 13-4
LaS1.68 m beagib dlow
£ L&5-147 181 onder yeliow
Coldar Cleavage

x {110} good [10y*{1lo} 87 & !
¥opak (x} d
E grecs

Morphology: Cotumaar 1o ibross aggregates, rurely with cubedral form.

Composition: mmmmummuwmmmamm.wum
PymoRess omphacito,

Distinguishing Properties: Hat pyrovese chavage but differs from the olber pyroscnes in having lower refractive
endices  amd much bower  bielringence. Orthopyrosene  slio  has  low  birefringence but  has  parsllel extinction.
Drisperion ia jadeite is moderate (r>b)

Dectirmence: Stable only st bigh pressurcs; breaks down st bow premure fo slbite plus nepheline.  Jadeite i
r.h-:rﬂmm.tmtdmm-mﬁmhﬂ-tﬂnmmmuluszuuﬂWE.
Chenphacite coturs in mantle-derived ecogile nodules in kimberfite,

SILICA
QUARTZ 50, Ulniaial + Tirigonal
(1% 3561 )
Refrc Index  Bircfring
Qunk
o 155 pale lit order  coloriess TR T
o 158 e |l

Morphology: Rarly forms cehedrmal enmials except in some veims.  Two polymorphs, the low-temperatuse slpks and
the Bighiemperature beta forms, B different crytal mompholopies.  All quarz at room  temperature s the
btemperpiure triponal polymorph, mgardless of the empersiume of formation, becsuse the iEversion, which oocen i
stout $TIC @1 one atmosphere, i spontsncoss. However, quartz lormed in the wability Nebd of the hbexsgooal Boia
poivmomph hpscally gross s 8 dipyremid, asd the  morphology B presereed afier imvemion 1o ihe  Me-lemporature
pofvmorph,  this, for ceoample, & the common form of quartr phenocryiis ke rhyolites.  (uame growing in ihe
bmoEmpersiore field & more Bhely o form clonpais prisms, as in evpical wein qasrtz. . Mamy gquanmz g in
ignecus. metsmorphir, and sedimenlary rocks comsst of sumdrous domains walh slightly different  eminctson proition
Tha resubts from simin and o known a wndulstory ertincison. It s o0 common in quamr kM 0 providen a
sagnostie oplixcal property.  The vansty of quany knows s Chaicedony comssits of foc fibres, which exhibil &
iwhendidie tertune umder crossed polan.  Thu form commonty s cevities mnd fractures in igocous rocks ed
mplaces calarcous fossils i seimentary rocks.  Chalcedony commonly eshabits slternating clear and brows layen
rarmlie] o ihe perface on which it & Soposmed.

Compasition: Ssoss siment po compomitional devintion rom i formula

Distinguishing Properiies:  Easly sdennfid through low meise! and completc Lk of aliemnion produces wnder
panc Lghl. snd through grey fo pale yeliow inlerforence oolon that wiually cabibil undulatory extinclian  wnder
froiscd polan. 11 8 umanal potinr wheres nephehing and scapolive are usaual megative. Mokl mepheling  abio
eihibiti sferwion, and sosl scapolite han higher Wirefnageacs  The only cloudang found in quartz s due o wmall
Mmmmwllymﬂnpmmﬂﬂﬂ-w It e bubble = small @ may mow
wroeand iR Ehe [hend &8 @ ressh of thermal whrslson

Octurrencs:  An eximmely common meseral in costsentsl crustal mcks A mapor consbiuent of granses mnd ol
deintal sedementary rocks asd theie metmormbosed equralenss 11 s the most common sean-lopmeag mencral.
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SILICA

hmm:w&‘ emied, b are much loss common then gusdz. Af & rc pressuce  and
lmperatures above BSTC ¢ meplaces quare s the stshle polymorph, amsd above C erinobalibe beccemes
iBe gtable form.  The iswemion from quariz o (ridymils B ralied  significanily by pressure, whercss the [mversion
from iridymite to cristobalite s Jowered  As @ resal, the sability feMd of trdymite B ehminated abowe &
pressure of 014 OFa ﬁwumumﬂmnmuuﬁmunﬁmmmME
= stable, snd shove about 7 GPa = sill hightr-pressere polymorph, stishende, s stable.  These high-predten
pnhmqumm-fmnd-mnmuﬁummzmmmﬂumnhmmm Althoaph the
transition from high- 0 kw-quartz is spontancous, the other imnsitions are shagginh, and as m result the ooher
polymorphs miy pertisl in rocks @0 low temperstures and pressures.  Cristobalite snd fridymite, however, can both form

metastably cwiside their stability fields, and thus their presence in a rock s nod posstive cvidence of (ormation &1
coalrasd, the high-pressure podymarpha [arm only ai high pressure,

a-{HATE PegmARTE

FRELESURT Ehag
RSO Ca

EREFTORaLETE

TELDTHETE

TEHFER TR

Stability fields of the silics Pt
{Afber Tuitle and Bowen, 195; Cobea and Klemont, 1967
Maree, 1980 Bohlen and Bocititer, 1982)

TRIDYMITE = Onborhombic  Biaxial + WeX RL =147 Birefringence extremely bow
(IM 623

Typically forma elongaied wedge-shaped crwlals with & twin boundary slong the Jength of the wedge. b has very bow
reliel.  Occwrs in covites 0 siliceows volcasic mocks.  Some quanz i granophyres han the eloagate wedpe.like

maorphology of inddymite and @ Rhely imvenicd from this polymorph.  Trdymite @ 8 commeon constituent of  refraciony
bk

CRISTOBALITE Terrsgonal Esentislly [sotropic Rl =148 furelnngence extromely bow

Forrns imall cube-lie crystals ssd 6ot in civiticl in iiliceows volcaras rocks wih indymite snd ssnidine.

COESITE Monncinic Hanal « FA Rl =159 Birefrngence vers low (0005)

Distingushed by high relief, wery low biefnngence, and  being colorlcss. Odcun s exiremely  small  graing s
quanz-beansg socks that heve becn exposcd B0 high chock pressures by mciconis impact this veREly o sormally
Wenfiabls only by s-ry diffectson.  Als fousd &5 cquani  graans wih  prossulsr-pyrops  gamel, omphscite, and
Eifudii dn mantle nodules in kimberkiie. Ao occur a sclusons i damonds.  Rare metasedimentary  biweschn
POCKS A CORAIR coclitc ms inclusions in pyrope-nch gamel.  In all ocowrrences. eoedile @ nmmed and wveined by
potyhedral qeariz thal has formed by imverwon from dhe high-prossure polymorph. Boosuar of ihe dilferesee =
refmctne indices befween thess rwo minersb (he imenson nms and vesns oand owl @ stnking rehel  Invemioe
from foiite 10 quarz enwoles coasdersble crpanison which ceuses mdisdisg  termon  Fractures B form in be
surroandisg sinerals, capeoally gamet

S



RUTILE i, Uniaxial + Tetragonal

Refractive Isdex  Beércfringence  Estinstion Colos
1AL nige, Lok gt Hleoch poesien SR A e
roddish bross
e 90 029 pamiicl brpowsish 1 &
L | fengih siow yellimvizh (e 08

Common sceeisory miseral in igneous, metamorphic, and sedimestry rocke In ignecus and metsmorphic mooks § farms
emall peedics thai sre moatly eochosed I cther minerals, particolarly quarz. I birefrimpenco imhi;hmu"?nr
mmmmmimummmwﬁimwmmmm
browm  color, H-l:drlpuh,m.lmniﬂllhdlhﬂqmidjlfﬁmﬂlhldlh:ﬂﬁm,-ﬂ
thene mary exhibit scoond or thind sader inberforence coiom, I sedimentary rocks i forms detrital grains,

SCAPOLITE N JANALS5L, 0] [ CLCD, S0 OH) Unisxia) - Tetrapanal
(MM 3Ty
Refracipee Index um:rm Eoetinition
e 154157 LS00 paraliel
o 155160 Isi-2nd arder fast [ cheavape
Coldor Cleavaps
—Dlepchroiem  Clesvage  Angle  Hardness
eolariems
£ - (100} good (IO} {010§ 90 &
o - (UMD} st

Morphology: Does not sypically fomm eshedral crystals

Composition: The formula can be thowghl of as consisting of three wnics of fcldspar snd ome of a chloride,
cast=anate, sulphate.or hadnoiodo of Ma, Ca, of K

Distinguishing Properties: Under plane light, resemsbics felispar o quarts, bwt under crossed polary has bright
bec 10 green imcrercnce colom The dienvage and Optic Eign of ecapoliic distinguish i from quartz, and the
undixial figuse distingwishes i from feldspar

Occurrence:  Forms insicad of feldspar in some metamorphic rocks where fhere @ 8 high concentrmtion af carbanate
o7 sufphate. Commson in marbies asd some ampiiboliies, and paricslsrly comeon in contact metamarphic dkams

SERPENTINE ME,|5, 0. HOH), Bisxial - Monaclinic
(I 12 MIME 35, ) T = ———
Refrastne Indes Earefrngencn IV Exincion i 1
aterl. O § e AR e ——
% 153157 < 01 parhel \ X!
¥y 15 max. B =5 lengrh show / =%
r 154157 I ander yellow ) B
Codor Cleavage
Pigoch rosm Cleavage Angle  Handness
okl ess-pale green
cokitles-pale grecn {001 ] perfec ¥
Morphology:  Forms aggrepmies of platy. Fibrous, or smorphosslooking materal  Seversl different forms are
fomeonly jeitspoesd. 1 oreplaces ofrdne and pyroscns, and may sppesr 16 have the ewhedsal shaps of those minerais

Lnder eroased polam. hemecver, such pacudomarphs can be seen 00 comssl of a mulbiwde of small Eram wyih such vaned
onealations thel &0 Clear eoencion ofcurs. The vanctly of meqpemine keows as chrsodile forms veims ol [ibrous
maienal that is eagb alosw. Tha s the chiel sowree of sibesiou

Compasition; [hler baike Trom s formsls

Distinguishing Properties:  Chiorite resembies serpentine, but chionbe  has higher reliel, w mesily length fast,
#nd fpecally is more coloded and pleachnoic. Serpentine doei ned have anomalous smerlerenos colars.

Occurrence:  Forms by abicrason of olwvine and pyromae, and a5 the low-prade metsmorphsc prodert of mels nch in
these misersls fuck & pendoliies end  pyronteiics In iypically pecudomorpbocally  replaces thess miscnalh The
onpral mineral ¢an b wenifed either by the cxtemal morphology of the pecudomorph or the tewlwre of he
scrpentine sel,  Serpentine thal replaces cinisc commonly remsms the patiern of curing (moers thel s presenl
in mae] alivife Erli, wherea serpeniine formed i pymontes has & more reclangsler panie s
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SODALITE NagJ AN, | Na Ieotropic Cubic

HE S L coloriess nione {118} poor th

Morphology: Forms sis-sided dodecabedral crystals, but aleo forms anbedral prains interstitial to octher minerals.

Composition: The formels can be thought of & consiiting of 3 nephcling + 1 NaDl. The O can be replaced by 50
1o form the mineral Noscan. If the Na i replaced by Ca the mineral Hsuyne i formed. Complete solid sobwtion erstl
berwees thess end-members.

Distinguishing Propertles: Difficedi to distinguish froes snaleite |n thin sectios, bal (B Bend specimes sndalice
i commonly bbee. Noseam and hauyne coenmonly contmin sbusdant dark inclusions that ey be comcentemted [s1o sefion,
planas, covcs, of rime.  Mosean and hauyne are often biee i thin section bul sodaliie s coloriess.

[.'II:EI:I.I'I'E-:!:ﬁm:nhhrﬁﬂhudemmmﬂf:hnhﬂhuwmmmhzmm
Mocesn amd hauyne sre commson i phonodies.

SPHENE (Titanite) CaTifSi0){0.0HF)
(™ 77, 78)
Relmopm [sdex Birelrngence v Eninctan

184158 (IR R ] Casn easdy
y 1833200 extresancly hiph X080 be detcrmvined
r 194111 e

LCodar
—Plecchrossm Chavape Hardnes
Bepomeriial e Thow
i Eimos eoloress {110} diszinet 5
y pale veliow
¥ Browmih

Morphology: Forms distiectve wedge- or clongated rhomb-chaped crystals.
Composition: Subsisution of Ca by mre cariba snd of Ti by Pe, ME. Al Mb, asd Ta in sphene is comman.

Distinguishing Propertics: The wedpe or clongsied rhomb shape of the crysiali i very chamcteristc,  With ibe
un:p:-;nﬂmmhﬂ:m&hmmmﬂmlﬂdmﬂlppunlh:umtmdupln:ﬂrmﬂpuhrud
g, The h-iu!ri.n.‘:m i o0 high thal the whice interference color contriboies nodhing o the browm oobor of ke
s ral fimon can B¢ dubinguahed by i eratal shape (prums walh sjuare cross gectioes) asd by s uniacal
charscter Sphene has guch Baph disperson (rab) ihai preine commoaly do nol extinguish completely. A while
afierataon produst, leurtneme, may be visible on the surisce of gphene when illuminaced obliquely from above

Oocurmence: A commos seceisory B ARy aphetud and metamorphic rocks, mnd also oocurs e dedrital graini in

dimente I can B & mijod constitucnl in Evelamorphs rocks with haph Caoand Ti cootemts, such a8 meta basabts ol
prronsmilce and fako-dalicated

&1




SPINEL Mgkt yret CrTiANO, Botropic Cubic

(1M 80
The spi nmmdnwmum-uhmmmummmmm
ﬁﬂmnﬁt..-dmm:llmrwwmmﬂlhmmrqﬁutmmwm‘aupﬂ
-mlnndwﬂ-udul.ﬂmgq:hmmhrm-huﬂuhrmuﬂ{unp-qumnh}.mﬂhbﬂn
w%umnhmmmm:mﬂmrmmﬁm ug spincls, on the oiher
hand, oan be caslly |dealified usder (be h&lhhm,ﬁiﬂfrlﬂmim{hlﬂj.mdw
charscier mummwmuﬂlmmmmmimummm as follows:

Spinel MgALO, Codorless ta pale green

Heroynite F:hm]ﬂ‘ Deep green

Magresioferrile Htﬁthzﬂ‘ Dark brows 15 opague

Magnetite R 0, Oipages

Ulhompieed ﬁzi'iﬁ:h'hﬂl Opaque

Chromite {Mr_ﬁ:h}ﬁzﬂ‘ Brown

Composition At high temperatures them is extemiive solid solution i the spinel scries, and with the excepiion of
magnetite snd spenel ithell pure end-members are nol fousd |n nature.  Wiah fallsng semporsiare exclution may kake
place. For emmple, mapneie commonly eodains exsclution Limcllac of bertynite. It may also comlain lamebss of
uhospinel, but these can be secn only peder rellecied light Ooidaiion  of  magnetibc-uhospine]l  solid | solutions

feiwlis in the formatios of lamcllar of ilmenite in the magnetite, but these are mol exsalution bamellas becasse thome
H &0 kolid solution berween magnerite and ilmesnite.

Distinguishing Properties  The occurrence of tpanch as small bigh refractive isdex octahedral praims thal are
GHBEr opages or deeply oolored scrves o distingesh them from cihér minerali.  The oceahedrs gt 4 and d-paded
siteons. Garnets form dodesahedral und trapezohedral crysials whick have & and S-skded geolns.

Occurrence Common accessones in leces, molamorphic, and sedimentary rocks.  Magnetite s the most common, and
I mosn fecks i the phase thal condains most of ik forme sron In aliadine and calc-alialine ipneous rocks, which
foflam  significant  smoants of  Fo'™,  magneiic . lends o ratalhze  early, forming  oclabedral pFhEROCTyILL la
inolgiitic igneows rocks, which iypecally comtain much  smaalier concentraieons of Fe™, magnetite emstalbizes Lise ard
may form inecratitiadly oo the earlier minerals Chromaie, which his @ wery hagh melung poing, crviallioes early 0
wame ikoleisic magmas snd may  eccemelae By seidlisg b0 form one  bodies Herymite odoure &8 @ solid  solalson
fomponend v magnoiile and & sepasatc Erams in wome malw and ultramalic gmeous mcia. I ako forems e high prade
metsmorphosed pelies. “The pare M cod-member, gpinel. ooours in coaiacs metamorphosed bmesboee.

STAUROLITE |:,.-\r,.;-!_a__.'n":ulr;.z

MM 2 M

¥
Helracine fadey Direfringence 2 Estmscton
Krhef Iraeel {inon Eloagation i
®- 5 |: = : }
ETRE i paralici A ]‘w
. e

Mianisl « Bonodline

' 3

¥ IS B length sow o
1T 131 amler sellow T

[ aiorr %

Pisiwbmmnm Clemvase [ s

WE L
[ ERERT T T [TF10] ps=or 15
§ el v lioma
LRIREA

M ol Sarmals forms eubedral Mals condah wdbh ndeded chss bechias.  The eratah are mondis
e ks

Lewper than. those o oiher muncrals @ ibe nock | prorphyroddanan g Iheupibe als  cubradral habw, ssuichle  comssi
FOALEAA Sy 1 luswons of oiber minceals, el quar

Composition: The compwinin of sssrohte w rhae 1 tha of The fomuls A wmall smount of Mg may substiuic
for be, snd some Fe™ can subatisuse for Al Semall amousts of £n substiture Tor g

Distimguishing Propertios: |abs sensfoed By 10 s B orbliar md pibcon B

(ecurrence: MRl & melamisgihie mineial an Pebais mwis an the ke 1o meddiy asphstadie faesc

iy
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TALLC M Si, 0 J(OH), Thamal - Sl
x
Refractee Index Rincfringence w Extincaion - _.".,,:"_‘."_‘f ant
w Ia
£ 15155 s parsile] {001] i
y 159 030 {001} show - z
¢ 155150 Ind e ped - \
; ([a ] _Ill'
Caorbor . o
Pleochroism Cloavaps M o
colorless
X {00} perfcea 1
¥
T

Morphology: Forms plary and fibresas aggreganes.

Composilion: [ifTers lebe from s formula,

Distinguishing Properties: Charscterced by hagh birelfingence snd micaccous or fibrous appoanece.  Difficult 1o
diszingusd from muscedie, Bul take has & smaller 2V ihen mosl muscowvie.  The ssocation of olber magnesias mincoal
is e hewt indezxizon that the phase my be mic; x-my or eleciros probe analysis may be sooosany for condirmatsn

Oecurrence:  Formed by hypdroibermal sliemtion of wimmafic rocks amd by the metsmorphism of impuse dolomitic
limestome. |t commsonby fodens in shear pones in tbeee rocks.

TITANITE {see Sphene)

TOURMALINE  Na{MgFeAllALISI O, B0 (OHF) Unaaial - Trigonal
{15 7
Refradtive Indes BirelAngenes Extaneting
— R Inmtgrf. Coldor Flongatson %
e Lbl-L8S B0 200035 paralicl
o 1AL16T Zadd arder lerguh Lam
Color
. Peochwibn____Chivegs Hajoce
cfnve=hiwrspriiow
4 pake e )
o dark

Morphology:  Typsally forms  prssaiic cnsal with cuned  threc-ided  cross  seclaons Crysials arc  commenly
roeved, which i partaulary edenl in OIS SECTIMAS

Composition:  Ilghly vemsble & composiion.  Crystali that do sol edhibel tosing afe uswual  The main vanaton
w om ghe Fr oand Mg contents The Fe-rih wamety. schorl, i ihe common black loumssline which appesn anou
shades ©of groon in fhes scenos Paler vanenes e ncher in the Mg cnd-momber, dramaie.  CHher substitubom
mvnive Fe™, Al Cr, and Li

Distinguishing Properiies:  Sirong pleochrosm which, wn contrsst w0 thal @ ihe other common  ploochos
mack-lorming minsrali {such 85 biotils end kombleedc), shows i mBssmus Sbesrpleon perpenddular 10 (b Itnp:h of the
crital.  Tourmaling does ot exhibet clesvage, whomas biolise and hormbicade  do Tourmaline alwo o wnasal, bul 0
dark vanetics the inteforease Fipures @iy be masked by b codor of the maseral

Dhocurrence: The mou ommon boronconiainisg mireml A commen soctiesy i prigdel. 5ad I8 many setamorphoed
sedimeniary rocki. 1 efcurs ai devnial prains m sedimentary rocks. Tourmalene o shafdant on pegmatiles

N= < =
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YESUYIANITE (ldocrase) Cay (M Fe Al)y o Si, (00HF), Uniaxial - Tetragonal

(MM 38)

Index [hirefrenpssee Extinctice Codor

& L0175 0.004 parallel colodess 1o {110} &7
o LA-LS snoemaloss let order  Jength fase pale yellow pocT

Morphology: Calumnar aggregates and ashedeal graims.

M%:m Considerable wariation, with Na, K, and Ma subsituting for Ca, and AL TL Zn snd Ma sbsiitstisg

Distinguishing Properties: Much weswvisnite cohibits snomslows blue amd brown imlederence colom. I ks
distingaished from negative sarietics of melilite by s higher refraciive imder Clinceoitite  ressmvbles  veruvianiie
bet & biaxisl  Unforiunsicly some varctes of vesgvianie are  biaxal, These wmretd am abo  dilficsll to
ditinguich from grosislar gamet, which cas aleo be bindal

Occurrence: The principal occurrence i in contect metamorphosed limestones and skam deposits. It ko occur i
reponslly metamorpbosed limcstones and i serpenlinites.

Trictinic

B 13184 0oy paralic leagrh ==

¥ 1&k1ES =40 slow snd fat e

v 1A%k]AS Let order orsnje Dm_':t
Codor Cleavuge

—Elepchrmem Clavage Angle Hardno |

CrHOrhEa

T {000} peres (I~ (odi}es 5

¥ e (001} good {100}°{102) 7

T . {T02) pood

Morphology: Columnar and fibrous aggregates with rwiening commeon paratie] ta [ 1001,

Composition: My contaia soene iron but i moctly near the formula in composition.

Distinguishing Properties:  Resmbio tremcite, bul wollastonite has coisction paraliel 1o the kaglh of
rrystali Wmmumnlhunmhhmm—muﬂmmﬁ:ruﬂlh'
tormapoadi 10 the kong o (b) of the crysiak

(currence: A metamorphic miserd in high grade contact melsmarphoted impure imenone,

ZIRCON IS0, LVniamal & Teimgosal

1% 73, 74} &l . L e |
— Flife =—
Relmoirg Indea Blerelsisnpence Extimcison e ;
Rusbuef Inter. Calar Elonpation Color _ Clewape Handnes

€ | 9I-10] L0810 parnliel palc browm  mone 13
o 15019 A1k order punk lengih sl

Morphologyr Mot forms emall Mubby pramaie pruns with spuare croes sections,  Where enclosed in lermomagnesas
mane rali. they are commonly berresnded by & plecchroe hale

Composition: Mokt peos contaans small smounts of U and Th, which, on undergoing mdiosctive decay, destroy the

uwructufe of the serrousdisg scoe (molamect) mmmdﬂrmmmmnm
Ferremmignesan miserals. Mo nrron siso contuins some HF

Distinguishing Properties: i reief, bagh bureinngrnoe. asd crysasl Ehape

Occurrence Common ai an sccewory in granite gpecws roc. s detnial graine in sedimestary rocks, and as an
OCESOTY B M ismorphs rocks farmed [rom these
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ZEOLITE

ANALCITE  Ma|AlSi,0, ) H,0

Morphology: lregulsr mastes in the growndmass of alkalinc rocks asd w thus bounded by faces of the ssrmounding
crymals In emmypdules and vedns it can foom oolagonal-oeilencd teapeohed ral orysiaks,

Compositlon: Litike variation in compasition; some K and Ca ssbstmsie for MNa.

Distinguishing Properties: lsoiropie or caly weakly birefrngeat  Fluonie has o mech lower sefractive index and
tbus has much sironger megative relicl.  Lewdile chows snomsloss berefnimpesnce asd commonly bas wectaon with mesbiple

i memi leucite oocurk s owell-formed prmary orysials, whereas analcte b secondary,  In thm o section sodalie
is wimdlsr to snabcite but in hand specineen sodalie i commonly Blue o pink, but it can be colorhess like amalcite,

Occurrence:  Commonly ooturs 88 & dealeric minsral in the groundmms of alialine dyke asd volcanic mocks. 00 may
slso form along with ciher soolies and exlciie i vein fillisgs

ZEOLITES
(1M )

There ase mamy zeolites, mest of which hi similar modes of occurresce; thal i, as secosdary eminerals s malfic
volcanic  rocks, especally oncs  with  alkalene  affinitics. They M8 [rsctures and  wediclés. of replsce  prmary
minerals.  They are charscterized by a framework struciure with large boles that can costain HLO — 10 o 20 = %
:hﬂ-.‘n.:-u:rl:n-ilydmmﬂmumpmmm:heyupimhﬂmm W samples are

In geseral, iheir compositions can be thought of as approsimating hydmied fekdipams and (febdspachoids,
mimerals from which they are, in fact, derived by kew tenspersturs alterstion of melamorphis in the peofile (s,

Feolies commonly prow in o vanety of well-larmed crgial shapes.  They are colorless in ikin sestion, Buve bow
peguitve reliel, mnd mos are blaxial with moderaie 8o birge optie sagles  Many reolice are Aol eksily distinguahed
in the macroscope on the fai stage withow! conudcrsblc cffon asd expemence.  Some of the mest common, however, can
be deisnpuished readily, These are lisied bobow with their formulae snd mos: chamcienats proportics

Matrolite Nay|AL S0, | ZH,O

Thomsanite NaCa[(AL5E) 0, ) 61,0

Laumontite CafAl S 0, L 4H,0

Chabazite CaAlySi 0, | 6HL0

Heulandite {CaNay )| Al Saglny | 6H, O

Suilbite [Ca.Nay Ko Hly Syl | TH, O
Minersl IV Sigy Momphology Cleavage Birsiringence  Twinning Ewvincison  Elosgatipn
el L] iomg prismo (U0 100) B9 ist onder orange parallzl alr

b radhislang
Teomsonite  d2-T5 fibsro {080} perfect Ind onbort Elue parallzl lani and Lk
Lawmontive  JdT finamE {BE0}{110) pood  Esd onder yelhos (R0} 2%c 00 whirar
CThabapeile L] fubs-ling rhombohedral 85 183 onder gray
rhomibn

Iieulandite [F8.54] plates £ (0N} {oa0) perfect Int arder white paraliel [DI0) Taut
Sailbine W50 shesls [010) good lat order whete  [001)  paraibel (000} fast and diow
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IGNEOUS ROCE-FORMING MINERALS

L. Properiles pasch a8 color, reliel. crpsaal form, cleavage, asd
relative ceysial fized am commonly most easily setn in the
microscope under low magnilecation weing plane polarired light,
Viaible in this section sre fwo large crystals of hormblende
{pleachraic green) with charsctesisiic amphibole cleavge and
smsll prees acporine crystals in o provsdmais of alkall feldspar
and mepheling (elear). Small cryeal of apatite are included

in ihe homblends, MNopheline syenite, Moust Jobmson, Quebec.
Plane light, XA,

2 Ths metamorphic sesolith from 8 gabbro introsion consisss
wo essential minerals, kaisii: (how reliel} and diopside
{high feliel) and a minor opsque mineral  Kalsilite forms long
bladed eryizale, one of which cxtends from the kower left i ihe
o ERLET. mtm|h1mu;mmmm
axis of ikis erystal. Prome Moantsin, Quchec, Mane highi, XR.

i same &b in IM 2 bet under crossed polars. Chaly the largs kalsi-
he Eryital is shows here 10 emphasize iBat what sappcan o be
& pApe crpdal under plene polanzed light sereslly consists
of & dumber of differently oriented {different shading) domaine,
formed when the kalsilie inverted on cooding from & high-tem-

pertur polymorph. Thes domain sinacture is visible only undor
croaacd padan.

4 Knouledpe of w5t mincral assomblages are possible and which an

impmaihie can be of great bonclid n doung perroprapty.  For
exampse, nepiehne and quanis would not oocwr Iogether oo rock
Pecasne they would readt 10 form albite  Comnsegeenily the

awsemblape nephchne plus albie or quamz plus albsic arc
pemaible, But mot pEphehse plut quartz

67

IMepheline} IQwnrgl i i)
NeaAlSiO, + 25i0; —* NaAlSi,0,
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IGNEOUS ROCK-FORMING MINERALS

COLIVINE

& Weathered surface of feldspathic peridotice shesang black isian-
Augice wnd Bevwn olivine.  Clivine nypically weathers 10 4 nasty
brcram color, But it i alive green on the fresh suslsse, Rosape-
mafl, Cluche:,

B0l el e e e

‘41

1

¥

fi. Luhedral phenocnysts of olrine showing the common (0], (021},
and (1107 faccs v 8 eaclilioe nephelinite from the Hosoletu
sened. {lahu, llawaii.  In thm sectics, olivine iy the beasm
rodosed &l the common fermomagnesias minesali; il normally
rodarlews saiepl for irce-neh compmitioas which are velkmaiak
Plame lighs, X2

1

"1

%
b

i

T Same an 1M &, but usder crossed pofars. Masemurs intederence
oo R B wppor second ofder.

1.
EF

1

Lo ]
AT

s w s
P TR
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) .

3
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v o
3
i |
F
]
N el
I . n :
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5 I%e shape of olivine crynals depends on ikzir ree of grosah
Imess olwing phenocryits were almady prowing showd an a
Fasalin: magma before of wa erupled on the Misks of Kitawra
vokiaene, Hawan The lengeh to breadih rate of these crystals
adapscal of sosdy-proren alnane. Crmsed polem, X20
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IGNEOUS ROCK-FORMING MINERALS

%

i,

CHivine that prows repidly commonly forms sketcrs] or dendritic
crystake These small clhine crystals grew ropadly im @
pasaltic pillow on the opexn foor at (ke Mid-Atlantx Ridge-
Continued growih and filling in of skclctal crystals commosly
ead o the tmpping of meh eclushons in oliane erystale
Crossed podar, RS,

Cilivine dendrites reack exirems length o bresdth misos in the
Aschean wiiramalfic lova nown as komaikile where they fam
radiming blades extendisg down from the wp of fows. The
plbdne hero & intergrown with pyrosese asd mpadly-quenched
melt. Munro Township, Ontario. Crossed polars, X10

[lesvage in oliving i nod comemon, but when present it fomms is
ren digections infericclisg i . Extemction s paraiicl
10 these cheavapes. In pyToneecs seclions shiwing nghi angle
clewmpe have colisction ot 45 o the clesages.  Cleavags
in olivine phenocrysts is seen in ths askaramite from Mau,
Hawait, Crossed podani, X5

1* Tak pecudamorph alier alnane thar was find weused by sorpen-

tine. The eelrngmmer of serpenting i very ke, whencas 1B
of tak @ Wigh. Greswilic marbie, Adiradacis, Mew York
Croased pobers, X5

6




IGNEOUS ROCK-FORMING MINERALS

1) Sesme olivine, especially lm alkaline igneces rocks, contains 7 o
orienacd plates of spinel, which have 3 peculiar bture restan- m \}/,
blisg & comb or root system that s restricied 1o & planar ; L
directica. Thiz sample is from the Cretacecss afulene perido- e :"‘:,'}\.
iise of Mouni Bruno, Queber. Cromed polars, X0 + W ek //{\
=3 g |
R

\

e
23
e
e
0222 v v v

14 Dheformed olivine commeonly bas lamellae paraliel 1o {1007 which
arc visghle under crossed polsr becauic of dight diflerences
W cryslaliographic oncmatice sonds lamellae boundaries,
Mastbe-derred olivine brought 1o the surface in nodules by
alkali basalt comencaly exkibit thess lamellae, as scen s ik
example from an (801 fow from che Hualalai wobcano, Hawaii.
Crodsed poders, }E.

&

—

L

—

& 0

—

1% Montgellite has the same crystal form as olwime, 55 shown by d=
this phenocrysd i an alsoite from Coma, Quebee Lnlie -
olwane, montcellite bas kow birelrnpesce.  Mesiceline s
exturd oely mosilice-poor pocls and B comsnonly skl '-:
wilh mehlite (high rebel, gray mtesference codon, -
thcavage) and ncphelene (low rehiel, in groendma) but nover 1
feddapar. This mck st contases beotne, Crosed polan. X132 :-
o

—

-y

-

-

—

= 1

—

e

—

I fileane an contst with onhopyrozene o8 manile pendote -
mumbale Brovght upoan a kimborhiie pipc, Die Bacard, Quebec. In -;
exemparn 19 olvane, Grihopyrosene appears shghtly codared ':-_
wnder plans hght and w faincly pleochrosr from punk oo =

green Plase light, XR

I Same & IM 16 but wnder crossed polan.  Oleane has high
mrelnngence, whercas onhopyroasonc has kow berelnegence

Adddddd e
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NEOUS ROCK-FORMING MINERALS

PYROXENES

1.1

L

jores of pomsiadis pyroacnce cas be platted in ik lower
half of & iriangeiar diagram which his wollasionile #1 the fop
and ermstiie and ferrosilite ab the Base: this is known as the
pyrosese quadrilaceral, Pyrovenes with compodificdd Between
ide end mugibe, which includes the commos muites, a&nc
moncctinic and are referred to as clinopyrooenes (Cpa). The
cakium-poor pyToTEnes Bz ortharkomiee (oritomToscas = Crpai),
cxcept 81 bigh bemperstures whers they oo ar ol
Prgeoaite is 8 relatively calcium-poor clinoyminc e,

Oipthopyrosene surrousding olrving grains in a cammaic-beanng
harebargite from the Stllsaver Complex, Moniana., Crossed
e, X

Orthogyronene €an be distinguished from swpite by 65 low
tyeiringenoe, 4a can be soen i (his gabbro [pom tho Cereas
[ivke of Zimbatree (Rbodesia). Augite grains that azc oncaed
o BS bo show two clemage dircctions (center of fwebd) do.
bowever, have low interforence colorms similag (0 those of
orthopyrorene (fop centcr). Onhopyroscne Bas exkinsion
paralicl 1o the crystaliographic axes, and thus sectionk Eaving
ihc © axis om the sbage of 1 esicrecops will extmgush
paraliel bo the cleavage. I ibe ¢ mid & imclimed to Che
stagr bhe extinefion & &t an ERgle 10 b cleswmpe, meaciing &
masmum of 45 . Augc B inclaned cxtiacison :-4'5- ), b
when wiewpd down e (0 plame it catinguishes parallel to
the choavage (races. Carelelly examine the [fipsres below
{reased polars, X230

T

Dispride

wWollaitenils

Hadanbergite

Farrasllite

—a. L -8

4 L}




IGNEQUS ROCE-FORMING MINERALS
21, Under plane lght onhopyrosese i norsally clesres than

one ik ite, &b i l&rmnml Fi
mﬁm‘:ﬂﬂﬁmﬂmy mm.;fm.m

il Same ss [ 21 ban under enosied polans. Orthopyrosene has (i

ceder bviesference colon, whercas augite has second order
[in i A

1 Ombopyromens in the bronzss mege (En BB=T00%) pypicaily exhi-

L

bits a lamellar sirocture panallel to (I00). Exinction in
ihese lumellne is 0 few degrecs from being parallel  Some
lamellae are produced by exsclution of supic approximasely
parallel to (100} Thia plates of iimensie (brows where very
ihin} muy exsolive in this gase drccltion, which gives this
pyromene jts bronee in hand specimen. Great Dyl of
Zimbabwe {Rthodesia), Crossed polsrs, X300

- Essolunon lamellse of sugitc arc common in onhognroaencs. [n

Tk sortiom Ike onthopyromeme, which 15 B expnctica.
pgnngng two diffomeat sets of augite lamellse, & thick s&
that s obligee b0 the ¢ amis, snd & Daer me o ibe

wiereening oribopyronene that paralisls { 100), Onhopyrosene
contaning hese rwo seis of beellee s wnvemed from ibe

high-semperature pofymarph, and o known as snvemed papeonibe
(eee I A2 and 31). Sample o (rmom sontic snomhosie, Lake
S Johh, Ouebed. Crossed polars. 320

In Basd speaimen supic v durier than orthogproncne and
thif sectenn @ @ abes darbcr, mokily bong @ paic shade of
penk ot groon.  fiabbro from ibe Greal Dyke of Zimbakees
{Rhodeua)l Plame lighs, 320

b

kil Byl | 3 :
x ':'i.kg!ﬁu,i“h:""
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NEQUS ROCK-FORMING MINERALS

Augite that conlaiss skgaifecant amounts of lianem @
distincily darker than orhaery sugile, and & colored 0 Links
of brownish, purplih, of viobel.  Titaniem-nch sugile oocurs
only i ailica-pocs rocks, mo in this csede  (nephelie
pabbro) from Mount Yamasia, Quebes. Plans Bght, X0

I aflaling rocks, clinopsroxencs are commonly toncd, In this
cxample from Scawt Hdl, Nerhers lreland, supie is 2oned
outaand (heough & purplish brown Hiassagie 10 fim of green
scpenne. The prousdmass comaisi peplchine, Plane lighe, X200

T Acprrine-augite poned 1o e of scpening in ncphelise syenite.

Al present are zoncd cryvtab of sodi homsblends,  The
amphobole @ distincily les irassparcnl thas the pyronens.
Hexaganal prsms of spatile are alw prescnt, Mourt kohason,
Dusbéd, Plans light, X

= Orthoqyrosene crysials polkibically eaclossd la plageociaic

snid mupite.  Bwh ghe orthopyromnas and dupile contain
eolution lamellse of 5e other parallcl vo (100). Stbtewter
Comgies, Monzana, Ceoased polam, XE




IGNEOUS ROCK-FORMING MINERALS

L=}

13

Large sngle erystal of onbopyronene which invered from papes-
nite. Exsolution of aspie from ike original misned pugeonile
eryslal wus appeoaimately paralbel to (00L) of pigecesie. The
feun must bave been presedl in the ompmal monocline: piges-
Rale, Betauas fwimning i nod possible e ehit dirsction in ors
thoshamsbic pyrosene. Mote that the clemage in the omhopymo-
peme pasifs viraight through the bnu.'qd..r:r of the b The
ongasl tan s tbenefore only made evident by the oreataison
of the exmobulion lamellae. In ibe epper befe, 38 sapic grain
costainy (001) lameliae of pipzonite. Great Dyke of Zembabee
{Rhodesia). Crowed polers, X80

Compier patiern of exsclutson  Limellse indicating thai
onpirally & eryial of pepronite wm nEmmed By aspic;
emclulein look plect in bolk ke ppeonitc snd sepic
approamalcly perallel (o (001 )=the honsonmel sots; ihen (ks
mEeonte shvired 10 onhopyrozens; Neslly, encluton in
tath the ofbimToucnd and sepie ook plere paralbel o
(U =fine wertical st Ornbogymoaene seen here i the
EEIERCTIES  Pek L Lake 51 John sncshosae  masad,
Cueher  Cromscd polam. X3
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IGNEOUS ROCK-FORMING MINERALS
AMPHIBOLES

H. In hand specimes harmbilesads i parmally black end cleasage dur-
[aces pve bripght reflections.  Pyroxene, by comtmsl o boow-
nish ar grecmich ard poorer clesvage phves bess relleotive sur-
faces. Here phenocrysis of homblends, up 10 8 centimeter
scross, oocur in @ camplonite dike.  Homblende crxials &n
mafic pocis ikaf are erupied as lva or ntroded o shallow
depth commeonly ane rounded due & resonprion. Monireal, Qucbec,

15, Hombdends eryatal eommonly have simple twins. Hamblonde i
srongly pleochroie, ai seen here im the rwo habves of 1he
reinned crnilal, These eahcdnal homblende phepcdryile ootur
with ragged Glivine phenneris in & lamprophyme dake, Mousd
Bruno, Queb<e, Plape laght, %20,

3o Same as IM 35 b wnder eroased polars, Hommblends aboes
second order interference coloss, bBul thess may be miiked by
the stroag cobar of the sincral

37 Paal scctions of homblende exhibit characieristic S6124°
amphabode cleavmpe. Scctions which do not axhibin phoochmasm
uhder pline polanped hght pne cemlemd ople aos [gums
under eromasd polas. Mephebae srenite, Mount Johnsos, Quebsc
Mane light, X32

W The bier eodic ampiibole nebeckie commonty fomd sncular
erystahi, whath an dhis quarts gyenite from Grenvlle, Queber,
farm rediieng chaiters. Flane highs, XB

75



IGNEOUS ROCK-FORMING MINERALS
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41 Pleochrc baloes sround small piroon Crlell included
if
fn.'?“ Fadwacire decay of small smosnis of wranum nd
Mum in omon desirens ihe Binscture of (8 furposand
Bnastibe and prisduces o dark halo that is pleochnoe, Eu‘rm:.l‘.
e Hsmpehine, Flame hghi, X350
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IGNEOUS ROCKE-FORMING MINERALS
FELDSPARS

.

45,

Plagicclzie feldipas in most igpecnl rocks is charactenoed by
mrllighe rwianing, The erost comsmon twin las in plagioclase i
the alhite ren, with (000) twin plane (horipontal). Peochne
ewing, which hmve the rhombic section st twin plans, ane
ceessed soughly perpendicular 16 1he albals twind afd Somesonly
form shor multiphe twins botween the albaie lamellae grang
the appeamnce of rangs on @ lxdkder, Crosscd polars, XA,

The compoestion of plagociase can be debermined by mossunog
ke oreniation of the optical indicsina with meipect o
eryriallogrphic directioms. Thix can be dane by mestunag 1he
extinction of the [at vibration direction (X7} sgaing ihbe
{0107 plane as defined by the albite tewins, Moassrements mus
be made on crysgals with (010 vertical, Such sectons show
sharp rein lamellae ihat are cqually illeminated when parallel
o lle podan alio their image docs nod sl from sede o
side when the mecroscope is [oouisd up and down ander high
power. Extinction angics messured oa ihe two seis of albac
lumellne shossdd thon be the sanse. Micaturements are repesied on
. many crystals s pousible uniil & maximem value s obtained.
Witk this valee the compasition of the plagsoelase & read from
the graph (p. 4). Cressed palar, X8

. Plagicelase sompositions <an be Selormmaned fnom & ssgle

mesurement of the extinction angle of X against (K)o the
secien |8 perpendecular o both (080 sad (001).  Such
secizons, in additon 1o having charp albdie pwens, shos (001)
clemage cutting noughly 81 nght Bngles acmes the albeie
rwins, @5 scen in dhis scction.  The ¢lemage i checked for
vermicality by focusing the micniscope wp and dowm ander Righ
power. Crossed polars, XE.

i7 Sasse gectson as 1M 46 bul motaied w0 1B one sl of ™an

asellae o 8 eatincison The anglc beweea the [akl vwhralon
dhireson (X)) end (010 s 417, whath Cofrcaponds 10 @
connpoastion of Aner Pagodaic pheaocryst i Mad-Aslantic
Fadpe baialL




IGNEOUS ROCK-FORMING MINERALS

4. Determination of plagioclase compasition by Carishad-aibite

win meibod The method mvohes measuring the extinetion ange
of o' agniest (D10) in alsite twins in & eryslal than absn has
8 Larishad rwin. In contresl 1o multiple albsite feins, ohly &
ungle Carishad rwin is normally present in a crystal, Cartshad
TS 3T OONTHISOR iff Rgmcous: plagioelsie and form during growsh
of the erystal froen the melt Cartibad, like allsiie twins, have
(090} as the twin planc. In the 45" position albite twins are
rad vasible, bul the Carlabad win & When {0} & rotased
paraliel 1o the polars both the afbite and Cardshad twin lamel-
lag have ihe tnme color and ane mol visibls,

43-51. First, measure the extinction angle is aMbite rwing wn the

belt half of the Carlsbad twin (= M)

52-53, Second, meature the exinction anple in afbile fwins in ghe

faghl hall of the Cardbhed rada = &),

Finally, the eomposition W read feom the graph, the larger
engle being pledbed oa sofid lines and the smalier afgle oo
dathed lines. The composition of this plagsochase 5 Ay,

52
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IGNEQUS ROCK-FORMING MINERALS

. Compositional soedng in plapiockse & commcon, I the eryaal
s mare sodic soward the fim, 8 i s 00 be nomually noncd,
il it & more calcic, it B roemely poned, I the
composison fuctumies back asd forth, the plagiocisse has
cecfllatory roning. BA Ecen = this plesoorysi in an sndekitc

from Mosnt St Helomt, Crossed polars, 30

55 When plapociase grows mpsdly, s in the grosodmas of thas
olpdne hassll feom the MidoAdlantic Ridge, o Tomms deadmis
microhies that afe elongabed parallel to erpsallographic a
The composition of ihese microlidcs can be delemmined by
measuring fhe maximum cxtinction asgic of X againd the lenph
of the crystals (p. 463 Flanc light, XED.

56 Dvthoclese  perthite formed by ocbolution of  albile-nch
feldspar Mrom potassbum-rich feldspar. Crooed polars, K20

47 Same as DM 56 but wnder plase light, The polasuum feldspar
Bowl B seen B0 have bowep rehiel rhan ibe aibite lamsliac or
the guanz

% L fwimning. =hath s characionites of moad meteocling,
results froen cxipemely fine albac and penchine Dwirs 1kal
form wiven (he [ehdspar inveris, on cooling, Erom the hegler
fempsratude monochsic onbocase b the Megrdemperatun
inchni migrecline, Croased polamn, X0

T




IGNEOUS ROCK-FORMING MINERALS
SILICA MINERALS

5. Undulstory eatinciion in quarme  Rows of Mull granite,
Scotland. Undulatory extinction i farmed by damains wilbin
erysials  thal  have  slightly  different  crystallographic
onenistiond & a resuli of simis, B & particulardy common
in quase, Crosted polare, K&

8. Crasrtz phonocrysts with o dipyramsd form indicating that they
crystallined a1 the high-semperatuse bets farm in this thyolite
from Salem, Matsachuseits. Cenased polai, X5

PEY

e

¥
1

4

61 Bescrbed or ireegulasly grown phenacrysts of quarnz in baotne-
beanng dacsie, Ward, Codarada, Plane light. X2

LA

2
»

Y

Bi
|

5
(1A

n
W

61 Todvemte Bades ndergrown with (avalie i as roa-meh
Aol plass  SymEhcti compasition. Crotsed polars, X34
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IGNEOQOUS ROCE-FORMING MINERALS
FELDSPATHOIDS

i3

[+

Late-crystaliizing mcpheline surrosndiag plagioclsss  and
bornblende in casexite, Mowai Johsson, Quebee. Nepbeling has
extremtly low birelnngenee—first onder pray. Crossed polars,
XE.

. Same ps IM 63 but usder plane light. Nepheline alscrs readily,

as goem from s clowded sppesresce. By contmst, quartz,
which also commanty eryelalbses late &nd thus exhibits smilar
textural relations g thase of nephelsne, ghows no aliemtion

. Becauss of it low birefrinpesce, nepheline goes 1o extinction

catily sad wheh in (hi mlmﬂlumwnfmu
bright Mecks of muscesdie formed from altemilon of the
mephcling, Easexite, Mownt kohason, Quebee. Crossed polars,
v

Phenccrysis of mephelise in phonalins, Mound 50 Halaire,
Cueber. Dark phenccrysis are oosdized fxvalise.  Plane Bight,
KA.

Samme as 1M &6 et under crossed polars.  Those sectioas of
mepheline phenotmats with hompooal outline  have  low
interference cofom., whentak ibdsc with squansh cuthae show
higher white interfercmos colan.

Fubedrnl phenocrysis of loutic and scgenne m & koenibie,
Viemnaus Flane light, X350

W Saeee as 1M 68 bl under orossed polami.  Lownibe, Of cOlNE,

e froem cubic 10 eimponal. end mulliple  Deanneng
develope in Eiflorent secion.

i1




IGNEOUS ROCK-FORMING MINERALS

M. Bladed zeolite, thomsonite, with botrope: snalcde flhag

wesicled in bacall, Estand of Mull, Seoiland. Croazed polars,
AR

i, Melilits, nepbedine, timnaugiee, psd magnetdc in mephelinioe
from whe Honolaly series, Oadw, Hywaii, Mebilie g acpheline
both have low geay interference coloe They can casily be distin
pmished by refliel--meldie 15 much higher. Crossed polars, X80

£ Same ay IM 70 bul undes plane bght where e low eclich af
o ph ol 1 evidea]

T Slender pHsma of Ipalto—nne with an wdal cavity—and @
Wjeare section through » zircon crysal besice a larges bioiite
crysal  Apstite crmiallining in sibica-rich  residusl melis
camsmonldy forme long seedles. Plane light, X&0

T4, Rame as IM 73 but ender crossed palars. Apatiic kas jow gray

mterference codom, whercas zircon has up 1o founh opder
o

™

In mafic rocks, apanse typically forms snubdy PR, &d boen
herr enckoicd im hosrfblende, augile, and magnelite in an
oacule, Mount Johnwon, Queber Adibough apative o poi
hint tlesvage, prominens freciuses across the PrsmE arc

0 0000 600 Sl i i D 1 e

=l
T _.I
-
T Same as 1M 75 bu wnder crossed polan ..--.I
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IGNEQUS ROCE-FORMING MINERALS

T1. Typieal wedge-shaped crysial of sphese showing the promineni
clesvape. I sepheline pyenite, Lock Borrolan, Scolland. FMaso
g, XBO.

TE Same as IM T bul under crodsed polar. Sphdsd sppesm
eszentially the seme ander oncesed polars &8 snder plane light,
becavae it high arder pink interferencs ookor @ maiked by the
miéneral's normal oolor.

7. Foacd 1ourmaline cryiak with grecnih cores and brownish
mms. Plame Hght, X230

Bl Alkali gabbro comlsiming tisnsupie, plagioclase, and
magrectile, which enckoic dark frecn hersynite. Mowal Yemsi,
Cracksee. Flane light, RE0
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METAMORPHIC ROCK-FORMING MINERALS
AL;Si0; POLYMORPHS

L. Phase disgram for ke hﬂ.[] polymarphe.  Kyanite i ghe

i . Elilr the lesepressiiee cne, and
sillinsaniie the high-temperatume ose. AR throe can cocxist @
ihe triple paing, which & ac a pressure of apprendmaiely
0375 OPa and S00°C. (After Hoddsway, 19713

The mos characierissic feature of silsmanite i the square
Crost eection of the priam with g single diagonal clervage
difedtion, Cleavage is sol evident in PRimatic sections, bl
PREWTHNENE Crows Trsetures see comemen Comaitny rock gurmunds

Ehe malfic igneows complex of Hadda House, Aberdeenisiire,
Seotlend, Mane Ingha, X330

Under crossed polars, sillimasite has &p o high firm order
meerenence colows, and prisesi have parallel edinchon and
Ao ReRpih slow,  Seen herc walh cordierie {rom the homiels
burrcunding ik |addo House Comples, Aberdecaabire, Sooiland
Cromeed poders, X110

Mflfansle can ocour 85 a brous mar Lnmam g firolie, seonm
heee Bevide & parnel foaral The lisers Bave ilst same opical
PPOfEriicy as 1B foaduer Prisse, bl they are commanly & fine
thar wdnadual iber cannot canly be resobaed 1@ the ofslcad
Thitasope. Lrased polam, X548

Kb |GPe
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METAMORPHIC ROCE-FORMING MINERALS

5 Kyasse commaonly forms coarse bladed crystals. Albough it is
poloriess in thin section, i@ appéare Quile dark

becamse of it high mimcihe indiees, Country ook

varrounding Foss of Mull granize, Scotland. Flane ligh, X9,

& Bameas MM 5 bt under croascd polass. Kymnite has upper fimst
arder inberference ool

7. Kyunite exhibiis two clowsages thal paralicl the leagih of the
bladed and interscct a1 & high magle. A promisesd cross
fractare i aleo evident i prismatie secticas.  Floss of Mull,
Scotland, Plane light, X0,

B Same ax MM 7 bul under croased polars. mhd-u-ull':u.'ru;;;
fengih skow, and the eatinclion angle varies from 0 to
depending an the aricntation of the el

. Andabusite typically forme large porphymoblasis with pocrly
developed crysial faces. |1 has the lowest refrsctive endices
of the ihree 5 polymorpha. In this sestion a large
aniabusite is” beside soveral smaller, higher refiel
crystals of kyanite. This andaluiite foresed b= the contact
meiamarphic auncole aroend i Roks of Mull granize. Kyanite
was ihe siable polymeorph in ke regionally metasmosphoted rock
prcr 10 ke intresion of the gramiie. Flase Bght, X

10 Same us MM 9 bui ender crosied polare. Fime order yellow &
1% mammumn interference color of andakstle.

11, Pompiyroblas of andalusile commonly groee arcend asd enchoee B o S ALk
many of il other mincrals im & rock, These mileded munerals, e, (e _:H""'H.: Y . R
expecially graphite, may be conceedrated al the cofe of along F: e e T : Pk
diaponal planes ibrough the prem. Thes awer armangement : q}'\'.- - -‘.\\_ﬁ_ = = L]
produces & cruciform patiem of inclusions in sectians paraliel e ¥ Pl o, "": #,
£o the basal plame of ibe prinm. Tha vasicty of sndalusite is it fr e \%ﬂ!\ Fig
s as chiassodite, Planc lght, X4 e 30 \ i, M
i i £ o - -"'r'.':i
" y ¥ af P
12 Same s MM 11 byl ender crossed polars : i+ :;;1. ".':"\\":\ LI, T
h.-;.f‘- B
il etV

bt
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METAMORPHIC ROCK-FORMING MINERALS

13 Mullite, which is slightly more aluminous than sillimasile,
Forms in high-bempessiuse, low-pressure contac meta o rphesed
pelites, as geen in this xesolith from o dishac intrusics in
the lsland of Mull, Scotland. Tts optical propertics are almost
identical %0 thoss of sllimanitc, but mullle commonly
cxhibits 8 faing Elac pleochroism, The mullite in this sampile
i infergrows with dark spinel. Plase light, X80,

14, Sasc ax MM 13 bt wnder crossed polans.

ool il bl il el vl mal el il ol Sl L W

15, Corindum, son here inbenprown witk plagioclase, derk cubodal
bpunel, and dark brown inengitial gles, @ sl 8 comsmon
vonstituent of high-lemperatur contact melamsorphosed pelnes.,
Conundum farms exhedral stubby prisms with extremely high
reliel. Bt has 60 cleavape, but a pooe basal ranisng produces
fransverse  [rmcturce in priomalic sectione  Memolith in
duabace, Mell, Sootland. Planc light, X230,

Wi, Same an MM 15 but under crossed polars. The Birelninpence of
fhuncum & ihe Lt o thad of guarts, but becsuse comendm |5
& hand o & mormally chicker than vhe othes migerak in ke

serhcn and wall, ihercfone, have elightly higher interfcrence
[ LTy

17 Mustmabc-hegivlesblonie schisi.  Muscovide & charaite ired
Fn high hereifapence and & dlippled indeeye  eximcingn
Bt abo echibits bindseye extinction bed s pecthroic in
thades of bown snd prees i contraat 10 muscimdlc whick i
cdoreo. ender plinc-polameed hpht  Chioriee ha very low
tarcimngence, and hypically bun snomalous iscrlcmece colon
=hrmw in i i, Plane bgh, XE

Br harme as MM 1T but under crmsed pofan

R R R N R Y A I EETETETETI

i

L

+ Hustitechlonle schima  Chlome  under plase Wphi w o r i
cally preea whedcas mint beilile o hrsanial = |
—

= Same w MM I¥ but wnder cromicd polan. The i rference =1
geiom o Mo ane Righ wittncas IBme of ehlanic sre R -l
b -pray o Dl Eamybe L

b
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METAMORFHIC ROCE-FORMING MINERALS

2]

Gamel porphyreblas! in & museovite schiss. [ peline schists gas-
oei iypecally forms euhodral porplToblisss. Small amoasts of
briren binlite aad pale green chicsite se alio present. Gasnet 10
peliv: rocks hebomps 10 the almandane (Fel == spessaming {haj -
prrege gD series and s cobored some sbade of pale pink i thin
sceten. Mlane light, X&

Same as MM X1 but under crossed polar.  Gamet in pelis
rocks i iotmopic, bul  calcum-bearing  gamets  in
metnmorphosed Bmcstancs asd skarns fypically e anomalous
ow imlesferenos codon

1 Tissium-nich garmel, melenite, & durk brown in plane light.
b}

E

=4

Ewhedral staurchite porphyroblasts beside s large anhedral
gamct parphyrehlait in @ museniie-Eraphice schise Stauwmolive
it one of the few mancrals (hay b5 plecchroec in shades of
yeitons, Flame light, XB

Same v MM M but wnder croszed polam  The marsfums
merference color of sauralibe is Grst order yellos:

Chiantoid imanably groes s porpigrobless i iros-nch
pelaic pocks at low prades of metamorphiim. Chatak commonly
et across ihe [ahalwn defined by musomdte. The pleachasm,
from graysh grecn through Blue 10 pale yellos. o dgadonle
of chlommosd. LUrhke in micas, [aciures 0 cul scross the
badal clemape, Teimning on ibe basal plene i common. Plane
lighl. X2

Same as MM 20 bur mndor oroesed polan Because of low
snomalous imerferonoe codors, Ehe eodor of chloniosd undar
croased podars does pol differ sueh [rom that under plame

Eghl.
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METAMORPHIC ROCK-FORMING MINERALS

nwmmmmmm ﬂ':-. g P "—1, L el g
Aberdeenchice, Scotland.  Condierite and plagioclsse appear |/ 'f::'-‘*i:.-{":'lﬂ- "#"::'EE"{:.';_'"&'. "'1“-
g‘n:m Hm‘ﬂl in u.-E mﬁnﬁmﬂﬂk s commonly -“';'. b I!g"-._.{‘q;!“ e AT _p.i&{.;_' .

r . =g i o g W L]
e e s o
T e R 1o L g
2% Same as MM 2% but wnder crossed polan. Cordierite and |7 'r"'"\:.'a'-l i E},‘&;ﬂ‘i’.‘ﬁ ]
Piagiociase bath have ray 1o white interfereace colors, # o i pe 1-:-.—1:"&-‘:-.-_-_:- b S5
.'lrﬁ- LHH_;""“- .:ﬁ'-" " g -.:I.'""""..I-q': ?.“:'l--.l.
e 5 = -.I "'"‘I.. “'1 t "'{""
=y : “ R a.-._;:'i B ey
Vak g T S
- "y B e l;l.l L. N "
~ T QY Einle Ty S

3. Cordseribe-bi riz gnels.  Becawse comdierte contains
u gmall amount of  Albcration products along frscturcs an
coenmonly stmined wiitk monie. Plase bighi, X230,

3. Semne s MM 3 but under crossed polar. Zomes of slecration
dlong fractumes in cordicrite appear a8 Broad derk oo
Mecked with s miuscovite erystals {pinic),

=i
Rl

5. {T.

h k

32, Marble consistiag ol polygonal grasns of caiciie. Calcite has
the Righest birefnapence of the ommon miserals, and #is high
eFler pink inserfercnre color i 8o pale that it is cossnonly
mistaken for & i order white. Esamanation of b ecdpea of
eryRali will, however, reveal multiple sochroenatic hncu
Rhﬂ;ﬁbtﬂuq;: and twinnisg st very commos. Crossed
polarm, X35,

3. Prass of iremalice s5d ashedral diopside sk quarts produced
from lew-grade meetamorphism of impure dolomitic limessone,
Piene light, X350

DA i 0 i 0l vl i il 2l e i el il it n tl N G il T L A S A

M. Same as MM 13 byt under cromed polars. Tromolise SEOWT W 1
second ander blue interfentnon colar.

k.
i
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METAMORPHIC ROCE-FORMING MINERALS

35, Pandaly serpentinized forsteritic olivine in marble. Croged
polers, 300

Y. Fomicride in marbles s commonly compheicly albered (2
sorpontine, formimg 8 rock known as ophicabsve,  Croascd
potari, XE.

17 Diopmsde- aed seapolie-bearing marsie. Uinder crosed polan
hosdsde snd scapaliee cxhibul wmilar maddle second oader
matimum mlerference codors.  Upder plane Bphi, hosever
diopasdc had Mronpg posithe relief (grain @ eoddie  ledo),
shoreas scapolie has very bow rebel (upper nghi) and
reaembles plagicslese. Scapolite o oone ol the lew unaxisl
nepatree musersli po exhibil mvoderate birefnngenoe.  Crosed
prdaf, N3

W Wewsianile [idocrasc) micrgnowns wilh diopeds aed Guans
drveloped By comian mohamdrphinm of Spure lemexione
Vesuvianibe Bas very s barcfinmpence and eabihiis anamaloe
Hlue insererence cobom. U rosaed podam. NE

Lt




METAMORPHIC ROCE-FORMING MINERALS

¥. Biades of wollasionite in contact metemosphoscd lEmestone,
Sewwt Hill, Northern Ireland. Under erosssd polan wollastonkie
has maxismum intererence cobor of At order yellow, Crotied
polars, XE.

40 Meblive-philegopice homdels from (mpure dodamitic xenalith in
the Brome Moundsin gabbro, Oracber. belilite has low, and
maely ancealoe, inererente colors, hese grading from browm
in the core of the eryitali 10 blue oo the margpne  Crossed
podars, X0

41 Alstc-cpedote-chlorite schisg formed from 1he meamorpaism of
baiall.  Adbite s untwianed; epidote has high reliel; chlapne
hai snicrmediate relief asd o plecchros in shades of preen
Flenc lughs, X,

42 Game s MM 41 bat under crossed polars. Epidiale has bright,
high seroad order inlerference oodors, . Chioniie has very bow
snperlerenee oodom, in this case, asomalous seddish briws

A1 Ipadele on contaci wath &R opagoe praen prador cutwand 1o
clinoroasite @1 the margsn where i contectd plapocime  The
rirective isdices and birgfnngense of cpidole dorreae waih
decrrasng iros coatent; chaonoide, (he iron-poor epedno
ha promalous Muee etererencs oolon. Cnoseed polam, X100
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METAMORPHIC ROCK-FORMING MINERALS

44 Piemonlite, the mengenese epidote, bs plecchrosr from red o
camary yellow; ihe oHeniation in this photograph ghes red.
In cantaet with phlogopite and quartz. Flana light, X50.

45, Same 4 MM 44 but polarizer has been rotated through 907 so
Puan phersontite is mow yeliow.

46, Actinalivechlome-epidale schist (mets-basalt). Chlorite has
losw pelicl relative 40 the otber minerads. Plane light, X258

4T, Same s WO 45 bt under cromeed polars where epedobe i socn 10
have moch hl;hﬂ birefringence than actinoiiie, and chiosise
has anomaioes blaish gray imerference colon.

48, amphibolite  containing  olarkes  cummnpionilte, green
homblende, and unfwinned papociass, Toi® amphihodes coatain
ibin basal excdution lamcllse of 1he caher. Wiere crysials
ate iwinned, the cxsolutbon lamellse peoduce o herringbane
paticrs. Plane laght, X235,

£ Dlascophanc schist showing 1he chamsctensis e pleochrmim
ol 1ha amphibale, Plans leght, X240

||||




METAMORPHIC ROCK-FORMING MINERALS

50 Lawgonite crystsls in ghascophane  schise, Lawsomite s
codarices, Mane gk, X0

ST, Bame ax MM 50 bat wnde r crmscd polars whers lawsonite & soen
b have braght mterference coloas like those of epedose.

52 ledeite quariz schisl, The pyrosene jadeite does mol form
duslingd Srystaby  dniesd @l typienlly fonms bundles of
siaphily diverging fiber. Planc Sighi, X230,

ip%
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4 Classification of Igneous Rocks

Igneous  rocks typically consist of seven major oxides, S50, AlLO, FeO
m. MgO, CaO, NayO, and K0, which combine to form the rn:k:’:fa-wrg

; o which include chnopyroxens, orthopyrosene, olvine, garnel (only at
high pressore), amphibole, mica, quartz, plagioclase, alkali feldspar, [eldspathosd,
and spingl (commonly magnetiic). Most of the minerals belong (0 solid solation
serics, and thus they can adjust their compositions to fit & wide range of bulk rock
compositions. As a result, most rocks are composed of no more than four of the rock-
forming minerals, and some contain less.

Classifications of igneous rocks have been based on both the seven major oxides
and the cleven esseolial rock-forming minerals. A chemical classification is of lit-
tle use in the ficld, becanse it requires anmalytical data, Minerals, on the other
hand, are readily idenmtifiable im the ficld, if sufficiently coarse grained. They
may also provide valuable information about the environment in which a rock forms,
which the chemical classification docs nol,  Coesite and guartz, for example, are
chemically identical, but cocsite forms only under exremely high pressures. A mi-
neralogical classificatson, however, 15 of litle use il the mincrals are too [ne-
prained (o be identifiable or the rock s glassy; m these cases the chemical clas-
safication would be/more useful,

Thiz laboratory manual uses the classification proposed by the International Lini
on of Geological Sciences (IUGS) Subcommission on the Systematics of Ipneous Rocks
(Streckeisen, 1976, 1979 LeBas cf al 1985), For wvolcanic rocks, the Imvine and
Baragar (1971} classification s also incleded. The UGS classification uses both
the mincralogical and chemical classifications, but emphasizes the mineralogical one
wherever possible.

Mode and Norm

The mingralogical composion of a rock 15 known as s mesle. The abundances of the mmerals
ang :|1-.urr.|:|||1l.' expressed in lerms of valume persent, [or this s whaz! the gve aciunlly percerves
Accurate maosdes are obtamed by podnd cowsfing thin segtens of rock under the rmLmEr.Jphu;
T P e This method invedves |rJ|:nl:|:3,'||1:|: the menetal bemneath the croashurs of e mcro
scope gach nme the sample 15 advanced a metered amount by a mechamcal stage The metered
thetements exserially create & grid of points on the sample, and the fraction of the ol Aumber
uf peknds occupied by i partcular mineral 13 propomaonal o the vodume pescent of 1hat mineral
if the rock. An approximade mode can be oblaimed by simply cafimating the percendages of the
mprerals i the hand specimen or thin secton, The fipares on e mside back cover, which give
cxamples of a meroscope Neld of view Olled with varous percemtages of a phase, will help
miidke this tash coxer. Be vareful when determining masbes thai a low enough magnficanon i
used b sample o represcatative area of the pock. With exstremels coarse-graned rocks, an
ehbire thin secisun may mol even be fepresentative, and several sectnds may necd o be mea-
suted  Finalls, if the fock s lavered., the section midsl cul swtoss, and preferably be narmal o,
the lasermmg e hisgalem ol a sepfeseniainye mode s 1o be obanmed

If & rock is (oo linc-grained for the mode 10 be determined under the micro-
scope, or il il consists of a substantial amount of glass, a chemical analysis wall
be nceded (o classify the rock. Modern avtomated x-ray fuorcscence speciromelers



can produce a major clement analysis of a rock in less time than it takes to do a
normal thin scction study of a rock. Indeed. if such equipment is fited with an
energy  dispersive  detector (a solid state device that detects the energy of x-rays),
a lew minutes are all that are necessary for an amalysis. This docs not include sam-
ple preparation, which takes sbout the same lengih of time as the preparation of a
thin section.

In order to classify a rock on the basis of a chemical analysis, it is necessary
1o convert the amounts of the various oxides into the mincrals that would have for-
med if the magma had cooled slowly. The calculsted abundance of the mincrals is
known as a momm. The esides in the rock analysis are allocated, following s pre-
scribed set of rules, 1o smple anhydrous end-member formulse of the rock-forming
and common accessory minerals. The normative mincrals are the typical ones that
would form il & magma erystallized a1 low pressure, for example in a lava flow. The
normative composition of a rock formed al low pressure will therefore be similar to
its mode. You may wish to check this by point counting, for example, a coarse-
praincd analyred basall or pramite. (For high pressures or for hydrous conditions
special normative calculations have been made.) The norm, then, allows a chemical
analysis of a rock to be recast in terms of the common mincrals which arc the basis
of the IUGS dassification.

The first norm was devised by the four petrologists Cross, Iddings, Pirsson, and
Washington ({Johannsen, 1931}, and thes @ is commonly referred 10 as the CIPW
norm. It takes the weighi percent of the oxides and recasts them as the weight
percent of the mincrals; it is therclore also known as a weipht morm.  The norma.
tive perceniages are not directly comparable 1o those of the mode, which are listed
as volume percent.  The diserepancy is particularly noticeable for very dense mine-
rals such as magnctite and ilmenite.  The weight norm, however, can be converted to
volume proportions by dividing the weight perceatage of each normative mincral by
its density and recalculating 1o percemtapes.  Normative caleulations have also been
prescnicd in terms of molecular proportions: these have the sdvantage of deviaing
less from the volume mode. Because all such caleulations are now carricd oul on com-
pulers, there is no reason not o convert the normative mincral percentages o vol-
ume percent if comparison with a mode & 1o be made. Remember that the LGS classi-
lication is based on volume percentages.

The task of distributing the thirteen oxides normally given in a rock analvsis
amongst 3 multitude of common mincrals o first scems impossible, For example, where
should Cald be aliotied?  Anorthite, clinopyroxcne, and wollastonite all contain Ca0),
as do the sccessory minerals apatite and ealcite.  Silica s sill mire of 8 problem
because most of the common mincrals are silicates, bul they do not all require the
same amounts of silica. O course, there would be no unigue solution 1o this problem
f there were no restrictions on the manctals that form.  Peiropraphic cxpericnes,
however, indicates that mature places severe restrictions on the possiblc  mincral
sscmbliges that can oceur.  On the hasis of thise restrictons, then, Cross, Jd
dings, Pirsson, and Washington devised their scheme for calculating the norm. It
a eredit 1o their skills as petrographers that the norm calealation has stoesd the
test of bime and can now even be justificd thermodynamically. Althiough the cakculs
ton necd nid be memorired, valuable petrographic nsight i pained fiom o peneral
apprecuation of the steps invobved, in particular with thone dealing with the diari-
bution of silica.
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CIPW Norm Calculation

To begin the CIPW norm calculation, the weight percentages of the oxides i the rock
analysis are converted to mole proportions by dividing cach oxide weight pereent by
its molecular weight. Because trace amounts of Mn and Ni substitute for Fe in the
common ferromagnesian mingrals, the mole proportions of Ma(Q and Ni(} arc added 1o
that of Fe(y; similarly the mele proportions of BaQ and Sr(} are added to that of
Ca0). Using the formulae given in Table 4-1, the mole proportions are disiributed
amongst the normative minerals  according to the rules given below, The calculations
can be carried oul convenienily on a balance sheet, as shown in Table 4-2. The first
column gives the chemical analysic of the rock in weight percent; this is followed
by the molecular weights of the oxides; the third column gives the molecular propor-
tione. The remaining columns, one for each normative mineral formed, show the amount
of an exide that remains after the necessary amount has been allocated 1o the partic-
ular mineral, Eventually, each of the owides i reduced to zero at the right side
ol the table afier all of the oxides have been allotted to the approprinte mincrals.
The weight pereentages of the normative mincrals arc then calculated by multiplyng
the appropriate oxide by the factor given in Table 4-1. As a check on the calcula-
tion, the sum of the normative mincrals should be the same as the sum of the weight
percentages of the oxides used in the original analysis I:HEH i ignored).

In the following rules, the name of an omde refers 1o Ws mole proportion.
Thus, a rule stating that the 50, i to be reduced by 05 x MgQO indicates that
the mole proportion of Si0), i to be reduced by an amount equal to onc hall the
mole proportion of Mg0.

1) P40 is allotted to apatite, and Ca0 is reduced by 3.33 x P40,

2) S wallotted to pyrite, and FeO is reduced by 0.5 x5,

3} Cra0y is allotted 1o chromite, and Fe( is reduced by Cra0y,

4) Ty is alloted 1o ilmenite, and Fe® i reduccd by Tid, I TiD,
“excecds Fel), the excess is allotted to prosisional sphene {tn"), and CaQ
and 5i0; arc both reduced by an amount cqual to the excess of Tk
this step is carricd out only i Cal remains after formation of anorthite
{step 10). I Ti€), still remains, it is caleulated as rutile,

5) F is alloted 1o Nuorite, and Cat) is reduced by 0.5 x F.

6] €04 is allotted 1o calate, and Ca0) is reduccd by CO4.

T Zr03, is allotted 1o rircon, and S8, is reduced by Zr(),,

) Kof) is alloticd to provisional enthoclase (o), and AlOy is  reduced b

T K40, and 50 is reduced by 6 x K50, ;
9} Aly(}y remaining %rmn step % is combined with an equal amount of Nas() 1o
" form provisional albite  {ab’), and silica s decrcased by 6 times this
amount, If there is insufficicnt Al0)y, proceed 1o step 11

1 .-'tl.l:l.’:l1 remaining (rom step 9 i eombined with an cqual amoont of Ca0 1o form
provisional anorthite {an’), and silica is decrcased by twice this amount.
1 AlyO exceeds Cald, it is caloulated as corundum,

Ty I MNasfd) excceds Als(dy in step 9 an amount of Fua0y equal 1o the
cxcess s alloed 1o acmue, and silica ducr:awdl lzy 4 times this
amount.

12) If Nasf) anill remaine afier siep 11, the remaining NasO forms sodium  metasi-
Weate, and silica is reduccd by the amount of the remaining NayO {this
s exdremely rarc)

l;j




Mineral

Mepheline
Kaliophilite

Aemile
Ma metaubicate

Diopside

Waollastonite

Hypersthene

Olivine

Ca orthosilicate

Magnetite
Chromite
Hematite
lmenite
Sphene (titanite)
Perovakile
Rutile
Apatite
Fluorie
Pyrite
Cabcite

TABLE 41 Normative Minerals
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13) All remaining Fey()y is allotted to magnetite, and the FeO & decreased by
F:I'D . If Fe 3¢::l:l=:.'d.'!- Fell, the excess 15 calenlated as hematite.

14) All remaining Mg(} and FeO forms pyroxenes and olivines. At this point, MgO and
Feld arc added topether, butl their proportions are munntaned in calculating
the amounts of the Mg and Fe cnd-member-components of the pyroxencs and
olivines,

15) The Cal) remaining from step 10 forms provisonal diopside (di'), which decreases
Mg + FeO by an amount equal to Ca0), and silica by twice this amount.

16) Il CaD exceeds MpO+FeQ, the excess forms provisional wollastonite (wo'), and
silica 15 decrcased by the exceas Ca().

173 W the MgO+FeO in step 15 exceeds the Ca0), the excess forms provisional hyper-
sthene, and silica s decreased by the excess Mgt + FeO).

18} 11510, is ehill positive, remaining 5i0, is calculated as quartz.

19 I S is negative, the rock contains  insufficient silica for the provision-
;ﬂlﬁ- formed silicate mincrals. Some of these mincrals must therefore be
eomvericd o ones  containing  less  sihica, wotil the sibica defliciency =
climimated. The order in which this 15 done = a8 follows: Trst, hyper-
sthene s converled 1o olivine, then sphene 1o perosskite, alkate (o
pepheling, orhoclase (o leucite, wollaatonie and  diopside o caloum
orthosilicate and  olvine, and  [mally leociie o kalophilic. Let the
deficicncy in silica be Dy the amounts of the provisional normative
mincrals arc designated with a prime (sce Tabbe 4-1 for abbrevianions),

20) WD < hy/Z, sct ol = D, and hy = hy' - 2D

i D > h'/2, all provisiomal hypersthene w comveried (o olivine (o = '),
and the new silica deficiency, Dy, is [ - by’ /2.

2 WD <, setpl = Dy and tn = n'- Dy,

If D > ', all provisional sphenc s converted to perowskite (pl = tn'), and
the new silica deficiency, [, 18 Dy -t

If no provisional sphene was made in step 4, simply set Ly = Dy,

2) If Dy < 4ab’, some of the provisional albite is comveried to nepheline, such
that ne = Dy /4 and ab = ab' - D4

If Dsy > 4dab’, all provisional albite is comverted (o nephehne (ne = ab’), and
the now silica deficiency, Dy, i5 D, - dab’,

23) If Dy < 2or', somc provisional orthoclase is comveried 10 lewate, such tha
be = Dy/2 and or = or’ - Dy /2.

I Dy > 2o, all provisional orthoclase is converted 1o provisional leucile
(le’ = 01"} and the new silica deliciency, Dy, is Dy - Zor”.

M) I Dy < wo'f2 in provisional wollastonite (not " in diopside), some provesions
wollastonite is converied 1o calcium  orthosilicate, such that ¢ = Dy,
and wo = wo' - 2D,

If Dy > wo'/2, all provisional wollastonite s comvernted to calium orthosili-
cote (ex = wa'f2), and the new silica deficiency, D:—.. is D, - wa' f2,

25) Il Dy = o, some of the diopside is converted to caloum orhoslicale and
olivine which arc added 1o that previously formed; sot & = Dg/f2, ol =
Djfz., and di = di' - Dg, remembering 10 add the amounts of & and ol 10
those alrcady formed in steps 24 and 20, respectively.

I D > dif, all provisional diopside @5 converted 1o caloem  onhosalicine
and olivine, such that es = di'/2 and ol = di'/2 (add 10 amounts formed in
steps 24 and 20), and the new silica deficicncy, D, s D - ',

) Finally, if there is still s deficiency in sihca, leucite B comveried 1o
kaliophilite; set kp = D /2, andlc = I’ - D /2.
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26), the norm calculation s completed by multiplyving the mole proportion of the
first oxide in the formula of cach normative mineral formed by the weight-conversion
factor given in Table 4-1. Only rare rock types have low enough silica contents to
cause the porm calculation to procced beyond step 22, For most rocks, the
calculation is therefore quite short. Nonetheless, if large numbers of norms have
to be determined, the calculations become tedious, and they are preferably done
using a computer. Those students interested in computer programming or who are
familiar with computer spread sheets will find the construction of a norm program an
interesting and uscful exercise.

TABLE 4-2, Example of Norm Calcalation
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General Classification Terms

Rocks are divided into plutonic, hypabyssal, and edrusive or  volconic
depending on whether they are emplaced at great depth, mear the surface, or on the
surface, respectively.  No definite division scparates plutonic from hypabyssal
rmhl:gﬂmrﬂlhﬂdﬁﬂuﬂmuhﬂmﬂmmm lnpll.t-ummﬂh,
mincrals  arc readily identifiable in hand specimen because grain sizes are cither
mediom or coarse {(>1 mm). Hypabyssal and volcanic rocks are fine-grained or cven
glassy, and mencral wleatification in hand specmen 15 difficolt.  Hypabyssal and
volcamic rocks are therefore commonly classified together,

The gencral composition of a rock can be indicated by a number of different but
equivalenl terms (Table 4-3). Rocks rich in quartz, feldspars, or feldspathoids are
said o be felric, whereas those rich in ferromagoesian mincrals are mafic
or cven ultramafic il they are iotally dewoid of felsic mincrals. Felsic rocks
are rich in Su'l;'lz, whereas ultramafic rocks are rich in MgO and FeO. Early in the
development of petrology, silica in magmas was thought to combine with water to form
siliceous acid, whereas MpD and FeO were thought to form bases. This led to the
terms  acid, bogic, and whrabarie, which alihough obsolete are siill common-
ly used. Application of any of these terms in the fcld is based on the simplc ob-
scrvation of the color of the hand specimen, and thus il seems more honest to use
lerms  that  indicale this.  Light-colored rocks are referred o as  fewcocratic,
whoreas dark ones are melmocratic. A quantitative statement of the color of a
rock can be made by using the color inder, which is simply the volume percentage
of the dark lerromagnesian minerals.  The color index can also be based om the
percentage of ferromagnesian minerals in the CIPW norm if an sccurate mode is not
available,

TABLE 4-3 General Descriptive Petrographic Terms

Mincralogical Chemical  Obsolete  Color  Colorindex
Felsie = Sil),-rich = A = Levcocratic = ]
hahe = = Basic

Uliramafic = (MgFe)O-rich = Ulirabasic = Meclanocratic = 100




IUGS Classification of Plutonic Igneous Rocks

The classification of plutonic rocks is less controversial than that of volcamic
ones, because the constituent minerals are readily identifiable and thus can be used
for modal classification. The following is a summary of the cdassification of
plutonic rocks recommended by the IUGS Subcommission on the Systematics of Igneous
Rocks (Streckeisen, 1976).

The UGS classification is based on the modal amounts of the common minerals,
which are divided into five groups:

Q@ quanz

A alkali feldspar, including albite with up to § mol% anorthite {<An

P plagiocalse with composition from Ang 0 Aoy, and scapolite (a common
alteration product of plagioclase)

F feldspathoids:  nepheline,  sodalite,  analeite, leucite, pseudoleucite,
kakilite (kaliophilite), nosean, hawyne, and canerinite

M mafic mincrals: olivine, pyroxenes, amphiboles, micas, moaticellite, meli-
lite, opaque minerals, and accessory mincrals, such as zircon, apa-
tite, sphene, cpidote, allanite, garnet, and carbonate.

Rocks containing less than 90% mafic minerals (M<90) are classificd on the basis of
their proportions of Q, A, P, and F; rocks with M>9%0 are classilied on the basis of
the proportions of the major mafic mincrals. The division at M=% i arbitrary, but
few rocks have compositions near this division. Uliramafic rocks typically have
M >0, whereas other rocks fall well below this limit.

Because rocks never contain both © and F, nonultramafic rocks can be classified
in tcrms of three components, either QAP or FAP. The three components ean be repre-
sented cither in triangular plots or in the orthogonal plot of Fig. 4-1. The hon-
rontal axis in this disgram indicates the proportion of plagioclase in the 1otal
feldspar (P/{P+A}), and the vertical axis indicates the modal percentage of quartz
() measured upward and the amount of feldspathoid (F) measured downward from the
sero line.  The dingram is subdivided into areas marking the compositional exent of
the main rock types.  Although the divisions are arbitrary, they are posilioned so
that rocks that most petrologists associate with a particular pame occupy the center
of a field.  Thus a rock containing equal amounts of alkali fcldspar and plagioclase
and 1% quartz would be named o quanz monzonite; a rock  containing 15% nepheline
andd having lcldspar that is only 5% plagioclase would be named 4 nepheline syenile,

Sume rocks cannol be uniquely defined in terms of only OAP or FAP, and further
diagnostic propertics must be uwsed.  For example, as plagioclase becomes more abun-
dant 1o the right in Fig. 4-1, it also becomes more amorthite-rich, But in some
rochs it becomes more anorthite-rich than in others. This difference serves 1o dis-
lnguish  dionte  from  pabbro, the average  plagioclase composiion  in digrile
i+ less than Afg,. whereas in gabbro @ is greater than Ang,.  Zoming of plagio-
clase eryatabs may make this distinetion difficult to apply.
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Rocks gencrally become more mafic with increase in plagioclase content, as indi-
cated in the graphs st the top and bottom of Fig. 4-1. Rocks rich in quartz have
the lowest contenis of mafic minerals, whereas those contaiming feldspathoids tend
o have the highest. Also, gabbroic rocks are geoerally more mafic than dioribc
oncs. For amy particular rock type there 15 a normal range of concentration of mafic
miperals, as shown in Fig. 4-1. Rocks containing more or less than this can have
the prefix melo- or leweo-, respeciively, added to the name. Thus, a gabbro
containing a large amounl of plagioclase would be described as a leucogabbro, If
the amouni of plagoclase i exceptionally high (>%) the rock @ gpiven the special
name anorthosite.  Further definition of a rock type can be given by specifying
the names of the major mafic minerals present, with the most abundant being placed
closest to the rock name. Thos, a biotite-horablende diorite containe more horn-
blende than biotite,

Although gabbroic rocks plot im Fig 4-1, their compositional varialions cannot
be expressed i terms of the components of this diagram, Gabbroic rocks consist es-
sentially  of plapoclase, orhopyroxene, chnopyroxens, olvine, and boroblende,
which can be wsed to classify them o a oumber of major types (Fag. 4-2). Mormal
gabbroic rocks contain between 35 and 65% malic mincrals; if they contain more or
less than this they are prefoed by the terms mela- or leuco- respectively. In addi-
tion to the major components, gabbroic rocks may abso contain magnetite, ilmenite,
spincl, biotite, and garnel, which can be added as qualifiers to the rock name,
again with the most abundant mincral being placed closest to the rock name. The
plagioclase in gabbroic rocks has an average composition >Ang, bul more albitic
composilions may occur on the nms of roned ervstals. Some anorihosiles are an excep-
tion o this rule.  Ahbough anorthosites i lavered gabbrole mirusions contain pla-
gioclase in the byownile range, large Precambrian anorthosite masafs may consist
catirely of andesine plagioclase (some are composed of labradoniic). Nonctheless,
massif type anorthosites have been classified with gabbros rather than with dio-
rites, but many of their associnted rocks bear more affinities w0 the diorie-
granodionte suite of rocks than 1o the gabbroic suie.

Ultramafic rocks are composed essentially of olivine, orthopyroxene, clino-
pyroxene, and hornblende, The names used for the various types of ultramafic rock
arc shown in Fig. 4-3, Small amounts of spincl, garnet, biotite, magnetite, or
chromite can be indicated, for example, as spincl-bearing peridotite il the amount
i5 = 5% and spincl peridotite f >5%. I the amount excceds S09%, as mught happen,
for example, with chromite, the rock is referred (o as a pendotitic chromitile, and
if the amouni exceeds 95% it s named a chrowminte. Onc onusual type of phlogo-
pite-rich peridodite thal contains mantle-derived xenoliths s known as  kimberlite
because of s occurrence at Kimberly, South Alrica, where i forms the host rock
for diamonds.

Many igneous rocks, especally the more mahe feldspathond-bearing ones, contain
carbonate which has formed as a late-crymallinng phase o as a lale alicralion pro-
duct, but it rarcly cxcceds a few percent. A group of igneous rocks known collee-
ively as corbonagitesr, howover, are composcd essentially of carbonates | >3HFB
carbonate). These have such low siica contenis that they cannol be classified by
the schemes for silicate rocks. Most are composed of miaures of calcite and dolo-
mile, bul tron carbonate may be present as well Recent cruptions of Oldonyo Lenga

101



Figure 4-1

IUGS classification of igneous rocks containing less than 9% mafic

mir-ﬂn[s._Fluluuit rocks are in upper ecase and velcanic ones in fower ease lellers,
A = alkali feldspar + albite { <Ang) and P = plagindmf}.ﬁnjj_
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TABLE 4-4 Common nock names, with IUGS-recommended terms in bold prist (The frs number refers 1o either Fig
&1, 4-2, or 4-3; numbers following the colon give the compoditional field in which the rock plots in the figures.)

Adamellite

Alaskite

Alkali feldspar
*  granite
" rhyolite
°  syenile
*  trachyte
Alkali granite
Alkali rhyolite
Alkali syenite

Alkali trachyte
Alnoile

Andesite
Ankaramite
Anorihosite
Aplite
Basalt
Bazanite
Benmorite
Camptonite
Carbonatite
Charnockite
Commendite
Corilandite
Dacite
Chabase
Diorite
Dalerite
Danite
Essexite
Fenite
Faid syenite
Fourchie
Foyaite
Gabbro
Cirnmnite
Granndiorite
Granaphyre
Harzburgite
Hurnblendite
[celandite
[poluie
Jacupirangiie
Jotumie
herainphyre
Kersantite
kimberiite
homatiite
Lamprodie

Larakate
Latite
Lherzolite

1:5*
1:2, 1

12

12

1:6

L:6

L3
1:23
b i
Lf® T
Table 4-5
1:10,10° 9.9
110

21

1:3
1100 10, 10°
1:14

LK
Table 4-5
sce lext
1:3b

1:2

6

1:4
1:10,10*
1:10,10°
1:10,10
EH

LI

1.7

1:11
Tablg 4-5
1:11

110

L

14

1:3

34

EH]

1:0%

1:15

1:15

1:9

1:B*
Tahle 4-5

33
Table 4.5

1:6,6*
1R
33

plutonic
plutonic, no mafics

plutonic, name {eldspar
voleanic, name feldspar
plutonic, name leldspar

plutonic, alkali amph or pyrox

volcamic, alkali amph or pyros

hypabyssal

vislcanic

volcanic, porph., ol-aug-rich

plutonic cumulate

suggary texture

volcanic

volcanic

vpleanic

hypabyssal

plutonic, rare vole. carbonate

plutonic, hypersthene

volcanie, peralkaline

plutonie, poikilitic texture

volcanic

hypabyssal

plagioclase <Ancgy

hypabyssal

plutonic, cumulate

plutonic

NCEEring, melasomalic

plutonic, name feldspathoid

monchiquite bul no elnvine

plutonic

plutonic

plutome

plutome

hypabyssal, micrographic text

plutonic, cumulate

plutonic

vidcanic, Fe-rich

pepheling--acgering, plutonic

tHanavg--ngpheling, pluton

plutonic, hypersihene

meta-volcanic, aibite

hypabyssal

ultramahs, phlog, hypabywssal

voleanic

similar 1o lamprophyre,
vislcanic, K40 and MgO-rich

plotosie

volcanic

plutonic, cumulate

103

Mangernite 1:E

Melilitite
Minette Tabde 4-5
Monchiquite  Table 4-3

Muonzonile L8
Monzodiorite 1:9

Mugearite 199
Meph, syenite  1:11
Nephelinite  1:15
Mordmarkite  1:7,7*
Morite 23
Pantellerite 1-2.46%
Peridotite 3234
Phonolite 1:11
Pecrite 110
Palzenite Table 4-5
Pulaskite 1"
Pyroxenite F5.67
iz, diorite 1:10*

iz, latite 1:B*
Otekeratophyre 1:3

(Hz. monzonite 1:3°
(Hz. syenite 1:7
(Mz. irachyte  1;7*

Rapakivi 1:3
Rbyodacie 13-4
Rhyalite 1.3
Sannaite Table 4-5

Shonkinile 1T

Spessartite Table 4-5
Spilie 110
Syenite 1:7
Syenodionte 119
Tephriie 1:14
Teschenile 1:14
Theralite 1:14
Tholelite 1:10*
Tinguaile 1:11
Tonallte 15
Trachyie 17
Tristaniie 1:R
Troctolite ot
Trondhjemiic 14
Ugandite 15
Yogesile Tahlc 45

Websterite 3
Whehrlite Jid
Wyomingite  1:05

plutonic, hypersthens,
mesoperthite

melilite, voleanic

hypabyssal

hypabyssal

plutonic

plutomic

volcanic

plutonic

volcanic

plulonic

plulonie

voleanic, peralkaline

plutonic, cumulate

valeanic

voleanie, porph. ob-rich

hypabyyssal

plutone

plutonic, cumulate

plulonic

vidcanic

mela=-volcanic, altite

plutonic

plutonic

virlcanic

plull,:ln'll:.. j'.||agi.:-¢|.a.‘.|:
rimmung K-feld

valcanie

valeanie

hypabyssal

pluionic, hypabyssal,
mafic

hypabyssal

meta-basaly, albae

plutonis

plutonic

volcanic, plag < Angy

hvpabyssal

plutonie

voleanic

hypabyssal, analcie

plutonic

vilcanic

volcanic

plutonic, plag cumulate

plutonic, sodic

vidcanic, mafic,
lewcite

hypalvyaal

plutonie, cumulate

plutonic, cumulate

wolcanig, phlogopale,
leucite
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volcano in morthern Tanzania have produced a matrocarbonatile, composed esscn-
tially of sodivm carbonate. This is nol known from any other igneous body. Jis ra-
rity in the geologie record is undoubtedly duc to the high solubility of sodmm car-
bonate in waier, which drastically reduces its chances of preservation. Carbonatites
in which the carbonate fraction is morc tham 90% calcile are known as sowite il
coarse-grained and alvikite if fner-grained.  Carbonafites in which the carbo-
nate fraction is more than 90% dolomite are known as beforsite. Intermediate com-
positions containing from 10 to 50% dolomite arc referred o as dolomile-calcite
carbonatite, and from S0 to 90% dolomite as calcife-dolomite carbonatifes. The
presence of other minerals, such as olivine, monticellite, diopside, phlogogpite, pe-
revskite, pyrochlore, and apatite can be placed in front of the name if their abun-
dance is significant or attention is to be drawn to a particular mincral.

IUGS Classification of Volcanic and Hypabyssal Rocks

Because the modal composition of many volcanic rocks & difficalt, if not impos-
sible, to determine, classifications of volcanic rocks have made use of chemical as
well a5 modal data. This has introduced more variables and complicated the classifi-
cation. As a result, there s no single, generally accepted classification of vol-
canic rocks as there is of plutonic ones. Monetheless, the UGS Subcommission on
the Sysematics of Igneous Rocks bas recommended a classification for adoplion
(Streckeren, 1979),

The UGS recommends that volcanic rocks be classified on the basis of their
modes wherever possible, and that the divisions in the classification should cor-
respond 1o those in the plutonic rock classification. Where modes cannol be obiai-
ned, chemical data can be used to classify the rocks, but here again the divisions
in the classification should correspond to those for plutonic rocks, The normative
calculation provides a simple means of comverting chemical data into mincralogical
proporticns that can be used for classification purposes. Figure 41 includes the
recommended names for the volcanic rocks in cach onc of the helds defined by the
plutonic rocks, There is a volcanic cquivalent for each of the main plutonic rocks,
cxcepl for those in the ultramafic catcgory and amorthosites.  These plutonic rocks
are normally formed by the accumulation of crystals from a magma, and they have ne-
ver existed as a liquid as soch. For this reason, they do nol appear as lavas. The
rare volcanic tock kmown as komatiite, which occurs almost exclusively in Arche-
an ferrains, is, however, the volcanic equivalent of peridotite.

Figure 4-1 allows for the simple naming of volcamic rocks based on their modal
or normative positions in the diagram. Rocks falling within ficld 2 should be refer-
red 1o as alkali-feldspar rhyolites rather than alkali rhyoliics, because the latier
term has becn used 1o indicate the presence of an alkali pyroxene or alkali amphi-
bole.  The same applies 1o fields 6°, 6, and 6. The torm rhyodacie can be used
[or rocks transitional between helds 3 and 4,  Voleanic rocks hawving COmMpOsilions
similar to tonalite are rare. They cam be deseribed as dacite, but the common da-
cites have the composition of granodiorite. The distinction between basalt and ande-
site based on plagioclase composition & difficalt, because of the problem of deter-
mining average plagioclase compositions when crystals are zoncd.  If an analyss is
available, the nmormative plagioclise composition can be used.  Also, the sibca con-
tent scrves o distinguish the two, basalis typically containing less than 52 wi%e
i), and andesites more.  lo peneral, basalis have color indexes greater than 33,
whereas most andesites have Jower values. The common andesites of sirato volcanoes
plot in ficld 9°, whereas most quantz-beanng basalis fall i Gelds 1) and 10°. 5o
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ich are associnted with many oceanic islands and rift val.
i fecld 100, Many voleanic rocks contain glass, which

in a rock deseription. Depending on the percentage of glass pre-
m&nm:tmh:dnﬂhduﬁuuﬂrnglmbnﬁng{&m‘Eﬂuﬂ.ymﬁ:h

(20-50%), glassy (50-80%), or by a spectal pname as obsidian (for a silica-rich
glass), if the glass content is from B0 1o 100%.
Hﬂuh}'plbjrualrn:hhm:mﬂugr' to volcanic rocks and are equally

AN sies
difficalt 1o classify. Volcanic rock names are used (o most of them. Basal-
i be mediom-grained and the rock commonly develops
i of plagioclase are embedded in larger
aystals of pyroxene smonymous terms  dolerite and  diabase
are used for such rocks. They plot in fields 10 and 10* of Fig. 4-1.

i
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One distinet group of bypabyssal rocks that have their own nomenclature is the
lamprophyres, which are melanocratic, porphyritic  rocks containing  phenocrysis
of a hydrous mafic mineral, biotite or amphibole, and possibly clinopyroxene and oli-
vine in a fine-grained groundmass. Fcldapus.ilptmmrmmiyiulhnpmdﬁ
mass, bul many lamprophyres econtain no leldspar at all. These have such low contents
of silica that feldspathoids or melilite is present imstead.  The classification of
lamprophyres is given in Table 4-5,

TABLE 4-5 Classification of Lamprophyres after Streckeisen (1979)

10 7l el i L

Felsic Constituent Predominant Mafic Mineral
Feldspar |  Foid biotite hornblende | amphibole - | melilize
dinpside diopaide (barkevikite | biotite
augile augite kaersutite) | +ritanaugite
+ olivine + olivine titanaugite | +olivine
oliving *caleite
biotite
or=pl - Minette Vopesite
pl>or - Kersantite | Spessartite
or>pl | fsp=foid Sannaite
pl=or | fsp>foid Camplonite
. Toid Muonchiquite | Palzeniie
- . Alnoite

Because volcanic and
they can interact with
thermally abtered 1o sericit
nerals o chlorite, serpentine, or tale
be classified according to what the rock
minable from textures or relict grains;

ly of albite, epidote, and

£ire

€ Of sausiurile (zoisile

hypabyssal rocks form on or ncar the Earth's surface where
ulating groundwater, their fekdspars are commonly hydro-
or epidode) and their mafic mi-
Despite this alteration, the rock should
was prior to alteration, if this is deter-
the prefix meiae can be added to indi-
rgone change. Thus a meta-hasalt might consist essential-
chlorite. One group of aliered rocks for which speaial
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terms are used are those formed on the ocean foor.  Spilites are originally ba-
saltic rock, kerstophyres  originally  intermediate  volcamic  rocks, and  quart:
keratophyres  originally silicle volcanic rocks.  They bave all undergonc sodium
metasomatism, with the plagioclase being converted cotircly into albite, and the ma-
fic mincrals are mostly converted to chiorite. Spilites are commonly pillowed, and
the tectonic setting of these rocks indicates that they formed on the ocean floor,
Their high sodium conteal may therefore bave resulied from interaction with scawa-
ter,

More recently (Le Bas, et al, 1986), the TUGS Subcommission on the Systematics
of Igneous Rocks has recommended adoption of & simple chemical classification of vol-
canic rocks based on the two parameters, lotal alkalis and sifica content (TAS). The
TAS diagram (Fig. 44) is divided into 15 ficlds by a serics of straight Lines. To
plot a rock in this diagram, the analysis is recalculated to 1009 on a H,0- and

free basis. Rocks containing more than 2% Hy0" (water driven off by hea-
ting above 1057C) and more than 0.5% CO, are considered altered, and their clas-
sification by this scheme may be erroncous. Rocks falling in the trachvbasall fGeld
can be further classified as hawante f {Hazﬂd}:- 0 and as potassic trachyba-
salt if (NayO-2)<K,0. Similarly, the ficld of tic trachyandesite cam be di-
vided into mugearite (Na) and shoshonite (K), and the ficld of trachyandesite into
benmoreite (Ma) and latite (K). Classification by this scheme i almost totally con-
sistent with that based on the QAPF diagram (Fig. 4-1).
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Figare 44 Compositional fichds of volcamic rocks in terms of total alkalis and si-
lica. (after Le Bas, et al, 1986 published with permission of Oxord Univer-
sity Press)
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The Irvine - Barngar Classification of Volcanic Rocks

lnmmthadu?ﬁuﬂmﬂlmhnktuhmhylrﬁn:mdmmgu
{Eﬂ]mmmmpunmllmnupﬁ%mbﬂmdm:mmmﬂtwﬁ
mmmmmmhhmquMAW
ﬁnﬂum&muﬂhnmﬂ:mmﬂiﬂnﬂ:w. The scheme also incorporates
IMMMMMMMMEIMHTHWﬂm
m‘ks,niihmhnﬂhthgﬁmdbyﬁmph:&mhlmmﬂm These series have
the added significance that they can be correlated with distinel tectonic environ.

?ﬂuﬁ:mhmdwwhm:dﬂlmwiﬂn&mcmmﬁ{ﬁ;
#5), the subalkaline, the aikaline, and the peralkaline {alkali-rich),
Most rocks belong to the first two groups, which are each subdivided into two sub-
groups.  Assyming a rock to any one of these groups is based on simple chemical
parameters or normative compositions, Before this &s done, however, the chemical
effects of alteration must be taken into account, if possible.  Many voleanic rocks
become oxidized, hydrated, or carbonated by hydrothermal activity during burial or
during later metamorphism, These chemical changes can scriously affect the norma-
live composition of a rock, which may, in turn, affect its classification.  For
example, cooversion of ferrous iron to ferric during alteration results in smaller
:munnr.';uiimn:ilinﬂub:iq;ulwlutdhlh:m;lhhthﬂnpmdnmamrm
that appcars more saturated in silica than was the original rock.  This type of
alteration, however, can be corrected for, because in many unaltered voleanic rocks
there is a strong positive corrclation between the TiOy and Fey(dy contents.
The primary w1% F (4 in many volcanic rocks is given approsimately by
(W% TiD, + 1.5). H:%) and CO4 are subtracted from the analysis and the total
lttlklllﬂtﬁi to 100%. Norm calculations are carried out according 1o the CIPW
rules, but Irvine and Baragar chose 1o recalculate the normative mincrals n terms
of molecular rather than weight percentages. Thus, instead of mubtiplying the mole
proportions by the weight factors given in Table 41, the mole proportions arc
simply recalculated to 100%. Finally, in expressing feldspar compositions, nepheling
5 recast as  albite, Thus, the normative anosthite contemt is given by
100xAn/(An+Ab+5/3Ne). Analyses of typical samples of cach of the main rock types in
Irvine and Baragar's classification are given in Table 4-6,

Division into the three main groups is based on the alkali content of the rocks.
Rocks in which the molccular amounts of (Na)O + K50) > AlLOy fall into the
peralkaline group. These rocks typically contain acgering o a sodic amphibole, The
alkali contcat that scparates the subalkaline from the alkaline groups varies with
the silica comtent of the rock (Fig 4-6). The equation for the boundary between
these groups is given by

Si0p = 33539 x 107 x A% + 12030 x 102 x A% 15188 x 107 x A% + 8,609 x 107 x A3
-LINMT x AT + 39472 x A + 39.0

where A = (Na,O + K,0). These two groups can alo be distinguished in a plot of
the mormative cootents of olivine - nepheline - quartz (Fig. 7). To plot & rock
in this diagram the normative mincrals are recast as follows: Ne' = MNe « 35 Ab,
Q=0 +2/5Ab + 1/40px, OI' = Ol + 3/4 Opx. The subalkaline rocks plot on the
quartz sade of the boundary line, whereas the alkaline ones plot on the mepheline
side of it.
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SUBALKALINE RQCKS ALKALINE ROCKS
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Figure 4-5 General cassification scheme for the common volcanic rocks (afier
Irvine and Baragar, 1971). Lines joining boxes link commonly associated rocks.
The small print within the boxes refers to variants of the main rock. (Published
with permission of Canadian J. Earth S¢i.}
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Irvine and Baragar, 1971). for explanation. Plot in % cation
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TABLE 46  Typical Analyses of the Rocks Listed in Fig 4-5 (from Irvine and
Baragar, 1971).
SUBALKALINE ROCES FERAL FALIME
Thaoleiitic basalt series Cale-alkall series ROCES 1
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The subalkabine rocks are divided into the cal-alkeli  and  tholeilic
serics. on the basis of their iron contents in the AFM plot (Fig. 4-8), where
A = NayO + KO, F = FeO + 0.8998xFco0y, and M = MgQ (all in w1%). This plot
distinguishes intermediale members of these scries very well, but ot the mafic and
felsic emds there is comsiderable overlap. Cale-alkali basalts and andesites, how.
cver, contain 16 to 20% Al,Og, which is considerably more than occurs in tholei-
iic basalts and andesites which contain from 12 to 16%. At the extreme [elsic end
there is mo satisfactory way of distinguishing calc-alkali and tholefitic members:
thus all granitic rocks are assigned 1o the calc-alkali series.

The alkaline rocks are divided into the alksli ofivine basalt series and the
mepheliniic - lewcitic - analeitic  series. Rocks of the latter series  typically
contain less than 45% S5i0,, have normative eolor indices greater than 50, and may
conlain normalive lewcile,

The naming of rocks within the various subgroups is based on normative plagio-
clase composition and on sormative color index, In the various subalkaline series,
the rocks range from basalt  through andesite  and  dacite 0 rhyolite
wilh decreasing mormative anorthile content and decreasing normative color index
(Fig. 49). Two secrics of rock names are used for the alkaline rocks, depending on
whether they are sodic or potassic. ‘This division is made on the basis of the norma-
tve feldspar composition (Fig. 4-10). With decreasing normative anorthite content,
the sodic series passes from olkali basalt through howaiite, mugearite, and
bemmaoreile 1o trachyte (Fip. 4-1la), whercas the potassic series passes  [rom
altkali  basalt  through  techvbasall and  tAmanie 0 mochwe  (Fig
4-11b). At the mafic end of all of these serics, basalls containing more than 25%
normative ofivine are named picnies; these rocks contain abundant  phenocrystic
olvine,  Amkargmites, which belong to the alkaline group, contain  abundant
augile phenocrysts which cause the norm o have more than 209 clinopyroxene. Basalis
containing more than 3% normative nephchne are named cither basaenite i they
contasn - modal  nepheline, or baganitold i sepheline i oot visible.  Finally,
nepheline-bearing trachvie is known as phonalite,

Figure 4-8 AFM plot showang linc
separating Niclkds of tholeilkc and
culc-alkaling rocks as proposcd by

Irvanc and Baragar (1971).

A = Na,0) fK:U; F = Fefd+ EI.E?H.'IFEE{L".
M = MpO, all tn weight percent. ’
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Figure 4-9 Irvine and Baragar's (1971) sub-
division of the subalkaline rocks in g

Mormative

plagioclase  compasit
100An/{An + Ab + 5/3Ne); this converts

nepheline into albite.

Figmg-ﬂilﬂ Plot of normative An - AW . O
with dividing line separating sodic and
potassic alkaline rocks. Ab'= Ab + 5/3Me.
Plot in % cation equivalents, (afier

Irvine and Baragar, 1971),
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able to Nind their definitions n order 1o read i

44 includes the most commonly encountered rock names They bave been defined, i
possible, by relating them o the IUGS casufcation with a pair num
first number, 1, 2, and 3, refers (o Figs. 41, 42, and 4-3, and
indicates the field in which the rock plots in the i
nite (1:9) is a hypersthene monzodiorite and plots in Fig. &1,
mnames are based oo textural features, in which case these are
object of this tabulation is mot to present a catalogue of names to be memorized but
simply to provide a convenient list to which reference can be made quickly. The
important rock names, including for example those in the TUGS classification, have
been placed in bold print, and their definitions should be learned,

B
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5 Textures and Structures of Igneous Rocks

The terms rexvture and structure  are commonly used inmterchangeably, but there
5 & distinction between them. Teewre refers to the way in which individual
grains relate to grains immediately surrounding them (for example, IT 20). Texture
deals with small-seale features seen in hand specimens o under the microscope, such
as the degree of crystallinity, prain size, grain shape, and crystal intergrowths,
Swmwr:ferslumcmyinﬁhhwtmﬂgﬂmmmmbﬂhﬂm
rock relate to another (for example, IT 41). Structure deals with larger features
that are scen at the scale of an outcrop, and includes, for cxample, flow struc-
tures, layering, mincralogical zomation, and xenoliths, Textures are wseful indica-
tors of cooling and crystallization rates and of phase relations between minerals
and magma at the time of crystallization. Structures, on the other hand, can provide

information on processes aclive during the formation of rocks and on mechanisms of
differentiation,

TEXTURES

1. Degree of Crystallinity

Magma, il cooled rapidly enough, quenches 1o glass. This i particularly true of mag-
mas with high silica contents, which quench to form the common obsidian, The
identification of glass in a rock can therefore serve as an indication not oaly of
cooling rate, but possibly of composition. The crystallinity of a rock can vary from
hololpalineg  (Lotally plassy), through Mypohyaline  (IT 100  or hypocrysial-
fine (glass and crystals), 1o holoerystaliine {totally erystalline)(IT 13).

2. Graln Size

The grain size of an igneous rock is determined largely by the rate of cooling of
the magma, but in some plutonic bodies the volatile contemt of the magma may play o
more important role.  Volatiles increase diffusion ratcs, which decrease the number
of noclei formed and incrcase the grain size. Grain sizes are divided into Jine,
medium, and coarse (IT 55) on the basis of whether 2 microscope, hand lens,
of unaided eye 15 adequate 1o identify the constituent mincrals. Conventionally the
dnwsions between these have been placed at 1 mm and 5 mm respectively. Il a rock is
so fine-grained that indnidual erydals cannot be discerned without a MICroscope,
o5 said to be aphaniic. I the grains of the essential mincrals are visible
1o the unaided eye, the rock is phanentic, Il the rock is exceptionally  coarse-
graimed, which typically resubts from it having crysiallized from a volatile-rich
magma, it is described as pegrmatinic,

Grains in a rock may not all be of the same size. Indeed, most volcanic and near
sutface igncous rocks have grains of several different sizes. A rock containing
grains of distinctly different sizes & said (o be porphyritic (IT 9).  The lar-
ger ervilals, which are referred 1o as phenocrysts, are surrounded by finer-
graimed material known s growndmass.  If the groundmass is plassy, the rock is
said 10 have a vitophync testure (IT 10) A mesostazis i a fine  aggregate
of minerals o plass that fills the interstices between the grains of the ground-
mass. It occurs only in volcanic or near-surlace intrusive rocks.  Rocks containing
no phenocrysts are rare. and are referred 10 as gpfvac. Phenocrysts may  cluster
and grow together to form a plomeraporpiring texure.
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1, Grain Shapes

Graing can be bounded enotirely by corystal faces, in which case they are sad to be
enhedrgl (IT 1); il they have a few corystal faces, they are subhedral (IT 3,
and if they have nooe, they are anhedral (IT 2). Whether a grain develops orys-
tal faces by growing freely in a melt or is forced to take poscd
surrounding crystals depends to a lasge exient oa
crystallizes. The determination of grain shape, then,
sequence of crystallization. If most of the grains in a rock are cubedral, the
is said 1o be ponidiomorphic; when most are it is

Maost rocks, however, have some grains with crystal faces and are described as Mypi-
diomovphic (IT 3). Equidimensional graine are said to be whereas
tened or plate-like ones are said to be fabular; if grains are elongated and
bounded by prism faces, they are prigmanic (IM 35), if b

laths (IT 16-18), and if needle-shaped, they are acicular (IT 11). A grani-
tic texture indicates a rock is  hypidiomorphic amd ecquigranular.  An  aplitic
texture indicates that & rock & finc-grained, allotriomorphic, and equigranular, Be-
caus¢ of am aphie’s resemblance o fine sogar, it 15 also referred to s saccha-
remidand,

=

4, Textures of Glassy or Fine-Grained Rocks

Rapadly cooled magma can form glass, which, being supercooled liquid, is metastable
and in time may crystallize, especially in the presence of water. The erystals that
grow in glass are quite unlike those formed by normal growth from a liquid. Indivi-
dually discernible ¢rystals are not formed, and even under the microscope a birefrin-
gent fbrous meshwork is all that i« normally visible. This type of crystallization
s known as devitdfication. Fibres commonly grow perpendicular to cracks in the
glass or radiste outward from phenocrysts to produce spherical bodies known as
sphenadites (IT 10). Many devitrified glasses also have a striking network of
curved and concentric fractures referred 1o as perffiic cracks,

Small erystals that have grown in rapidly cooled magma, but prior (o complete so-
lidification, arc termed microfites (IT 10).  Because their growth is rapid and
diffusion in silicate melts is show, they grow with dendriic habit (IM %), and
are characterized by skeletal forms with considerable open space. Pyroxene micro-
lites are commonly acicular, and those of plagioclase are narrow laths with ends re-
sembling swallow tails or tuning forks (IM 55). Although most microlites are visible
only under the microscope, those of olivine in Archean wliramafic lavas lorm sheaves
of millimeter-wide crystals that have lengths of tens of centimeters (IM 10). The
sheaves, which nucleate at the rapidly cooled tops of flows, radiate downward, and
produce a texture resembling inverted tufts of grass; this lexiure s consequently
given the name spirtifex (a type of grass).

Many mafic dike rocks of the lamprophyre family contain spherical bodies of fel-
sic matcrial known as ecelli (IT 53). Unlike spherulites, these consist of rela-
tively coarsc crystals of mincrals that typically form the mesostasis of the surroun-
ding rock. The ocellar texture has been interpreied as resulling from  late-stage
liguid Mowing imlo pas cavilies or magma splitting into immiscible felsic and mafic
liquids. The term vanolite has been wsed as synonymous with ocell, but i has
also been used 1o describe spherubites
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Unquestionable examples of immiscible hquids are found in the mesostasis of
many tholeiitic basalts, where small micron-size droplets of brown, iron-rich silica
glass occur in clear silica-rich glass (IT 50). The iron-rich droplets may crysial-
lize to spherical aggregates of pyroxenc, magnetite, and apatite if not cooled ra-
pidly coough, but the silica-rich host typically solidifics to glase (IT 51). Immis-
cible sulfide liquid droplets also commonly occur in the plassy mesostasis of ba-
salts. In thin sections these form opaque spheres (IT 55-56).

5. Flow Textures

U flow continues during the cooling and crystallization of lava, alignment of ecrys-
tals may resullt. This is particularly true of platy feldspar laths, which produce a
frachytic texture (IT 16-17), named from its common occurrence in the rock type
trachyte. A similar texture involving the more blocky feldspar laths in plutonic
rocks is referred to as rachwoidal (IT 18),

6. Intergrowth Textures

The mincrals in an igneous rock may have crystallized simultancously or sequential-
ly, or a mineral may have formed a1 the expense of another. A number off importan
textures provide evidence for each of these cases,

A poikifiie texture  refers 10 small granvlar  crystals  randomby  encloscd
within larger crystals of another mineral (IT 33). Unlike the porphyritic texture,
the large crystals, which arc known as oikocrysts, have no crystal faces and ap-
pear 1o have crystallized late. Furthermore, the granular shape of the enclosed mine-
rals suggests thal resorplion or reaction with the serrounding mineral may have been
involved in the development of this texture.

Closely related 10 the poikilitic texture is the ophitic onc where randomly
oriented laths of plagioclase are enclosed in larger ervatals of pyroxene or olivine
(IT 27).. In contrast to the poikilitic texture, the enclosed lwhs arc euhedral,
with mo sign of reaclion or resorplion.  Indeed, this texture most likely resulis
from the coprecipitation of plagioclase with pyroxene or olivine. The term suchoypdii-
fic 15 used where the olivine or pyroxene crystals are smaller, and thus cannol en-
closc as many plagioclase laths (IT 28). A presise difference berween these terms
can be made on the basis of the ratio of the numbers of plagioclase crvaals 10 oli-
vine or pyroxene crystals.  If this ratio is greater than onc, the texture is ophi-
uc, and i equal 1o one, it is subophitic. I the ratio f(alls below one, the rock
has an puergramdar testure (1T 29, With the subophiie  testure, a sinple oli-
ving or pyroxens crystal will, on average, Gll cach triangular space between plagio-
clase laths, with the intergramular testure, several olivine or proxene grains will
fill this space. The change from intergranular through subophilic 1o ophitic results
from slower cooling and slower pucleation rates.  This textural sequence is commonly
found in progressing from the margins towards the center of wide diabase dikes. If
the cooling rale s very fast, the interstices between the plagioclase laths may be
quenched (o a glass to form an inferseral lextore.

Early-crystallizing mincrals can become sepregated and concentrated to form
rocks that have distinctly different compositions from the magma from which they
formed. This accumulation of mincrals produces a cusmulus texture (IT 43-44), and
the rock is referred to as a cwnmmlare, with a prefix added for the mincral or
mincrals that accumulated.  Cumulus mincrals 1ond 1o be cuhedral, and rest apning
onc another in a looscly packed fashion. Intercumulus liquid trapped between cumu-
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lus grains crystallizes to s constiluent mincrals, which may bear a poikilitic or
ophitic relation to the cumulus minerals. Commonly the composition of the intercu-
mulee liquid changes prior to solidification a5 a resuli of cither diffwion or ac
tual flushing with liquid of a different composition. Replenishment of the inlercu-
mulus liquid in those components that have already been depleted in forming the cumu-
lus grains can lead to additional growth on the cumulus crystals to produce an ad-

curmins bexture (IT 45}, When carried (o an exireme, 3 monomineralic rock can re-
sulL,

Cuartz and alkali feldspar in granites, particularly pegmatitic ones, commonly
exhibil an intergrowth lexture consisting of (riangular-, wedge-, and hexagonal--
shaped quartz orystals distributed throughoul large single crvstals of alkali feld-
spar. The shapes and distribution of the quarz erystals resemble cunciform writing
and thus the texture is referred to as graphic (IT 20-21). In more rapidly
cooled granitic magma a similar texture is developed, but it is less regular and is
finer-grained (visible mormally only under the microscope). This is referred 1o as a
granophyric  of micrographic texture (IT 22-23), A still less regular, worm-
like intergrowth of quartz in oligoclasc that extends into potassium feldspar crys-
tals is known as mymmekite (IT 24-25). Alhough some myrmekite may be of igneous
origin and related to the granophyric texture, most probably forms through a solid
state replacement reaction.

Al high temperatures, alkali feldspars form a complete solid solution series,
but on slow cooling they scparate into sodium- and potassium-rich feldspars. This ex-
solution develops the perthitic texture (IT 47), in which lamellae of albite oc-
cur in & potassivm-feldspar host erystal. The lerm  anfiperthite has been used
where the lamellae are of potassium feldspar and the host is plagioclase.

Granites formed st high temperature contain a single alkali feldspar which may
exsolve on cooling to form perthite. Some granites, however, in particular those
wilh high water contents, crystallize below the temperature at which alkali feld-
spars form a cootineous solid solution serics.  In these, the alkali feldspars muy
crystallize from the magma as separate sodiom- and potassium-rich phases; that is,
two distincd  febdspars are present, 1o conirast to the single homopencous alkali
feldspar  Formed amatially in the high-lemperature granite.  Because the linc in a
phasc diagram marking the temperature below which exsolution takes place is called a
sobwis  (IT 44), gramies contaming a snghe  high-temperature  feldspar  {later
possibly cxsolving 1o form perthite) are known as fypersolius gramites (IT A7),
and those lower-lemperalure ones conlaining scparale crystals of potassium feldspar
and albite are known as subsohas graniles (IT 48). Mote that the two feldspars
in the subsolvus granite may both become perthitic on cooling, but the primary two-
feldspar nature of this pock will remain evident,

1. Reaction Texture

Reaction fexiurcs are special imergrowths where the distribution of grains s clear-
by the resull of reaction. Reactions may oocur between ervstals and magma to produce
corpngs  (IT 34-35), or bolween orvslals alone o produce  kelyphuric nms (1T
3y The dstmction between these i nod alwayvs simple o possible to make, but
gencrally coronas form ‘coarsc-gramncd nima around carly-formed minerals;, they com-
monly produce a podkibie texture. Kebphtic nims, on the other hand, tend 1o be
ling-graned, and may comsidl of several conceming shells wath the reaction  pro-
ducts forming worm-hke or Obrows ntergrowthe.  Clear examples of both are known,
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Olivine crystals, for example, react with cooling tholeiitic magma to produce coro-
nas of orthopyronene. In slowly cooled magma this orthopyroxene may form large oiko-
crysis enclosing rounded olivine grains (IT 33). Under high pressures, olivine and
caleic plagioclase react in the solid state 1o form kelyphitic rims of hypersthene,
pargasitic amphibole, and spinel (TT 39),

Mincrals belonging to continuous reaction series exhibit evidence of reaction by
forming zoned crysals. The plagioclase in gabbros, for example, i nomnally zoned
from high-temperature calcic cores to low temperature more sodic rims.  If this se-
quence is revorsed, the crystals are said to be revesely zoned. In some rocks,
cspecially diorites and andesites, the composition of the plagioclase may fuctoate
back and forth to form oscillatory zoning (IM 54). The normal sequence of crys-
tallization in granites can resull in early-formed plagioclase being rimmed by alka-
i feldspar. In granites with a ripakivi texture, however, early-crystallizing
potassium feldspar is mantled by oligoclase.

STRUCTURES

L. Structures in Voleanic Rocks

Structures developed on the surface of lva flows may preserve a record of the man-
ner in which a lwva moves. Lavas can travel ot velocities ranging from meters per
sccond for basalt 1o meters per month for thyolite. The surface of any lava, regard.
less of its composition, cools rapidly by radiation, but heat from the flow’s inte-
riof must be transferred to the surface by conduction, an extremely slow process,
The interior of a lava will consequently remain molien and possibly continue Mowing
bong alter the surface has solidificd. This differential movement tends to disrup
the crust, and, depending on Now vebocities, produces 3 aumber of structurcs.

Batalt, which has a wviscosity similar to that of tar, commonly flows rapidly
chough that it s able 10 deform its surface during cooling. The siscous surface
laver becomes wrinkled into arcuate ridges that are comves in the direction of low,
Because these ridpes resemble rope, this surface structure is referred 10 as FERPY
lova; the Hawsiian term pahochoc is also used  Molten hasal may 1ssue forth
onto the surface of a flow from beneath a solid crust. As it does so, irregularities
on the underside of the solid erust impress grooves in the newly emecrging surlace (o
form lincs that paralic] the direction of flow. Where this lineated surface becomes
wrinkled into a ropy structure, the lines are approximatcly transverse 1o the

ridpes.

Once basaliic Lava begins 10 move more slowly, its surface cools and becomes ri-
pid. Continued movement of the still.molien interior breaks up this cooler surface
laver into large slabs and cventwally into small clinkerlike fragments, the sur-
laces of which are cxtremely rough with many broken glassy cdges.  With continued
movement, a large fraction of a kwva flow can be cooverted imto this rubble, which
continses. 1o move, albeit slowly, by material avalanching down the sieep front face
of the Now 1o be overridden by more rubble in a convevor-like motion. Such clinker-
lske lava is referred 1o by its Hawaiian name, ao.
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The surface of andesite flows may also be covered with rubble, but these frag-
ments are (ypically larger than those in an flows (head-size in comtrast to fis-
size in aa) and have smoother surfaces. These are referred to as blocky lava
Mows. The surface of many rhyolite flows also consists entirely of broken fragments

of glass up 1o a meler or more Across.

It is not uncommon in flows of basalt and basaltic andesite for the molicn nte-
rior 1o drain owt from beneath the solid crust, leaving behind a lava mbe.  The
dimensions of these depend on the thickness and length of the flow and are commonly
many meters in diameter and hundreds of meters in length, The erust above a tube may
sag, forming an clongate depression, or even collapse, which them provides access 1o
the tube (most are plugged with lava at their lower end).  Stalactite-like dribbles
of lava hang from the ceiling, and horizontal ridges on the walls mark periods du-
ring which the depth of the lava remained relatively constant during the draining.
Tubes may divide and rejoin around pillars, which peovide support for the rool. The
upper surface of a lava Mow above such a pillar may be domed upward to form a
scholiendome. I sagging of the crust into the surrounding tube is sulficicntly
great, the crest of the schollendome may be marked by wide tensional [ractures.
Domes and presnure ridges can also form on the surface of fows independent of
lava tubes as a result of incrcased flow bencath a solid crust which causes cracking
and upwelling of lava onto the surface.

The surface of basaltic lava extruded in water is quenched almost instantly 10 a
glase, which may temporarily prevent the lawva [rom advancing.  Eventually, however,
this sclvage may crack and a tongue of hot, molten lava can momentarily advance into
the water where it is quenched 1o a sack-like body known as a pillow (IT 14). By
successive cracking and budding the basali advances as a pillow fowa. The pre-
sence of pillows is clear evidence of extrusion bencath water,  Pillows range from
small bodics the size of a soccer ball to ones the sive of a mattress. The larger
the pillow, the flaer it iends 1o be, because fis interior remains molten longer
allowing more time for sagging and flattening. Where pillows are piled onc on lop
of anothcr the base of pillows cxhibits cusp-like tails that sag into the space be-
tween  underlying  pillows; in contrast, the upper surface of a pillow is normally
smooth and convex upward, This asymmetry in pillow shape provides a usclul means of
determining tops in pillow lavas that have been turned up on end during tecionism,

In addition to surface structures, many lavas, especially the more siliccous
oncs, have internal structures indicative of flow, Muny plassy or partially phasy
lavas exhibit prominent flow layering, which consists of millimeter- to centime-
ter-thick layers of varving color and texture. Layers rich in glass tend to be dark
and have a vilreous luster, whereas those conlaining microlites, small gas bubbles,
or spherulites arc lighter ecolored and have a resinous luster; the microliics com-
monly exhibit o trachytic texiure. The layering can also result from varialions in
the abundance of phemocrysts. Much of this layering is present in the lava belore
it leaves the vobcanic vont, and as the lava spreads laterally, the layering can be
comtorted into flow folds, the attidude of which preserve a record of the lava's
direction of movement.

Dissolved gases in magma arc likely 1o come oul of solubon following eruption,
hecause of their decreased solubality at low pressure. 1o addition, crystallization
of anhydrous minerals augments this effect by increasing the concentration of vola-
tikes in the residual houid,
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i lava are called wesicles (IT 12), and rocks con-
o be vesicular. The diameter of wesicles is typically

measured in millimeters, Gas cavities larger than a centimeter are likely formed by
coalescence of vesicles or by gas that has risen into the lava from benmeath the
ﬁmmmdﬂwwm:ﬂlh:yhﬂtlmhﬂlhﬂiﬂlthpemd
arc lined with banded chalcedomy and inward projecting quartz crystals. Vesicles are
i:ﬁtitﬂjr:phwkﬂhttheymlybcﬂmadinmdﬁnuhy:h:nmntm. Ve-
may collapse into irregular convoluted shapes once exsolution of gas is essen-
an i i begins 1o cool and contract. Vesicles in

aa flows typically have irrcgular shapes, whereas those in oc flows are sphe-

;
;
B
:
:

Vesicles may be 5o abundant as to produce a rock resembling a froth. This is
particularly common st the top of fMlows where vesicles collect through buoyant rise.
The dark and commonly oxidized rock formed in this way on the surface of basaltic
flows is referred 1o as scona, whereas the light colored equivalent on rhyoli-
tic Mlows is lermed prsmice,

Exsolution of gas from lava that initially contains very little gas may occur al
such a late stage in the solidification process that typical vesicles cannot form.
Instead, the gas may occupy cavities between erystals; that is, the gas cavity will
be bounded by planar crystal faces. Such late stage exsolution of gas occurs in some
basalts forming what is referred to as a dicnvtaxinic texture (IT 13).

Vesicles at the base of many basallic Mows extend into the lava as long tubes.
Il these arc lster filled with light-colored secondary minerals they resemble the
stems of old-fashioned clay pipes, and consequently are referred to as Pipe mem
vesicles or saimply pipe veticles. Although commonly interpreted as having  for-
med by gas rising into a Now, they are more likely the resull of nucleation and
growth of gas bubbles on the solidification front as #t advances into the lava. In
pillows, for example, pipe vesicles are found extending not only up from the base,
but down from the top and in from the sides, where buoyancy could not possibly be a
factor in their growth {(IT 14). Many pipe vesicles extending up from the base of la-
vas arc lilied at their wpper end in the dircction of flow of the lava, These pro-
vide a usclul means of determining Now directions.

Basaltic lavas, cspecially those that are wesicular o their base, may have cy-
bmders  of vesicular  basall, several centimeters in diameter and typacally  several
meters in length, extend up into the fow. These are known as wvesiele evlinders;
they are produced by the buovant diapiric rise of less dense, vesicular lwva into
more dense, massive lava. They arc commonly capped by a large vug lined with vesi-
cular basalt.  These vugs tend 1o be hemispherical wath a Mat, horizontal basc.
Veside oylinders, like pipe vesicles, may be tilted in the dircction of flow of the
IJ\'H..

Vessches may become filled with low-temperature secondary mincrals, such as zeo-
laes, carbonales, quartz, of chalcedony, to lorm what arc referred (o as arnyp-
dales (IT 15) (amypdule - diminutive). Rocks containing amygdales are said 1o be
amypdalode!. Amygdales may contain concentric arrangements of mincrals which were
deposited on the walls of the original vesicle. More rarcly these minerals may be de-
posited in horizontal layers, When found in lavas that have been tilied, the aiti.
tude of these Bbavers relative to the anitude of the lnva can provide information on
the time of deposition of the secondary minerals relative to that of the tilting.
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Exsolution of gas from magma can lead to viodent eroptions in which the volcanic
material is [ragmented into particdles ranging from dust to large blocks. This maite-
rial is collectively referred o0 a8 fephra  or  pwoclastic material | (broken
by fre}. Fragments less than 2 mm in diameter are called ash, those between 2
and 64 mm, [opilli, and those greater than 64 mm, blocks or bombs.  Upon
lithification volcanic ash forms a rock called ngf, whereas the coarser mate-
rials form agelomerate or wolcanic  breccia. These pyrochastic rocks can be
categorized by reference 1o the physical noture of the constituent fragments. V5
freoees fuff, for cxample, consists larpely  of  glassy  (ragments, enaned
of broken ervstals, and fthic ogf of rock [ragmemts. The Ifragments in vilreous
fuffs commonly have a characieristic shape which reflects their origpn as  isolated
patches of liquid trapped between coalescing vesicles.  These glassy splinters or
shards are typically bounded by concave surfaces.

Much pyroclastic material cools and solidifics before falling back o carth,
Large bombs landing close to their source would be an obwious exception; these may
Maten or even burst on landing, extruding their mollen interiors,  One important
class of pyroclastic material, however, remains hot enough during eruption to permit
s fragments eventually 1o weld together into solid rock. Dense, ash-laden clouds
that crupt from volcanoes as highly MNueid suspensions Mow rapidly down  slope,
coming 10 rest in lopographic depressions. Here particles seitle and weld themsclves
together to form a welded Wff ot ignimbrre (IT 5), The compaction that ac-
companies the welding Natiens the hot glassy fragments and forms a rock with a pro-
minent laminated struclure referred (o s ewtadnic.  Because these eruptions in-
volve pyroclastic material that travels in a coherent flow or avalanche, they are re-
lerred 1o as ash flows to distinguish them from ash that falls freely through
the air, blanketing the ground evenly regardless of local topography.

2 Structures in Plulonic Rocks

The most common structure in plutonic igneous rocks, especially the malic and walira-
malic oncs, is fevering. Lavers may resull from vanaions in the abundance or
grain size of mincrals (IT 41-42), or from clongatc mincrals being oricntated paral-
bel or perpendicular 1o the layering. Layering may abw be causcd by variations in
the composition of minerals, but because this can be discerned only through chemical
analysis (and conscquently s nol evident in the feld) o o referred 10 as cop-
tic lovering,  All or any combination of these warious forms of layering may be
presenl in a lovered rock.  Layers also tend (o ropeal themsclves, grvang rise 1o
rivtnnie fayenng (1T 42),

Layering has been interpreted as resulting feom praviatve settling of mincrals
from magma. This is most convincing where the layers are subhorizontal and exhibal
prading similar to that found in some sedimentary rocks where the larger and denser
mincrals arc concenirated towards the base of a laver and the finer and less dense
mincrals towards the top (IT 42). In some inrusions, the lavering may parallel ver-
tical walls, or even the roof, in which casc gravitative setthng scems am unlikely
cxplanation,  Furthcrmore, some experimental evidenee indicates that mincrals may
nol  sink, despile appropriale demsity  contrasts, becawse the crystals  lack  sulli.
cicnl force to overcome the vicld strenpth of the magma.  In such cases, mincralog-
eal lavering might be the resull of diffusion processes.  That layering can form n
such a way is demonstrated i the laborators by the well-known Liescgang's nings phe-
BOMENON
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Layering can also be formed by the flow of magma. This type tends (o parallel
contacts, and, if feldspar laths are presest, the layers may exhibit trachyioidal
texture, hmanyg:tnhmfddspuph:mymm;h::ﬁpﬁ,mulhwghlh:
groundmass may lack obvious flow structure. Separation of minerals may oceur theo
mmdmﬁm.mmrmnrmmﬂmm
and shipes develop differcnt velocities away from a contact as a result of the shea-
ring effect of the flowing magma near the contact, Evidence of flow is clear when
previously-formed hmmﬂmdnu:mduwhpmﬂﬂemhnﬂlmughsin
the carlier rocks, The cffects of flow can also be seen where inclosions of country
rock are streaked out to form schlicren,

Another siriking cxample of layering is cxhibited by rocks with an orbicular
sinicture (IT 54), Orbicules consist of aliernating felsic and mafic layers concen-
trically arranged about some nucleus, which may be a phenocryst or fragment of fo-
reign material. Individual layers have thicknesses of millimeters, and the orbicules
arc many centimelers in diameter, They are found in a wide range of rock types but
arc most common in granites. Their growth has been variously interpreted as resul-
ting from rhythmic crystallization of minerals about a mucleus, or from diffusion
processes. There may indeed be both kinds, Orbicules with layers of highly variable
and irregular thickness are most casily explained as forming through deposition on a
nuclcus, but those in which the spacing between layers widens in a systematic manner
towards the margins could have a diffusion origin.

A pecubar type of layering, known as  hamisitic or  crescumulate, con-
sists of erystals of olivine and plagioclase that grow upward from the floor of s
magma chamber, The crystals, which may be up 1o 20 cm long, presumably grow into
the magma from nuclei on the foor of the chamber. Hornblende needles with similar
crescumulate siructure occur in some alkali gabbros, but here the layering tends to
paralic] the walls of the magma chamber and the horablende needles are oriented hori-
rontally, A related siructure is found in many granitic pegmatites where crystals of
alkali leldspar, mica, or tourmaline may nucleate on the wall and grow into the peg-
matite perpendicular to (he contact. The resulling arrangement of crystabs is com-
monly relerred 1o as a comb strucinre.

Gases dissolved in plulonic magma must be cither incorporated into hvdrous or
other volatile-bearing mincrals or be  exsolved during crystallization.  With  slow
cooling and solidification the voluiles may be completcly expelled from the main
igneous body 1o form pegmatites or hydrothermal veins in the surrounding rock.  In
some ncar surface plutonic rocks, however, the volatiles may become trapped and form
crystal-lined vugs known as groditic cavities,

In rarc cascs, heat fiberated by cooling mafic bodies may be sufficient to cause
melting of quariz and alksh feldspar in the intruded rock, The resulting  pranitic
liquid, which is referred 1o as rheomorphic, may back vein the rock from which
the heal came. Rheomaorphinm, however, & rare because contaci temperatures  arg
typacally hall the initial temperature of a magma, and that is not high enough 0
melt granite.  Contact temperastures can be raised only by the magma continuing 1o
flow, especially in a turbulent manner (only possible for mafic dikes wider than
aboul 5 meters), or having another igneous bodv intruded nearby, The presence of
rheomorphism along dikes can thus be important evidence of fecder Now.
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3. Strvctores Resulting from Inclusions

Many igncoos rocks contain inclusions of other rocks that appear foreign and conse-
quently are termed remofiths.  Xenoliths may be occidemal, i composed of
rock that is completely unrelated to the igneous rock in which they are found, or
they may be cognate, if formed of rock that is genctically related to the igne-
ous host rock. This distinction is not always casily made. Xcooliths can consist of
individual erystals, in which case they arc called xemocrysts. Some cognate xcno-
liths are formed by phenocrysts that have clustered and grown together to form the
glomeroporphyritic texiure.

Xenoliths may be angular and have sharp boundaries, but most show some rounding
and diffusencss. ‘This depends on the relative melting points of the xenolith and
the surrounding igneous rock and whether the minerals of the xenolith bear a reac-
tion relation to the magma. An accdental xenolith, for example, & more likely 1o
conlzin minerals that are not in equilibrium with a magma than is a cognate one.

It is not uncommon for magmas of contrasting composition to commingle, in which
case rounded bodies of onc rock type arc enclosed in another, This is particularly
truc of basaliic and granilic magmas, where the basalt forms pillow-like bodies in
the granite. Because of different meliing points, densities, and viscositics, these
commingled magmas show liatle, il any, evidence of dissolving in one another. In-
deed, the dilference in melling points commonly results in the granitic magma guen-
ching ihe basaltic pillows to relatively ling-grained rock,

An ignecos rock confaining abundant xeooliths is termed an fgneons brecend.
In the exireme case of diarerme breccias, there s no ggneous mairix at ally in-
stead, larger fragments are embedded in more finely comminuted material (o form a
rock, fuffisite, which resembles concrete in appearance.  Most of the [ragments
in these breccias are of the surrounding country rock, but some may be derived from
the lower crust or upper mantle. These xenoliths, many of which conlain minerals in-
dicative of high pressures such as pyrope-rich garnct and jadestic pyroxene, are [y-
pically rounded, so are referred 10 as nodules, Mantle podules are surrounded by
prominent reaction rims which atest to the instability of the high-pressure mine-
rals at the low pressures encountered in the crust. Mantle nodules are also found
in some alkaline basalts.



TEXTURES AND STRUCTURES OF IGNEDOUS ROCKS
CRYSTAL DEVELOPMENT

I Fubedesl crysials of quartz in weided tull, Ardnamopeias, Seol-
land. The dépyramid shape of the crysial indkcates 1hat i erve-
talfzed as the high-temperature beta form; on cooding, |& -
werted ta the lowstemperatuse alpha farm. Plane light, X34

3 Ankedral prasae of quartz and peribdis slkal| fekispar in
quariz masgerie, Grenville, Quebec. Becasse no graans have
crystal faces, the rock is described as belag alEatrmmarphic,
Crassed polars, XX
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¥ Dharer syenie, Souih Pond, New Hempahise, Some of the larpe
peithaw (eldipar praims have crpstel faces. bl the Guarte
prains dooned. The fock i Sherefore described a4 being Bypedio-
ey (Orogadd paolam, K7
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TEXTURES AND STRUCTURES OF IGNEOUS ROCKS

GRAIN SIZE

5. Welded fulll, Castle Rock, Colorado. Senal] glass shards, which

nre farmed by the explosive disaggregation of veistulating mag-
ma, bave been Maniened and welded togeiher o gree the rock &
vt iexiwre. Flane light, X21

& Fine-graincd Hawailsn basalt with microlites of plagiocsse

*Tapping sround an ofivise phenocrt.  The erystali in the
groudmass of this basall sre so fino ikas they ane distin-
Fuishable only under ihe microscope. Crossed polems, X9

Coaric-pramed pabben. Lake 51, Joha anorhossie comsgiles. (e
Ber Individesl plagiociene |siha & ep o severad cestlimelen
kong, and B pyroxeoe (dark) loimn a simgle crysial in cach of

Behr anmpled. growing arcusd the plapociee btk 18 sn ophisic
IEEIURE

Exirprionally lage crytal of plagieciase from the Main sner-
ihmite enasil, Labrador. The isidescent eolor results fram
waticnng of hght from compositioeally dilferent lamsefac
=ithin the plageociiss (p 45§ which mals & dmall anghe 10 the
(050} plane. The lmellsc have a common anensation theoupSout
thit boulder, vdicating thin e bowlder o afl par of one
erybial, s nuped duch ad ihis are described as pegmainic

125

AT N AT SN e T

A T | s § 7 T - L =
DR RS e NS

e ]
E e iy T % - | -‘..1
S R N NS
T e e o JT =

ol

f o

Fe

A

by o
gy

T E,i

£

L

e
A
T




bbb e bbb L LELCLEL AL R R LKL R UL P e

e ra..p, ?
Ly st I g R I s
bl v%ﬂ#ﬁ.ﬁ:e .hp”_..r“.,m...". B . s 5
. .

-BHHH! HEEE 113 F
: (b i his
m BtHIF ficcs i
i i 1
S dem. ¥ 84 1 mm.h
L hwm Hr#h.. .m___..mr
g Hht L
Hij il HH
{ il i
j el i It
m SR IT mﬂmmmm 13¢¢;




AL LLLLLLLLUR UL L L L L L L L LB L LU LB LB UL L

TEXTURES AND STRUCTURES OF IGNEOUS ROCKS
EXSOLUTION OF GAS

12, Vesscular Hawasias hasaly The spherical shape of the vesicles
indizases the pas was still being exsolved when the lave solidi-
fozdd. Hisd exceolution cexsed, the cooling and shrinfeng pas would
have cassed the vesicles oo collapas wnd become comvodeied. Yes-

iches in pahochos send do be sphencal, ot in mest an fows ey
are comvedsied and collapsed. Crossed palars, X9,

11 [Hevdiaite: basall, Mewberry valcing, Omgon.  Exolution of
s i this basall cévarred &1 such & labe stape of sobidifica:
Thon tnad Ak gas could acupy canly the spaces between coystals
{dark mreas is evtitetion), Criodeed polar, K55

B4, Fipe wvesiches formed perpendicular boothe walls of a bachee
pilloss, Farmingion, Connecticul. The crpstalliseg mapma el
ved pan oso hubbles that were imhedded an the advascing cryee
labization frosl. As thes front moved imveaard, the bubbios prow
&k Inag ppes. Semilar pigs seickes ooowr at the have of many
Merat, witere 1koy cotend wpward and commoesly a Llled inthe
darectnn of MNow of the lava

Yeaipdale Dilled wilh iflende [wmsll s phere and am), kigh-
b Mrelfangenl falevie, and | Merelnagemt poodale R @R &l
kals masall, Takuls, The scpecfcs of depemilam on IBE veucis
woid ad listed alsg Crcased polafs, XI8)

::r.-_:;--:"'__.-.ld o
a Tl

-____.'—-.5_".--.'.' g ,.;:':'.r."




TEXTURES AND STRUCTURES OF IGNEOUS ROCKS
CRYSTAL ALIGNMENT

V5 Trachytic rexture in Hawadile, Hawadl, Plagoclaie laths were
;Lnupudg Micwr during the solidificazion of (B lna, Crossed
£, X

17. Trackytic sexture marking Now arousd a corroded phenocryst of
hosmblends in a basali, Halzakala, Hawaii, Crossed polars, X9,

A St B ol Sl Rl Rl Rl el e

¥
¥

A

h
]

]

L]
Ul

15, Trachytoidal iewture s syearis, Loch Bormolen, Sootlind. Align-
et of crystals is plutome nocks can resul feom (ke gravis
tstive gctiSng. and pamliel growth, Crossed polars, X5
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TEXTURES AND STRUCTURES OF IGNEQLS ROCKS
INTERGROWTH TEXTURES

1%, Prase dingram for (ke sysiem Albfie=Silica. The ealeclic com-
posicion of 8% slics and 6% albile closcly approaches dhat
ol godic granibes, sugpeding thal fhawe rockd form from mini-
mum erefling compositions.

g
4
f;'_ Aps T
AT i Selita
20, Geapiic pramite.  In this eection, rods of quans (bl pas G R LT
through the alkali fcldspar crysial anc socn oad an and cxhidhit PRl '-'.'_1,{'“::‘.:;.‘}._ e

the typical shapes 1hat resemble cusciform witing.  This tex-
ture may result from guiectic ervtallization ol these two mins-
rals.

1. Cisnplor pramite warh perthing essobation lamellse = the host
slkali feddspas. From a pepmatile at Pairilasd, Consectsrut

12 Micrographie of grancgphync testuee in the residus] hgud of
Slesnpow duabase dike, Conaeciut. Two cubcdral plapodiaic
ervilale (B8 eanincluon ) wene cnalallizing pnor 1o the copre:
cipetateon of feldapar and guarty Crosscd pedars. K54
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TEXTURES AND STRUCTURES OF IGNEOUS ROCKS
INTERGROWTH TEXTURES

i1 Granophyvic material clearly eryitallized list in this dishace
from Coamecticut, because it surrounds al ocher minorals. The
plapiocliss eryoials are stroagly roned iowards alitic rims
where they are intergeown with quartz o form the granophyric y . i
fcature, Crogied polars, X1, > .-&ru.;.'""' el

.
K

24, Myrmakitic intergremth at the bowndary of plagiociase and per-
ihatic slkali Feldspar graiot in queriz masgenis, Orenville,
Quuebsc. See IT 25 for detaily of textwre. Cromsed polars, X311
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IS Bame myrmekite as in T 24, The radiating wors-dike rods of
feaniz Bhd the conves bowndary of the olipoclase agasnst (b
potasseam feldspar suggest this texture formed theosgh reple.

remeenl of potagivm feldspar
o spar by plagioclae.  Ceodeed polan,
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TEXTURES AND STRUCTURES OF IGNEOUS ROCKS
INTERGROWTH TEXTURES

36 Phase disgram for the pptesn Diopaide—Anorthite, Dragams lor
sy cther pomumaes berroerapressan minerals wiih plagiocliag ae
similar 1o this one, Many basalts heve compokilaong gear the
Eulectics b theos sysiems.

A

5\

F

IT. Orphitie feshare in Kasmoo dodente, Binds RBier, South Alfnca.
This seature prohabiy develops a5 o cobectic intorgrimah. Therne
are Many Mo plagioclase crysials than ferromagresian crystali
i 1he ophigic texture.  As a result, plapocse laiba appear
peipended in large lerromagnesian crystals, Crossed polam,
X33

M. Sekaphinic texiare in Mesoeois dabase deie, Cheshire, Conmce
ticwd. la this texture there are, on sveraps, equal pumbers of
plagioclase and lerromagnesian cryest.  Cossequenily, each
tnangudar area bereecn plageoclais [eiks B occuped by one
ferrnemupnesian cryslal  Crowcd polam, X535

>0 Inicrgranular texture an dishase. This sample o (fom the waime
dakor @ that wn TT 26, bl o coenes froen ¢iomer 10 1B conian
where ooling was mode rapid |n the inlergrasslar lexiare,
cach insngulad spate hereeen plapodiasie lubs foaiming, on
average, moet than one [erromagnesian crystal With moee Fapid
coching ill, the ressdual hgwid in the deic erysiadioed 1o
& lene-graimed mewmtaan. Crossed polar. XEBE

' Vi
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TEXTURES AND STRUCTURES OF IGNEOUS ROCKS
INTERGROWTH TEXTURES

M. Phenacrysti of plagiociass serrounded by an ophitic | T
of plagiocisie sed prroscae, ﬁllhuﬂuwhhr HTP*“WK IIII’,'::IIl;r':lI-||‘J‘|ﬁq;|l.'.l- E‘ F?
dﬂ;:_rnuulizml tarly, amd the residual ligesd formed the [, 'rﬂ!'
ic inps: % : r
ey wm.: “ﬂﬁmr. oy crystalezed caly from the e .. ¥

L P'hr.i:m-rmu of augite summounded by a0 aphitic intergrowth of
plm and sugite. Asgie crydallieed earty, and the
ressdual liquid formed the ophitic intergrowth.  Plagioclass

erystallized only From the nesdual Bquid, Plane g, X9
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TEXTURES AND STRUCTURES OF IGNEOUS ROCES
REACTION TEXTURES
1L Phase diagram for ihe sysiem Forstenie=Silica, showing iha

enstadice mells iscoagreently 1o lomsleme snd & lgosd thet # .
it mare siliceous than enstatite. Liguids which first rystal- £ )

lize clivine will, oo cooling to the incongreesi melting poimt L sgiid ! LY
of ensiatite (peritectic), react with the olnane bo form enets- K \J
p— G DTV R

lite.
Fae L
Eris -
L L

Fo +En En =

Iemorafure

Forating Engtat e ilica
Wl %

1A Chromiate-bearing perdotite from tke Stilwater complen, Mon=
fana.  The liguid which surmounded the carly crystallicing
grasns of olivine and chromite reacied with the clivine 80 fomm
afthonrosens.  Prior b0 reaction, the ofiviss and chromsiie
Frains wore in contact. The encloging of namoross grams of
oldne and chromide wilkin large enalals of othogyrosene
e 1Rt pondotile & poikililee texture. Crossed polars, X%,

3. Corona teriure with supdie nmmisg olivine, Stillwater complex,
Mostans., Crotsed polars, X35,

1%, Corona iesture with ssgis nmening osthapyreeene, Bushvelbd com-
plex. South Adrica. Crowsed polar, X%,
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TEXTURES AND STRUCTURES OF IGNEOLUS ROCKS
REACTION TEXTURES

M, Augitc nmmed and replaced by hormblonds i cxiexile, Moant
Johnion, Cuebee. Plane light, X2k

3T, Ofleving surroendsd by fm of erhopymsens in Byt rock for-
med 8 ihe coetast of an alkalme pendaolile, Maunt Bruna, Crec-
bee, Adiamilation of dlicoous l.ld:lrnlnhl:rrlhr poodotitc mags
ma wak fespanidle fos the madion to prodece oetho-pyroacne,
lfrll-l!l;r B in ned aormally foond in alkaline recks. Plane
lighe, X%,

et dddddddddddd i
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X Tnasasgne eryitsl o the game hybnd rock o e IT 37 rescted
willl 1he fentsminaiod magma g produns @ comenas of arthios pyrons
enc ansd beoinie, Plass Jllht. nu
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Fi Bebyphitie bewiure im trociodie gabboo, Reor, Southern Saor-
wav.  [usch oleane grean is compieicly surrcanded by & continu:
v oo ofthogaronese, shich B tum od surrounded by @ nim
vd parpranic amphiboie (opucally posiees], which Comiaine
wmall rodds of spaszl | ks puled pare  The pargassls; mm ofs
cum only whore B ONAOPYTORERE G A CONIACT with plapio-
clase; for example, Ao pargasice oocers betwess the avgve and
1B orkcspmoeene. Croswed polan, XML
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TEXTURES AND STRUCTURES OF IGNEDUS ROCKS
CRYSTAL ACCUMULATION

40 Sinkang of olivine crysinls icwand the bottom of & platinus cr-
aible in which a forstedie—Sopaide liquid was held & fow
degrecs below the olvine ligakld, (From Bowen, 1915, reprodu-
eed with permission of the Amencan Journal of Sceace)

AL Layers of ciyslal stcomulstion ks the Kiglapait intrusion,
Labrador. Nete small troughs felled mainly with olevine apd
pymoeers [dark] in several of the layen.

4= Close-up of autcrapan IT 41 Baeh layer cahitnis grading froms
an olwine-nch base, ihrough & pyrossos-nich cemiral par, 1o
& pligsoeiaic-nch top. Such graded layemag has boon interpee-
ted ag redulting from gravisive senbng of minersils of diffe-
rent ek fro derae currents of crptal-neh magma in the same

way iRat pdimentary praded beddsag s Bormed from urbidity
Currenid.
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TEXTURES AND STRUCTURES OF IGNEOUS ROCES
CRYSTAL ACCUMULATION

43 Casbir containing cemulus cryitals of asgite and anbopyroxin:
and isse reumubos plagioclase, Great Diyke of Zimbabwe { Rivode-
sin), ‘The easly-eryusllising mincrals are euhedmml, whereas
ihe plagiocinee, whach formed from he inbercumalus ligeid,
E’rﬂ.lﬂl”l 'ﬂ s @ cement spound the other gmine.  Crossed

FE, A%,

44 Gabbro contalniag comelus pyrosene snd plagioclese prains,
CGireat Diylee of Fimbabwe (Rhodesia). [n contrast will the (22-
ture i IT 43, the plepociise in this sample crysallized
carly and sccursulated o give & weak Borzontal folsatios.
Cromzed polars, X9.
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45 Interewmilus Bqued may eryssallise in situ n cumlus -
prame [plapaciase in this example), or be expelied by com- s
pacten and dilfutson (rom the intenticed. Addadnal grth =
an the cumalus graine can e nse b an sdoamulase, which n L
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TEXTURES AND STRUCTURES OF IGNEOUS ROCES
HYPERSOLVLE AND SUBSOLVUS CRYSTALLIZATION

4. Mame diagram for ibe alkali foklspar syaicm at low and high
prewsurnce of water, Wilh incrcased préstare, melts Sne able b
digcler more waler, whidh in tum Kmers mellang posais. Above
& critical water canbent (and presiere) (ke alfial febdupar sol-
vus intersecis (8e solsdus, and (ke liquidus minimum changes to
& cutecthe, Above tha crtical value, reo deafferest feldspars
eratallize from (ke mel, wherens bebow @ only & cingle

aliali feldspar crysiallizes from the meli,

47, Hypersobas granite, Rodigpon, Massachusetia. Only cne fohizpar
cryslaliend from {he magma; on oaling this Teldipar cabed
la form perthite. "W can conclude that this rock formed fram a

relstively dey magma. Cromsed polar, X9

48, Subsohus granie, in whach feo dilfereat feldepars crvital-
leed froem ik melt, & mioroclone and an afile: Condard, New
Hampehire, W can conclude that this grasite formed from &

relstively water-nich magma. Croeed polar, X231
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TEXTURES AND STRUCTURES OF IGNEQUS ROCES
LIQUID IMMISCIBILITY

a9,

.1

Prase dagesm for the gystem Forstenite—Silica showing the li-
quid smmachiliny ficld in the slica-nch part of the sysbom.
Ton-liquid fclds exisl & many other fytcms imvohing lica
wiih hiph Geld mrength catioss.

. Gilicase biquid emmiscibility in the residusd lguid of & tho-

lemlic basal, Kibveca, Hawaii. The fwo ligeids are presened
ui droplets of brown iromerich and clear silica-rich plesses.
Plane Light. X480

Immscible droplct, oipeaally wies crymalloed, e moes
reaidily vaulbde im ielleied light in thes sholeitc bassli Trom
Conmecigut. the sros-figh deopbeti appeir an reflective sphores
wprckied with musstc ¢fyikabe af magectile, in & someflecove sl
swa-nch glass beiwern lnthy of plypioclaee and pyroveme. Dew
el mapnchie orvansli (Bl Oenberl BY commees in the
meoiklanis of Basaln eahibaiep enmniilely Relosted plans
WNENI, il EmmersiE. A& 130

Maned basaltc snd rhyodiled pladee in a pumice, Newtserry voi.
cano, Urepoa.  [The qudtapokition of theie two dalforent hgaidd
1 & reasd] of commnghng of fwo magmas and nof liguid mms
fibulicy.  Pepte the lach of wmall droplais of one Rquid in 1B
oiher wiach afe fodmned when immidcibilaty o wvabved (FT 503
Piane ligha, X11
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TEXTURES AND STRUCTURES OF IGNEQLS ROCES
LIQUID IMMISCIBILITY

LE

35

kS

Cheelli in lamprophyric dike, Mowtreal, Queber, These segrega-
rioad of febis materials have bees inierpreted boik a1 plobu-
les of imeniscible Bquid and s the fillisgs of vesicles wilh

inle-slage magmatic liquid. Plase Hght, X9,

Chrbicalar granite, Kangatala, Finland. Allbough onte behovd
ta farm through liguid immiscibilily, orbisules an 1he prosiuc
of rhythmer precipalation of Foliic ard malic mincrals abow
soee nuclens, whick s commonly & phepoceysi or seaolith. Swass
Aoy Kadle for scale.

Immisceble sslfide droplct @n the resideal silicabe glais of a
thobewis basalt, Southbary, Connectioel. Flans lighs, XEX

Same as [T 55 bul wnder reflested lipht, whene 1Be sullide ag-
pears yeliow compared with (Be fwo magneie crysiel whach are
while

L7 lmmocibls seifdc Fklh.al:l. in Phbrll_ Sudbury, Chntassn The

autling of 1he globules o magied by ubcsie crysials which

ervilallared finl Coaleidenic ol Ibiie immusnble globales
plaved & role @ coscentrulenp nickel which preferenzially

eniem 1B pulfide ligued. ind0 orc depokils

13




I —

6 Classification and Textures of Metamorphic Rocks
GENERAL CLASSIFICATION

Metamorphism is the sum nl:ﬂ:huguthnmh:rm&inrupmacm:hmm
in the rock's cavironment. The changes in the rock can be physical, mineralogical,
or chemical. They can affect rocks of igneous, scdimentary, or cven metamorphic ori-
gin. Thcﬁnﬂpmduﬂnfﬁn:hﬂgﬂshtmnhlmﬂmmpbicmd.

In its broadest sense, metamorphism includes the cnfire spectrum of changes that
take place between the zone of weathering and the zome in which melling gives rise
o magmas. Traditionally, however, the low-temperature changes associsted with wea-
thering and the lithification of sediments have been omitted from the study of meta-
morphism. But the separation is arbitrary, for the fundamental laws governing the
low-temperature reactions are identical to those controlling the higher-temperature
ones. In all cases the changes take place in order to minimize the free encegy of
the rock, and whether or not equilibrium is achieved, basic thermodynamic principles
govern the directions in which the reactions proceed.

Metamaorphic rocks can have complicated histories. For instance, sediment depo-
sited on the surface of the carth, after becoming lithified, can follow any number
of different pressure—temperature paths before reappearing on the carth’s surface
as a metamorphic rock, The paths depend on the tectonic process to which the rock
i exposed and the history of magmatic cvents in the region, The rock may even be
exposed to more than ome tectonic episode, in which case one zel of changes may be
overprinted by another. The question, then, arises as 1o wha part of the evcle of
change is actually preserved and recorded in the final metamorphic rock,

When sedimentary rocks are buried, either through continued subsidence and fl-
ling of sedimentary basins or by overthrusting of other crustal rocks, their tempe-
rafures rise. This is due in part to the geothermal gradient {10 to 60°C/km) and
in part to the blankeling effect of crustal rocks which normally have relatively
high concentrations of heat-producing radicactive elements (U, Th, K). Heat can alsop
be introduced by bodies of magma, which on cooling liberate both heat brought in by
the magma itself (a function of the temperature and beat capacity of the magma) and
heat of crystallization. As temperatures rise, changes Lake place which are commonly
referred 1o as progressive or progrode  metamorphism.  Reactions can also take
place as rocks cool down: these are referred to as FEIFOFEITIVE  &F retrograde g
amarphisem.

Retrograde metamorphism is far less common than prograde metamorphism. Indeed,
most metamorphic rocks are believed to preserve mincral assemblages formed a1 peak
temperatures. There & both a kinetic and chemical explanation for the scarcity of
retrograde rocks. The thermodynamic driving potential for most metamorphic reactions
varics lincarly with temperature. Reaction rates, however, vary cxponcntially with
temperature. During prograde metamorphism, the driving potential and the kinetic fac-
lof act in unison (o causc reactions 1o procced.  But with falling temperature, the
driving potential is opposed by the exponentially decreasing reaction rate.  Further-
more, mosl prograde reactions involve dehydration or decarbonation.  Once volatiles
have been expelled from a rock, falling temporatures cannot then reverse these reac-
tions. Conscquently, most retrograde metamorphism is a local phenomenon, occurring
mainly where fractures provide avenues for fluids to reenter the rock. These [uids
are nol only reactants, bul they alio act as catalysts by significantly increasing
reaction rafes.
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The history of a metamorphic rock is recorded in s mincralogy and fextures
(and to a lesser extent, chemistry). For this reason, mineralogy and texture form
the basis f[or cassification. A melamorphic rock 5 described and classaficd using
mainly descriptive terms. This iovolves a listing of the condituent rock-forming
minerals followed by a textural term. For example, a quartz-muscovite-biotite
schist consists predominantly of quartz, muscovite, and biotite, and ils mica ecrys-
tals have a parallel alignment, which imparts a folistion or schistosity (o the
rock. (A Dsting of metamorphic textures is given ol the end of this chapter) A
few special names are used for metamorphic rocks of sinking chemical composition,
For example, marble, calc-sificate, quartzte, and soapstone (scrpentine and  fale)
are formed from the metamorphism of hmestone, impure hmestone, quartz-rich sand-
slone, and ultramalc rock, respeciively.  Although these terms are genciic, the dis-
tinctive composition of cach rock leaves Bttle doubd as 1o its origin.

The mineral assemblage constvuting a metamorphic rock can be used to interpeed
the temperatures, pressures, and, in some cases, the composition of the Muid phase
extant during metamorphism. Furthermore, the texurcs of the rock can reveal the
nature of the disturbance which caused the metamorphism. For example, they might
indicate whether the disturbance was a result of deep burial and deformation related
to mountain building (regional metemorphizm), or was a resull of the nearby cm-
placement of an igneous intrusion (covact metamorphism).  Interpretation of the
conditions and causes of metamorphism leads (o0 anodher way of classifying metamaor-
phic rocks kmown as the facies classification. Before dealing with this approach,
however, it is nccessary to discuss the graphical representation of metamorphic mine-
ral assemblages.

GRAPHICAL REPRESENTATION OF METAMORPHIC MINERAL ASSEMBLAGES

One of the important early discoveries of petrology was that metamorphic rocks con-
tain relatively small mombers of minerals. This was correctly miterpreted i 1912 by
V. M. Goldschmidt as indicating that the mincrals in metamorphic rocks closely ap-
proach equilibrium assemblages. That ks, il a reaction beiween mingrals can (ake
place, it procecds untidl ome of the reactants 15 chmimated, In this way, the number
of mincrals 15 kept to a mimimum. Indeed, Goldschmidt showed, through thermodynamie
arguments, that the number of mincrals in a rock should normally equal the number of
components present, where components are defined as the smallest number of chemical
building units (single oxides or groups of oxides) necessary 1o describe all of the
minerals present. Many rocks contain no more than four or five components, and thus
they contain oaly foar or live major minerals,

Because of the small pumbers of minerals present in most metamorphic rocks, i
is possible to construct graphical representations of the mincral assemblages, which
aid not only in making petrographic descriptions, but in interpreting the conditions
of metamorphism. In three dimensions, four compesitional components can be represen-
ted, for example, in a tetrahedral plot. Unforienately, when such a plot is projec-
ted into the two dimensions of a sheet of paper, many of its features can become ob-
scured. In two dimensions we are restricted o plodting only three components, which
can be represented with a simple triangular graph. Most rocks, however, conlain one
or two more components than can be represented in the triangular plot. Consequently,
the various graphical representations used in studying metamorphic mineral assem-
blages are means of projecting data from four- or five-component space info the
three components of the tnangular phot,

141



One of the most commonly used projections is the ACF diagram, where A, C, and F
are defined in mole percent as:

A=A + F - (Mas 0 0
A = A0S « Fey0y- (N0 + K;0)
F = FeO + MgO + MnO

The A value plotted in this diagram includes all of the alumina in the rock minus
that which enters alkali Feldspar. In this way we climinate the need 1o plot the
alkalis in the diagram, reducing by one the oumber of components to be represented.
A Turther reduction is achieved by grouping together FeO), MgO, and Mn0. In many meta-
morphic minerals these oxides freely substilute for onc another and, consequenthy,
can be treated as a single componcnt. But in some mincrals, such as staurolite, this
unfortunately is not true, and this grouping is invalid. It will be noted that the
most abundant component of all, Si0), is omitted from this plot. It is nol, how-
cver, forgotten.  The silica forms a fourth component which would require a tefrahe-
dral plot il it were to be graphically represented. A point representing the bulk
composition of a rock in such a tetrahedron can be projected from any apex of the
tetrahedron onto the opposite triangular face (Fig. 6-1). Because most metamaorphic
rocks contain free silica (in the form of quartz), we can project the bulk C s -
tion of the rock from the sifica apex onto the ACF face of the tetrahedron. We can
then use the triangular ACF disgram to show the composition of the rock and its con-
stituent mincrals (in terms of the ACF components), as long as we state that quart
s also present (although not graphically represented in the ACF disgram).  Within
the hmits of the above restrictions a rock can be plotted in the simple ACF trian-

rular diagram,

A A A

i

i

+ QUARTZ '
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S-‘,: F
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L : > DFI

- C Z FC o F

Figure 61 ACF duagram for rocks econtaiming quarty.  Rock cOmpOLitions are projec-
ted from 8i0)y onto the ACF face of the tetrahedron (sce tex for explanation), Un-
der one sl of metamorphic conditions a rock with bulk composition X might consist
of the mincral assemblage  quartr-anorthite:  diopside-orthopyroxcne, but  under
anathir so1 of conditions would comsast of quarts-kvanine-diopside-almandine.
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To plot the composition of a rock in the ACF diagram, the chemical analysis,
which is normally presented in terms of weight percent, is recast in mole propor-
tions by dividing the weight percentage of cach owide by its molecular weight. The
mide proportions of the A, C, and F components arc then recalculated 1o 100%. If
sccurate modal data are available, corrections can be made (o the mole proporiion of
Cald for any accessory apatite or spheoe preseot in the rock, and to Fel for acces-
sory ilmenile and magnetite (scc norm calculation, Chapler 4, for calculation). Nor-
mally the amounts of these minerals are small, and they do ot seriously affect the
ACF plot,

The minerals in the rock are also plotted in the ACF diagram. Their positions
can be deduced casily from ther formulae given m Chapter 3. For convenicace, their
compositions in terms of A, C, and F are given below:

Mineral A C F
Anthophyllite, Commingtonite, Orthopyroxens
Talc, Serpentine L] L] 101
Actinolite, Tremalite n 8.5 TLS
Hornblende <25 =85 : TE
Diopside, Dolomite i 50 50
Calcite, Wollastonite 0 100 0
Girossularite, Andradite 25 75 0
Vesuvianite 14 T2 14
Epidotes 4 57 0
Anorthite 50 S0 0
AlLSi0 g, Pyrophyllite 100 0 0
Staurolite a7 (] n
Chloritoid (Fe), Cordierite (Mg) 50 i 50
Spesarting, Almanding, Pyrope 25 0 75
Chlonte 10-35 1] K65

Mog rocks contain three of the minerals in the ACF duagram, plus quartz (acces-
sory mincrals ar¢ neglected). Lines are drawn between these mincrals to show that
they occur together and were probably formed as an equilibrium assemblage under (he
particular conditions of metamorphism represeated by the rock. The bulk composition
of the rock plots within the mineral phase triangle. Under dillerent melamorphic con-
ditions, this same bulk composilion could produce a dillerent assemblage of mine-
rals. ‘Thus, alihough the point representing the bulk composition in the ACF diagram
would plot a1 the same place, the enclosing mincral phase triangle would be diffe-
rend {Fig. 6-1).

The ACF diagram is well suited for representing metamorphic rocks formed from
most igneous rocks, especially those of basaliic composition, and metamorphosed lime-
stongs, dolostones, and impure carbonate rocks. It is nol suitable for rocks formed
from aluminous scdiments, the so-called pelites.  When melamorphosed, these rocks
typically contain abundanl muscovite, except al very high temperatures when they con-
lain polassium feldspar instead. They also contam a number of ferromagnesian ming-
rils, such as staurolite, chboritoid, garnct, cordicrite, and chlorite, which are
cither iron-rich or magnesium-rich; that is, iron and magnesiom do nol substitulc
frecly for each other in these minerals and therefore cannot be treated as one com-
ponent #s is donc in the ACF diagram. If these minerals are ploticd in the ACF dia-
gram, assemblapes of loar rather than three mincrals commonly resull. For such rocks
a completely different phot is wsed.
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Felitic rocks are composed of five csseatial oxides, Si Al O, MgD,
Fﬂﬂ,udli_zﬂ'. Becanse of the Limited substitution of FeQ for in many pelitic
ferromagnesian minerals, all five oxides must be treated as scparate components for
the purposes of graphical representation. If we plot only those rocks containing ex-
cess silica (thal is, oncs comtaining free gquartz), silica need not be plotted,
This, in reality, is simply taking compositions in the five-component system and pro-
jecting them from quartz into the four-component system. Very few rocks are elimina-
ted by this restriction, because only rarely do pelitic rocks nol contsin excess si-
lica. By removing the need to plot silica, the number of essential components nceded
to represenl the composition of pelitic rocks and their constituent minerals is
four, This, then, can be done with a tetrahedral plot,

In Fig. 62, the cssential minerals in silica-saturated pelitic rocks are plod-
ted in terms of Al,O, FeO, MgO, and . By joining with straight lincs those
minerals that occur in a rock, a tetrahedral volume is formed with the constituent
minerals ling al ils corners. For example, we could draw the Eines for a rock con-
taining the assemblage muscovite, almandine, stagrolite, and kyvanite (plus quariz),
or onc containing muscovite, staurolite, chlorite, and biotite (+quartz). The che-
mical composition of a rock plots within the tetrahedral volume outlined by the mine-
ral assemblage.

Despite its simplicity, the tetrahedral plot would obviously become difficult 1o
read if a number of mineral assemblages were to be plotted in it. We therefore necd
a means of simplifying the diagram. First, it will be noted that except for the
micas and potassium feldspar, all of the minerals plot on the ALO4-FeO-MgO
(AFM) facc of the tetrahedron. Furthermore, most pelitic rocks contain museovite
rather than potassium feldspar, except ot the highest temperatures of metamarphism
where muscosite breaks down, Thus, any muscovite-bearing wsemblage with a bulk com-
position plotting within the tetrshedron can be projected from muscovite onto the
AFM face of the teirahedron, producing a wriangular plot (Fig. 6-2).  Of course, we

.
.

+ MUSCOVITE
+ OUARTI

Figure 61  Projection of quartz- and muscovite-bearing pelitic rocks onto the AFM
face of the AlyO5-FeO-MgO-Ko0 tetrabedron (see text for explanation). Minerals
plottied are  ALSHO): polymorphs (A), stauralite {5), chloritoid (Cr), cordierile
{Cd), garnct (), chlorite (Ch), biotite (B}, muscovite (M), and potassiom [eldspar
(Kf). (After Thompson, 1957)
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mist remember thal in addition to the three-phase assemblage in this triangle the
rock will also contain muscovite and quartz. For high-temperature pelites, where
muscovite 18 no longer stable, the projection onto the AFM face can be made from

potassium feldspar. Because this graphical method was proposed by Thompson (1957)
it is commonly referred to as the Thompson AFM projection.

Because most minerals in pelitic rocks plot on the AFM face of the AlyOy-
FeQ-MgO-K,0 tetrahedron, their position on the triangular AFM plot is unaffected
by projecting from muscovite. Baotite, however lies within the tetrabedronm, so that
when projecied from muscovite it lics below the hne joaning FeO and Mg on the AFM
plot, In addition, rocks containing muscovite, biotite, and potassiom feldspar will
project onto the AFM [ace below biotite.

Substitution of FeO for MgO occurs in moxt ferromagnesian mincrals in meta-pe-
lites, but under amy particular set of metamorphic conditions the range of substito-
tion may be rather limited. This range is indicated in the AFM plot by the shaded
areas. The degree of substitution of FeQ for MgO ks greater in some minerals than
in others.  Where analytical data on the individual minerals are available, for
cxample from clectron microprobe analyses, lines known as fie fines can be drawn
joining the compositions of cocxisting mincrals,. From such data we can gencralize
that the following minerals show a decreasing preference for magnesium relative to
irom;  cordicrite, chborite, hiotite, chloritoid, staurclite, and  almandine, Thus,
for example, biotite in a rock will have a higher Mg/Fe ratio than coexisting alman-
dine (Fig. 6-2). HBecauwse of the solid solwtion im ferromagnesian minerals, many
pelitic rocks plod in the AFM diagram as an assemblage of only two minerals rather
than of three (plus muscovite and quartz); they occupy arcas ruled with tie lines
joining the compositions of coexisting phases. And with still other rocks, one-phase
assemblages are possible in the AFM diagram if the composition of the rock plots in
an arca occupied by the solid solution range of an indiidoal mineral; the composi-
tion of the mineral i then determined entirely by the bulk composition of the rock.

CLASSIFICATIONS REFLECTING CONDITIONS OF METAMORPHISM

The carliest attempl to classify metamorphic rocks on a regional scale was by Barrow
(1893) working in the southeastern Scoatish Highlands. He was able 10 map zowes
ol progressively metamorphosed rock which he named after readily identifiable mine-
rals; these were chlorite, biotite, garmet, stawrolite, kyanite, and sillimanite,
hsted in order of increasing intensity of metamorphism. The outer part of a zone,
where the index mincral makes its firsl appearance, was named an isograd, the im-
plication being that an isograd marked a line of equal grade, or degree, of metamor-
phism. Mapping of isograds is still used as & conmvenient ficld method for studying
metamorphic rocks and for giving a general idea of the intensity of metamorphism.
But the relation between the position of an isograd and the intensity of the factors
causing melamorphism is now recognized to be far [rom simple. Furthermore, a single
index mineral is a far less sensitive gauge of metamorphic grade than the mineral
assemblage of the rock as a whole. Thus, for detailed work, modern classifications
make use of the complete mincral assemblage.

Eskola, working on the contact metamorphic rocks of the Orijari region of Fin-
land, was the first to fully appreciate the broad relstions between mincral assem-
blages, rock composition, and the pressures and lemperatures of metamorphism. He
noted that wiathin regions that were small enough to have experienced the same grade
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of metamorphism throughout, mineral assemblages were determined only by rock composi-
tion, but that rocks from different areas, covering similar ranges of composition,
could contain very different mineral assemblages, which be attributed to different
conditions of metamorphism in the different arcas. Eskola incorporated these obser-
vations into the metamorphic facics comcept. He defined a metomorphic mineral fa-
cies as comprising all the rocks that have originated under temperature and pres-
surc conditions so similar that a definite chemical composition results in the samec
set of mincrals (Eskola, 1920). Thus, for rocks metamorphosed under the same condi-
tions, different mineral assemblages represent different bulk compositions, Converse-
by, rocks with the same bulk composition but with different mineral assemblages re-
flect different conditions of metamorphism.

Eleven different facies are recognized, covering the entire spectrum of possible
metamorphic conditions. As a result of experimental studies, the approximate pres-
sures and lemperatures of the boundares between the various facies are mow known
(Fig. 3). It should be emphasized that these arc only approximate, and that they
can be modified considerably by changing the composition of the fuid phase. In
Fig. 6-3, the partial pressure of water during metamorphism is (aken to be equal to
the load pressure.
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Figure 63 Approximate pressurcs and temperatures under which various metamorphic
mincral facics form. Rocks are assumed 1o be in cquilibrium with water al the same
pressurc as the load pressure.  Facics are shificd w lower temperatures il partial
pressures of water are less than the load pressure.  Boundaries between facies are
broad zones in which a number of important reactions take place (Fig 6-4). The mel-
ting curve for peraluminows (S-type) granite under walerosalurated conditions s
from Clemens and Wall {1981},
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The homblende homfels and the pyoxene homfels focies form at  low
pressure and moderate-to-high temperatures. These conditions occur al the
contacts of igneous intrusions, At still higher temperaturcs and low pressures i
the sanidinite focies, which is normally restricted 0 xenoliths in -
mas. Al the ouler marging of some contact metamorphic aureoles, a low-lemperature
albite-epidote  homfels  focies occurs.  Under conditions of progressive regional
melamorphism in orogenic belts, the series of [acies greenschisi, amphibolite, and
gronulite are normally cncountered. In some, a still lower grade, zeoliie fo-
cies, is present, and this may pass up inlo a prehnite-pumpellyite focies be-
fore rcaching the grecnschisis. At the low temperatures of the zeolite and prehnite-
pumpellyite facics, reaction rates are strongly dependent on deformation and circu-
lating fluid phascs. As a result, these two lowest grade facies are not always pre-
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Figure 6-4  ACF plots of common quartz-bearing mincral assemblages in the metamor-
phic facies. Boundarics and conditions arc the same as in Fig. 6-3. Mincrals plot-
ted include andalusite (A), kyvanite (K), sillimanite (Sill), muscovite (M), l:l:m.l'll:jlc,
(Mull), grossularite (Gr), almandine (Alm), pyrope (Py), orthopyroxene (Opx), clino-
pyroxene  (Cpx), calde plagioclase (P1), epidote (Ep), lawsonite (Lw), Ialfmnnluc
{Lm), pumpelivitc (Pm), prehnite (Pr), calate (C), aragomite (Ar), dolomite (D),
wollastonite (Wa), actinolite (Ac), hornblende (Hb), glavcophane (Gl), anthophyllite
{Ath), tale (Tc), biotite (B), chlorite (Ch), cordierite (Cd), pyrophyllte (Pph),
and stilpnomelang (Stn). The beginning of melting curve for water-saturated peralu-
minous granite is from Clemens and Wall (1981).
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products of progressive metamorphism. Under conditions of high pressure and low tem.
peralure, metamorphism gives rise firt to the glowcophane schist Jacies  (hiue-
schists) followed by the eclogite facies.  Such conditions cxst only where
cold crust is subducted rapidly (bence remaining cool) to great depth and then
brought back to the surface rapidly by tectonism.,

Each of the metamorphic facies is characterized by a particolar mineral assem-
blage. In meta-igncous rocks, especially those of mafic and intermediale composi-
tion and in calcarcous rocks, these assemblages are best expressed in terms of the
ACF components (Fig. 6-4), whereas in pelitic rocks the AFM projection must be wsed
(Fig. 6-5).
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Figure ©-5 AFM plots of mincral aviemblages in quartz-bearing pelitic rocks in vari.
ous metamorphic mincral facics. Al conditions and boundarics are the same as in
Fig. 3. Projections are from muscovite, except in the granulite, pyroxene horn-
s, and samidinitc facies where they are from potassium  feldspar.  Positions of
mincrals in the AFM projection from muscovite are shown in the insct.  Abbreviations
ares quarty (Q), muescovite (M), potassium  feldspar (KM}, andalusite (A), kvanite
(k). silimanite (Sill), pyrophyllise (Pph), spincl (Sp). almandine (Alm), stawro-
e (5). chloriodd (C1), cordicrite {Cd), chionic (Ch), biotite (B), glavcophan:

(til), and ortho- pyroxcee (Opx).  The AlSiOg phase relations are from Holdaway
(1971). i
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The boundarics between the various facies are determined by important metamaor-
hic reactions. Inspection of Figs. 64 and 6-5, however, reveals thal in many cases
several reactions must take place to comvert the assemblages of one facies into
those of the next. led to the division of the facies into subfacies. Bul as
knowledge of metamorphic rocks grew, the number of reactions that had to be accoun-
ted for in this way also grew. It became apparent that subfacics would scon become
too mumerous to be useful, Monetheless, there had to be a way of incorporating the
large amount of cxperimental and theoretical data that was becoming available on
metamorphic reactions. The solution was to replace the facies concept with what are
known as perropenetic grids, which are pressure-lemperature diagrams on  which
all possible reactions for a particolar range of rock compositions are plotted. The
facies classification is still wsed, as originally defined, but only for broad re-
gional classifications of rocks,

o

To illustrate the detailed analysis that can be made of metamorphic mineral as-
semblages using a petrogenctic grid, Figure 6-6 shows the metwork of reaction curves
that have been worked oot for pelitic rocks. Most metamorphic rocks formed at gene-
ral pressures and femperatures plol within the arcas lying between reaction curves
on the petrogenetic grid. These rocks coatain the same number of minerals as compo-
nents; that is, on the AFM projection, they consist of three minerals. It will be
noted by comparing AFM plots in adjoining ficlds that only one line is changed in
going from one ficld to the other., This indicates that only one reaction separates
the assemblages in adjoining ficlds. This s in contrast to the facies classifica-
tion where several reactions may separate adjoining facies.

If the temperature or pressure of melamorphism of a rock falling within a Geld
on the petrogenctic grid were to be increased, there would come a point a1 which a
reaction curve would be encountered. Here the rock would consist of four minerals
in the AFM projection, and when these were joined in the diagram, intersecting lines
would result.  Iotersecting fines simply indicate thal a reaction s in  progress,
with the Iwo minerals on one line reacting to form the two on the other. If such a
rock were found, you might expect o sec textural evidence of reaction. In any
case, the temperaiure and pressure conditions under which the rock formed would be
known 1o e somewhere along the reaction curve on which the rock plots,

Under very special temperatures and pressures, a rock might plot on the intersec-
tion of two reaction curves, which on the AFM plot would result in five cocxisting
minerals. Soch an assemblape is said to be invariant, because neither the tempera-
ture mof the pressure could be changed wathou! causing ome of the mincrals 1o be
fost through reaction. The discovery of such a rock in an area & particularly use-
ful because it defines precisely the temperature and pressure at which that mineral
assemblage was formed.
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TEXTURES OF METAMORPHIC ROCES

Metamorphism normally involves the growth of new graine. These may form through
recrystallization of old ones or through the growih of completely new minerals; less
commonly, the process simply involves grain breakage. The grain size of the rock de-
pends on the number of nuclei present during crysiallization. This number is deler-
mined, in a complicated manner, by the degree of deformation of the rock and by the
reaction mechanisms through which new mincrals form. The textures, which are a pro-
duct of the manner in which the crystallization takes place, can be convemently
grouped into those formed by recrystallization and those formed by the growth of new
mincrals, Tedures formed by grain breakage can be treated under recrystallization,
because most breakage is accompanied by some recrystallization.

Recrysiallization Textures

Recrysallization involves the nucleation and growth of strain-free grains from mate-
rial that has excess emergy because i is stroined or has excessively large surface
arca because of fine grain size.  Recrystallization allows this emergy to be re-
leased. Consider,for example, a crystal that has been bent or a compressed coil
springs both have stored strain encrgy, The energy of the spring can be liberated
by releasing a clip and allowing the spring to expand. The rock surrounding a bent
erystal, however, may not allow it to return to its original shape, so the gran can
telease s strain cpergy only by reorganizing ils constitucnl atoms inlo 4 new
girain-lree grain; that ks, by  recrystallizing  The compressed coil spring could
also have liberated it strain emergy by reervstallizing instead of by expanding
The surface of grains also has considerable energy because of distorted or vnasatis-
ficd bonds. In very Mme-grained rocks the surface area of grains is enormous, and
thus the energy that can be released by recrvaallizing 1o a coarser grain size can
be very lange.

Because most melamorphic rocks have undergone recrystallization, it is important
to understand the process.  Laboratory study of recrysiallization of rocks, however,
i difficull because of the slowness of the process.  Recrystallization s of great
importance  to melallurgy, and fortunatcly metals reerystallize rapidly enough so
that their recrvstallization can be studicd in the laboratory, The resubs of thesc
studies arc dircetly applicable to metamorphic rocks. Indecd, most metals have tex-
tures that are almost identical 1o some important melamosphic ones.

Many metal products undergo a best trestment following fabrication which s
known as anncaling. The metal object i raised (o 2 certain lemperature and held
there for a preseribed time and then cooled; both the heating and cooling stages may
imvolve several steps.  During this process the metal reerystallizes.  This releases
strain that may have been induced during fabnication, but it also develops textures
and gran sizes in the meial which impart desicable propertics 1o the produc.  The
resulling texture, in large part, depends on the amount of strain developed n the
metal during labrication,

When a metal s deformed, Tor example by passing under a press or through 3 rol-
ler,  prains become sirained.  Some parts, bucawse of crystallographic onicntation,
justaposition of other prams, ampurilics, or inclusions,  develop more arain  than
oihicrs. When the metal i heated, these licotwns are the firsl to undergo feorgs-
nization into uasteained grains becamse they bave the largest amount of sirain cner-
o 1o rebease,  Nuockeaton of wnstramed prams, therelore, occurs ol sites of pres-
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test sirain, Dmfﬂmnd.ﬂca:maimmwu:b:mullhcm-
rounding strained ones. If annealing is earried on long encugh, the new unstrained
prains continue growing until they encounter other unstrained grains that have grown
outward from neighboring nucleation sites.

mmﬁnﬁmﬂamﬁmﬂmﬂﬂMH&mMm:m&rn{mdw
lion sites furmadﬂmingmuuﬁng,ﬂﬁd:htmd:p:ud:mthcdmmﬂdﬂnmm
tion prior to anncaling It is found that a certain intensity of deformation is
nccessary before any sites are formed, Above this level, the number of sites increa-
ses with increasing deformation. Thus, a slightly deformed metal may not recrystal-
lize at all and would remain finc-grained. A slightly more deformed metal  might
dnﬂupifcwnmhulimai[ﬁmdmld.lh:mfnrnmﬂﬂﬁulnamm-
grained metal (MT 1). A still more deformed metal would bave more nucleation sites
and would consequently be finer-grained after annealing (MT 2),

This same relation between degree of deformation and grain size of the recrystal-
lized product is found in metamorphic rocks, Compare, for example, the grain size of
quartzites in figures MT 4 and 5. Both are from the same formation, but flatiened
and stretched pebbles (MT 3) in both rocks indicate that the sample in MT 5 was de-
formed much more than that in MT 4. This, then, accounts for the finer grain size of
the sample in MT 5. The rock illustrated in MT 15, although of a completely diffe-
real composition from the quartzite, shows how fine-grained a recrystallized product
can be if the deformation is intemse, This rock is from a major thrust faull, where
deformation induced so muoch strain that the resuling rock is extremely fine--
grained.

The growth of unstrained grains outward from pucleation centers during recrystal-
lization results in polygonal-shaped grains if there are no outside disturbing for-
ces and the crvstals do naol exhibit marked anisolropy in surface propertics or
growth rates. Figure MT 5 shows a typical example of the polygonal grains that form
by anncaling in metamorphic rocks. Mote that grain boundaries intersect at angles
of approximately 120%  Such a texture is found in both regional and contact meta.
morphic rocks. In regional ones, # generally indicates that recrystallization post-
dated deformation; ¥ reeryuallization occurs during deformation a planar fabric
develops instead. The polygonal pattern is particularly common in conlact metamor-
phic aurcoles, for here igneous intrusions provide the heat necessary for annealing
withou! introducing significant directed stresses. Finc-grained comact metamorphic
rocks containing polygomal-shaped grains are called homfels (MT 6). Coarses
grained rocks with polygonal grains are said to have a pronoblastic texaure (MT
7). The suffix -blasic indicates that the texture is of metamorphic  origin,
When used as a prefix, basto-, it indicates that the texture & inherited from
an carlicr rock, For example, blastoporphyritic would apply to meclamorphosed porphy-
ritic igncous rock.  Another contact metamorphic rock that commonly exhibits a grano-
lastic texiure is a skem. This forms from the melamorphism of limestone into
which large amounts of i, Al Fe, and Mg were introduced from the igneous body 1o
form various ealcium-bearing silicates.  Skarns arc therefore not the product of
simple  recrystallization, but invole significant changes in bulk composition.  When
a rock has s composition changed during melamorphism, it s said o have been
meiaromatized. Many melasomatie iron ore deposits are formed as skarns.
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Although the deformation necessary to bring about recrystallizalion may diston
original grains or objects, such as fossik or pebbles (MT 3), the recrystallized
grains typically exhibit no morphological extension. However, if the period of defor-
malion overlaps with the period of recrystallization, the polygonal grains may take
on a preferred  crystaflographic  oriemiation. For  cxample, the equidimensional
polygonal grains in many quartziles have a strong preferred orientation, This oricn-
tation can be deicrmined by measuring, on a universal stage, the orientation of the
optical indicatrix in cach quartz prain in a thin section and plotting the resulis
on a stereographic net. The presence of a preferred oricntation, however, can be
detected on the ordinary flat microscope stage by inserting, for example, the firsi
order red interference filler. IF there is a preferred orientation, most quartz
grains will show the same interference color, blue or yellow, depending on the orien-
tation of the quartz ¢ axes with respeet to the vibration directions in the acces-
sory plate,

During deformation mineral grains may become extremely Mattencd or stretched,
and the effect may be more pronounced on one mincral than on another in the same
rock. For example, in many high grade metamorphic quartzo-feldspathic rocks, quanz
is lypically flattencd into cxiremely thin sheets, whercas feldspar may still retain
its original shape or show only slight amounts of strain, The quartz in the sheets,
however, complelely recrystallizes o one or two larpe unstrained erystals.  Such
rocks are known os flaser gmeiss (MT 14). Wih increased deformation, the feld-
spar also begins 1o wndergo reerystalization. This starts with the outer pants of
feldspar crystals recrystallizing 10 very fine aggregates of unstrained grains. Com-
monly, the core of feldspar grains remains as large strained crystals within the ag-
gregates of finc-grained feldspar and quartz sheets. Becawse of the eve-like shape
of these relict leldspars, this rock is referred to as aupen gnedss (MT 14).

In zoncs of intense shearing the original grains of a rock can become greatly
stretched or, at high levels in the crust, may even be broken, With such large
amounts ol strain, reerystallization takes place casily, and because of the large
number of nucleation sites. the resulting rock B extremely finc-grained. Such rocks
were originally thought to have formed by the grinding or milling of matcrial in the
shear zong, and were consequently mamed mydonies, Although some comminugion of
graing may fakc place, cspecially near the sorfacc of the carih, most of ihe de-
creast in grain siqe is mow thought 1o resull from reenstallization.  Most mylo-
mitgs, in addion 1o boang extremely Ding-grained {also, commonly bisck or dark),
have a prominent lamination formed from the exreme Nattening of the grains of the
origmal rock,

In some faull zones mylonitic material is able (o introde into freciures, for-
mung narrow dikes or notworks of dikes (MT 16, These are commonly less than 1 om
wide and resemble rapidly quenched diabase dikes. Thin-scction inspoetion, however,
tevgals ther mylomilic orgin, for they are scen o contain many small fragments of
the surrpunding rock cmbedded in dark, aphanmitc groundmass.  These are known as
ultramyloete  or  pewdotachylite because of their resemblance to volcanic  plass
(tachylite). A1 lcast in some [aull zoncs, strain rates arc high enough [or fric-
tiwnal lusion 0 occur, in which case the pscudotachvlite is. in fact, composcd of
itlass carrying with il fragments of unmeclied rock (MT 173
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Textures Associnted with the Growth of New Minerals

During metamorphism, reactions take place to produce new minerals. Unlike recrystal-
lization, which requires modifications of crystal imperfections over  distances of
possibly only a few atoms, new minerals must make room for themschves by cither re-
placing material (diffusional exchange of material from one place to aoother) or by
physically pushing material aside. OF course, the growth of new mincrals is BCCOMmpd-.
mied by the disappearance of others, and this forms part of the diffusional ex-
change. These mineralogical adjustments, which can take place in the presence or
absence of directed stress, give rise to characteristic textures,

Under static conditions, sew minerals grow with random oricatations, even though
they may have platy or needly morphology. They may replace or push aside minerals
that formerly occupied their position, If the surrounding minerals have random oricn-
tations, evidence for displacement may be difficull to find. Primary sedimentary
layering provides convenient reference lines, and when present, is commonly undellec-
ted by the growth of the mineral, indicating thas growth occurred through replace-
ment.  For cxample, the cordierite crystal in MT 19 did nat push aside the layers on

cither side of i, although the ecrystal and the adjoining layers have been slighily
rotated.

When minerals form in a stress field, the orientation of that field plays a do-
minant role in determining the oricotation in which the minerals grow. Mincrals
that form plates, blades, or ncedles have growth rates that clearly vary with crys-
tallographic direction. Crystal nuclei of such minerals that have their maximum
growth rale directions oriented perpendicular (o the maximum principal stress will
grow more rapidly than those with other orientations. and consequently a preferred
oricntation will develop with the platy and clongated minerals lying in a planc per-
pendicular to the mavimum compressive stress.  In addition, pure shear will tend 10
rolate unoricnled grains into this same plane. The most prominent feature, there-
fore, of rocks which have undergone metamorphism in a stress field, is a planar
fabric which is referred 1o generally as  fofiation, or as schistosity il it
is defined mainly by an abundance of micaccons minerals (MT B), or as gneissosity
il it s defined by more granular minerals and compositional layering (MT 13),

When finc-grained pelitic sedimentary rocks (shale) undcrgo regional metamor-
phism, muscovite and chlorile are amongst the firsl mincrals to form. These grow
with a preferred orientation which produces s prominent folistion referred to as
slaty cleavape, The micaceous mincrals in slate are too small 10 be scen with the
unaided cye. As they coarsen, the foliation plane develops a sheen to it and gene-
rally becomes shightly less regular.  This rock is referred 1o as phyilite,  Indi-
wdual erystals are will too small 10 be wvisible 10 the unaided eye in phyllie.
When they do become visible, the rock is called schist (MT R),  Schists can also
form from mafic igncous rocks; these typically contain abundant chlorite and amphi-
bole. In sedimentary socks of silty and sandy composition and in intermediate 1o
felsic igneous rocks, fower micaccous or needly mincrals are formed duning mectamos-
phism.  Those that are present tend to be concentrated into lavers that paralic] the
foliation defined by the micas or amphiboles. Quartz and feldspars tend to concen-
trate in the alicrnate layers  Such rocks are referred 1o as meiss. Mo hard-
and-fast rule scparates schists from gneisscs.  If micaccous o ncedly minerals pre-
dominate, the rock s o schist: i the granular  mincrals  predominate, Wois a
gnciss.  In gencral, schists tend 1o puberize when hit with a geological hammer,
whercas gneisses fracture,  When needly mincrals arc present in a schist or pnciss,

154

B0 e el 2 2 2 i v e

i Yl ey

L |

o |

11

%

|

%l

k]
.

fod ol



lhnnhhhhannnnaAARRRRR AR RARR R AR R

they may be randomly oriented within the plane of folistion, or they may have a
parallel alignment which is known as a lineation.

The foliation plane in many schists, rather than being planar, s folded into
small crenulations which have a wavelength of a few millimeters 1o about a centi-
meter (MT 9). The fold axes define a cremulaion lineation, These lines actually
mark the intersection of a second, more widely-spaced schistosity with the first
schistosity, In cross section, the carly schistosity is scen to be benl into sigmoid
curves by the later cremulation schistosiy (MT 10, 11). Within the bends the
amount of quartz i substantially less than in the surrounding rock, presumably as a
result of removal by solution. This rcsulis in the crenulation schistosity being
marked by mica-rich layers. This new compositional lavering must not be mistaken
for bedding. Crenulation schistosity result from successive episodes of metamor-
phism, but in many eases it is produced by a single cpisode during which the orienta-
tion of the rock changes with respect to the stress feld, possibly as a result of
folding,

When new minerals are produced during metamorphism, their grain size is deter-
mincd largely by the number of nuclei formed and to a lesser extent by the abundance
of the new phase. When cven only small amounts of a mineral are formed, the crystal
size can still be large, if the sumber of muclei s small,  The limiting factor in
this case is the distance over which diffusion is able te transpont nutrients, which
in turn is determined by the duration and temperature of metamorphism and the pre-
sence of Muid phases,

The numbers of nuclei formed of each mineral in a rock are unlikely to be Wen-
tical. Consequently, the grain size of the various minerale will differ.  II the
range in grain siee & significant, the rock i said to be porphyoblastic, with
the large crystals being tcrmed povphyroblosts.  Many minerals, such as garnel
(MT 18), staurolite, chboritoid, andalusite, and cordierite (MT 19), typically grow
as porphyroblasts, It is important 1o emphasize that the porphyroblastic texture
results from erystal growth during metamorphism, 1f the variation in grain size is
inherited from a porphyritic igncous rock, the texture i lermed blasfoporphyr-

.

Some metamorphic mincrals, especially those that form porphyroblasts (excepl cor-
dicrite and feldspar), develop crystal faces more readily than others. A metamorphic
mineral bounded by its own crystal faces is said 1o be idieblastic. The develop-
ment of erystal faces on a grain depends on the mincrals with which it comes in con-
tact. A mincral may be idioblastic in one rock, but in contact with diffcrent minc-
rals in another rock, it may be anhedral, By noting the form of the boundary between
justaposed grains, metamorphic mincrals can be arranged according to ther ability
to form idioblastic grains.  This s known as the crystalloblastic semes. A
mineral tends o form idioblastic faces against any mincral below it in the serics,
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CRYSTALLOBLASTIC SERIES

Magnetite, Rutile, Sphene

Andalusite, Kyanite, Garnet, Staurolite, Tourmaline
Emdote, Zaoisite, Forsterite, Lawsonite

Amphibole, Pyroxene, Wollastonite

Chlorite, Tale, Mica, Prehnite, Stilpnomelane
Caleite, Dolomite

Cordierite, Feldspar, Scapolite

Cluartz

Many porphyroblasts incorporate inclusions of other minerals during their
growih, giving risc o a poikiloblastic or sieve fedure (MT 23). In some paor-
phyroblasts these inclusions may be concentrated into crystallographic planes, as in
andalusite (MM 11). In others, the inclusions may reflect compaosational differences
inherited from scdimentary bedding or early schistosaty. In still others the incly-
sions may form contorted patterns that indicate movements of the porphyroblast dur-
ing its growth, I the erystal rotates while growing, inclusions marking bedding or
an early foliation can take on a sigmoid shape rather than being planar (MT 21), The
imclusion trails in some porphyroblasis may record rosations of more than 180°
(MT 22). These contorted layers of inclusions, which are commaon in gammet and stauro-
lite porphyroblasts, produce a texture known as helicitic or smowball. Note that
unlike the layering in a rolled snowball which starts in the center and Eriws  oul-
ward, the foliation in the helicitic texture can be fraced in from one side of the
porphyroblast, through the center of the coil, and out the other side. The resulting
coil resembles the patiern of a strand of spaghetti that has been wound from its mid-
dle onto o fork rather than that of a rolled snowball.

Porphyroblasts in schists are commonly Manked on those faces which truncate the
folistion by aggregates of relatively coarse quartz grains, whercas micas tend 1o be
more abundant on the other faces (MT 18). Pressure gradients around porphyroblass
arc thought 1o cause quariz 1o migrate from regions of highcr pressure 1o ones of
lowes pressure.  Quartz  dissolves where the pressure is greatest and precipitates
where it i beast, A rock may undergo considerable Mattening during delormation,
and the presence of o hard, relatively undeformable porphyroblast may indecd produce
rones of lower pressure on those faces perpendicular (o the direction of maximum com-
pressive sircss.  Conscquently, these aggregates are referred 1o as pressure sha-
dows. I somc cascs, the quartz may nucleate on the surface of the porphyroblast
and grow outward as fibers.  Because such fibers form a poatee-like extension to o -
phyroblasts they arc referred 10 as beards,  If the porphvroblast rotates during
growth of the beard, the fibres may form curved ervatals,

Detrial grons in deformed sedimentary rocks can also produce local pressure
grashicats i the rock that resulls in presswee solunion. Grains of quartz in a
sandsivne, for cxample, will dissolve at those points where the compressive stress
lorces the grains topether; the dissobved quartz then precipitates on the Nanks of
the prains where the pressure s lower, This is known as Rircke's pranciple.  Be-
fausc the precipitated quartz grows on the grains in crystallographic conlinuily, &
quartaite s fotmed in which the grains are clongated perpendicular 1o the maximum
COMPressve slrgss

Maost muncrals in meiamorphic rocks have formed through reactions invohang other
mincrals, as s cvidenl from an cxamination of the mincral assemblages on eilher
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side of an isograd. Reaction mechanisms, however, are complex and often involve the
exchange of jons throogh a fluid phase with reaction products nucleating at sites
which may bear no spatial relation to the resctants. Most reactions, therefore, do
nol produce, on the scale of a thin section, simple textural evidence of the mine-
rals that were iswolved. In some, bowever, clear reaction nms are formed between

minerals, producing a kelyphitic or corona texture,

Kelyphytic texiures are common in melagabbros, where rims of garnel and orthopy-
roxene (MT 24), or spincl, pargasite, and orthopyroxene (IT 39) separate the orig-
nal grains of plagioclase and olivine. Reaction products may form concentric monomi-
neralic zomes or fine worm-like intergrowths of crystals growing perpendicular to
the boundary between the reacling pbases In meta-igneous rocks reaction rims may be
of magmatic rather than of metamorphic origin, forming where residual liquid reacted
with early- crystallizing minerals. The term coroma has been used for those reac-
tions in which magma was involved, and kelyphytic for those involving omly solids,
but this usage is far from universal Clear metamorphic reaction rims are seen
around many porphyroblasts as a result of retrograde reactions. Garnet, for example,
is commeonly rimmesd by chlorite.

Al high temperatures metamorphic rocks can undergo mehing. Fusion first takes
place at boundaries between mincrals that provide the components neccssary to form
low-lemperature cutectic melts. In most rocks this involves quartz and feldspar (MT
25). If this partial fusion takes place at shallow depth, for example at the margin
of a wide diabase dike or in a xcnolith in a near-surface mafic magma, cooling will
likely be sufficiently rapid to preserve the melt as a finc-grained granophyric in-
tergrowth along the boundaries between quartz and feldspar grains (MT 26). In some
cases, sufficient melt may be formed in a contact metamorphic rock to make the coun-
try rock mobile enough to intrude back into the mafic magma that was responsible for
the fusion in the first place. This meliing of country rock is termed rheomaor

Jphizm,

Partial melting of metamorphic rocks alio takes place during regional metamor-
phism. In Figs. 6-4 and 6-5 the temperaturcs and pressures in the upper amphibolite
facics can be seen (o be above the minimum meliing curve for water-saturated gra-
nite. Rocks containing quartz and alkali feldspar will, therefore, undergo partial
fusion at these temperaturcs and pressures in the presence of a water-rich [uid
phase. The amount of melt formed depends on what fraction of the metamorphic rock is
of granitic composition. The non granitic fraction is more refractory and remains in
the solid state. The resulting mixture of igneous and metamorphic rock is termed
migmatite, The igneous fraction is almost always of granitic composition and light
colored, whereas the metamorphic one is mafic and dark colored (MT 27). Migmatiles
commonly exhibit evidence of fMlow, with the metamorphic [ragments being pulled apant
and even rotated in the gramitic mell. Mcliing can be carried to the stage that
fragments of metamorphic rock become indistinct wisps of concentrations of mafic
minerals in the gramitic host. Much of the transformation of the metamorphic rock at
this stage, however, is carried out by metasomatism rather than simple melting.
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METAMORPHIC TEXTURES
RECRYSTALLIZATION

Recrystallized aluminem msetal after being moiied and ibes an-
ncaled at high lemperature, Ongnally that metal wai cxbre sy
finc-graivcd, It was deformed by boing pastod theoegh a moller,
This indwecd sulficient sivain @ ihe crystals to bang abow
recrystalization when (ke meial wat heated, Nuclkeation of nes
graing, Biover, ooturned ooly al the fow pointi where the
stradn was exceptionally high A3 & rewll the reeryslalioed
sluminus 5 coame-pratned. The slight graln cloagation & in
1he dirm;}n the mecial wus passed 1Brough the roller, Hefes-
ted light, X140,

FFincgrassed recrystallized alumenum metal This plece of alusni-
pom = trested (s (e same way a5 that in MT 1 excepd thal dhe
spuce between iBe rollen wes reduced 1o one ball, This caused
greaser deformatecdn, and many more cenbers of nocleation of new
grains wen formed. The anncaled metal is therelare mech fingr-
gramed than is 1he sample i MT . Reflocied hgha, X140

| longated gnd Nanesed pebbile of quarn: in the Sitenan Clough
quartsite of Consecticer. This pebiile, which wat angnally pro-
Fiahly alma) apivercnl, RO RS & BRSO 10 Mo demonsice
nal pabwr of 1010 1. Thoa doformation mirsduced sulli<wnl
alrasn B form aucleation centens foribe growih of new unitri-
ned praiss (wee MT 4)
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METAMORPHIC TEXTURES
RECRYSTALLIZATION
4, Rmrur:dq-m'-pdnhhdm-mm'
MT }.Tua:qum'.nuh-dyfrun{unlnmmlﬁ
Ehsl have sotured boundaries. The grals sioc

to produde o few centers of asdestlan of new grains |
wilh grain sig in MT 5). Crosed podars, 320,

Recratallized quans in pebbic in deformed quarteite, ANBsugh
this sample @ from the same formation as that in MT 4, 1he

thape of ke pebble indicabes that i anderwent moe Eicnse de-

formatics, Consequently. mone conbers of nucleation weee foc-
med, resubting in o fincr grein size, I'-'r.nﬂn-l the gmisa &
bownded by feees which intersect af 1307, which & chafscte-
ristic of wel-ampesied materials that do oot have strosgly ani-
sotropic crysmBograpies properice. Crosted polars, N1

Condiente-spinel horalels from the bower contact of ibe Stll-
water fomples, Montms Melemorphiom was cresal by heat Bbere-
iedd froem the coolisg intruseon. Bersuse no defonmation was in-
vobmd in this recrsiallization, the ek lecks mny dimcio-

nal fsbnc, and most of the ni hine pohyponal autl
Crcserd padary, XE. - -
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i slativel
coams bt (bt amount of deformatics was caly great emough
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METAMORFHIC TEXTURES
RECRYSTALLIZATION

7. Pargasitic amphibole ealhlrlﬁnlg a well-developed grancdlasi:
Eeature wilh typical 1207 grain bousdary intersections. Am-
plubolet in many metamonphic recks form clongated prisms (M
13, MM 33, 48, #%). The fact chat graiss in this sample from
e Achirondacha, New York, are equant-shaped is clear evidence
1kt snnealing cocummed alier deformation had ccated. Cromsed
pacs, KM

B Musconile-beotite-chiorite schist.  Crystallisation of play
sincrali wnder & ditecied sifcis pesults in a proferved orien-
LElnf ©ff he plates normal i ik divecieon of madmuns sipess.
The resalting foliation is ane of (e most promineal featares
of rganally melamorpiosed rocks, especally thone of peliis
compotition. Although muscoviie snd Bistils in this sample are
criented paralicl to ihe folistion, the chlorite emylale (very
lowr ipdeeference oolom-=dark] cul serods the Foliation and
presumabily formed af a lae tlage when there was no derecied
siress. Crogsed pofan, XB.

B Crenelnion hneanos {parallel bo the pen) formed by ibe o
ding of a8 esrlier schatosity. The crenulasicss sctually mark
ithe snrercchion of & younger schissosiry wih ik (lder schia-
toasty (MT 10} Unhke the fimt schistosity, which iavolves
ol of 1sh platy svinerals i the rock, the Later ercpslmtian
shisitdaly @ dewglaped on planes thal are speced mallimeres
apan
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METAMORPHIC TEXTURES
RECRYSTALLIZATION

I Crenulation schisoasty (lelt 1o right) imiermsects and deforms

i carly schistosity {icp 1o botiom). Dhwring 1he development
of bt cronulation schistosity, quarts s removed [rom the
romed in which deformatios osurs, Consequenily, (ke eresu-
Istion seistomity is defined by compositional zones enriched
in plen. This is a chear example of metamorphic differentia-
fon.  Mobe thal 1he deformation thal cassed the crenulation
uhhminlnupmndﬁ:m:tlnhuppwmﬂthm
ven 1 ik nght relasive o (B in tbe fower pan,  Crossed
ke, KE

Crenulatyan zuum[:}' paralcl 10 the axial of & fold
A lincation formed from (b intcrsection of the erenulation
ichidtosity with abe carlicr schiviosity ssd compsitional
Lyenng paraliels the asis of the fold. On the ermms-soction
of the fold, ike relatrve moon acroes indesdesd creulabion
ihitoity plancs fs seen 86 be differest on exiber side of
the fobdi to the feft, i8¢ blt side moved down, and 1o the
Taght, the nght side moved down. A mall sampis lrom anywhere

on ke fold would, therefare, primide ovidence of 1he sititude
of ihe fold axis and which side of (he majar fold the sampic
came [rom

Amphibodive composed of plagioctese, hormbiende (decp green),
aed cummiggonile (pale). The schistoasty in this rock & de-
fined By ik rough alignment of elongate smphibole crysials
TMane Light, X230

Chiarts-lcklspar-taotite grecs.  The lolinton & defined, mo
oaly By the paraliclism of Beotite erymlals, bwt by ihe segre-
Eation of tha quartz and feldipar into sparsie layers. Plans
light, X3
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METAMORPHIC TEXTURES

DEFORMATION

4. Augen pneiss, consisting of perhitic febdspar asgea (cyes) sur- AL
A
S B e

!
=l
e

T ST

rosnded by fine-grained feidspar and lenses of quariz. This E!'._E{ e
rock usderment considerable deformaiion, bul (15 o constiu- i‘;
ent minemls reacsed differenily 1o ike deformation.  The felds Thizre,
spar aapes exhibil conskderable strain—wavy extinction and fol- '.',-_.!'-?_r."""r

5%
ol

ded exxolution lamelise. The small graiss of feldspar may be
relicts of larger graina or the prodects of rocrysialiizateon.
The quartz farms fsticned lenees, which, ender croteed podan,
are eoen 10 comdat of o eelatively Tew, large, unatrained
graing.  Clearly the guars & comphescly anncalod, byi the
lehdspar in the awges i pod, Orosded polams, KB,

.._*F! M

15. Mylonite feom the Honey Hill fash, Conmecticut. In fault zosen
the degree ol deformuation may be eulliciently mbenie Thal wo
many mecryilalliztion saclcalon sitge and [ormed that the
resulling rock @ catremscly fimc-grained. The name sydonise
(esill} s uied for ibese rocks Bofmuse thewr fine grmn siee
was Ihought 10 esull from grsding or melling of fock on the
fauly parfase, ARhouph ome comminolon sy oocur m ik
way, the grain size o brgely the result of recryslalizzaiion
in response o high strmine.  The mylomilized rock in this
ample it & meta-gabbro coasslng of plagioclase and amphis
tole. Plane light. XB.

16 Perudotachylsie vweiming gramiic, ncar a major fault i Greavil-
le-apr rocks near the sosthem marpm of 1be Camadisn Shicld,
rartheast of Montreal Oucher. Along dome fault and amund
mpicanbe caplosion cratem, the degnon of deformeton o &
imlgsne that the i afe [ocnonsdly fused, The pesdliang
brqusd w inpecicd ingo pcarty (radiuned whene o gutnthes 08
glas of cxtremely hine-praned [haty-appesnng nook. o=
azmed picudatachylite becauss af i resemblisee 1o durk vid-
camc Flass (1achyiie )

17 Golassy wein of pacwdotachvine snireded snla mydcnne m gra-
mibe, from the same Bocalsty as the exposars in MT 16 The
Elasa pomtaing many rownded and partially meloed fragments of
quame and feidzpar. The glasa ai the margin of the win
dark due 10 desinflication. Fune ight, X8
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METAMORPHIC TEXTURES
GROWTH OF NEW MINERALS

16 Cuhedral pomtyroblast of garmel i qesite-muscovite schise,
The grain size of & melanworphic mineral depends an the aben-
dance of muclcation centers present dunng erptallimtion
Pephyroblasts form from ihose mincrals that Bave fow nucle-
Ao cenier. Porplyroblasts smay o may not be cubedral depen-
2qm_|hﬁrpumnrrmmymmuhtmm:ﬂuh¢
dnnml mmﬂhﬂhnmmlhmmhmk

1. Askedsal porphyroblast of fordierite. Porphyroblasis of cordic-
reee cosnmondy (o wath this ovoid shape, which impars a promi-
F;:: I-H-itilmalnm b the rock s kasd specimen. Plane

-1 Tomphyroblas of mstocline i amphibodie-prade gneiss. Micro-
ehae porphyrobias can e vory large asd venge o being pegma-
bitie.  En soene cwscs, their formation may svolve @ vodaile-
ruch melt formed by pariad meling
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METAMORPHIC TEXTURES
ROTATION

2L

21

Farphyroblast of gamel enclosing layers of quariz which are
relicts of the odiginal foliaticn. The folistion plase presss.
wed by the guarts liyors in the gamel are ai an angle of appro-
ximaiely t the foliation in the surmounding host ook,
This incicaes that the gamet eryutal has rotated cousierchock-
wite by this asnoesnt gince it formed. Flane light, 35,

ﬁ“-'" Eamel porpiyroblast (helicitic or snowball texture).
latice planes. prescrved as lpvers of quartz @n this garnee
porplyroblas kwve sodsied 180 8 & clochwise dircction re-
lative 1o ihe folinson o ibe emchosing rock. Mot that the
quartz biyers b5 the garmet eryuisl afe cunved, indicating that
the parnet was grosiag ot (Be Bame timw i was rotating. The
relatively strasghi layers in the cove of the crpisal, however,
indicate thai mosi of the miation acourred duning ke growth
of the outer pan of the erystal. Plane lighs, X5,

Pokiioblasic texiure. Some porphwyroblasis contain many inclu-
iond of other mincrals, specially 1hose pol imaobed in the
fprmation of the poarphyroblas. In this sample, porhymoablist
of towrmaline enclose many pains of quenz  Crossed peolars,
KR
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METAMORPHIC TEXTURES

1&

L

Corona texture in metamorphosed oliving gabb from the Adirn-
dacks, ew York. Obrise and plapocksis reacted 1ogether to
farm a pone of garmet and arthopyroeene, In additon, the pla.
poclase & clouded with minute grains of spinel, exoepl near
grain margine wheee (ke ipinel diffused out of the plagsncase,
One grain of biotite has bten engulfed i ibe reaction nm.
Mane Kight, X&

Quartecefeldspaihic grcss that was parially mehed i 1k
Lbaratasy and then rapidly quesched s thal the Gquid was
presenad @ oo plsa (sotrope),  Mell formod mainky alosg
gram boundarics where quars asd fcbdspar were in coniact,
Pecsuie horg ihe oo minerals caused mudual lowering of thels
meliang peiste (ace IT 19). Where quarz grains only are in
conisit (fwo clusiers sear center of scction), there was mo
melleng becawis quartz alone heed w0 high & melling posn
Crossed polars, 30,

o Cunrre-plagnstiase grciss from sear (B contas of 4 wide dia-

base leeder dike in caviers Connecgioa).  Hes? from 18c dike
Cauesd melung 1o ofcur & (ke Quarng-leidspar grain bownda-
nes.  This melt subsequently orpiallized 10 forme foncs of
Eranophyre sloep grain boandanes. MNote that so melting took
place ar quams-guars o foklsparsfeldspar grais Boundamcd
Linky whete guarr and feldspar wene in coalac was (B bow
meinng eulectis mintare prosont. Croseed polery, X30

Migmataie, |lopedale, Labradar. Ad 1be highost grades of meras
morphism, parial mellung may odter an 3 regional scabe. The
bmeutmeliong fracteon, wheeh B wiually of grandic composi-
ton, forms @ bgud hoat an whach ik relraciony pesrdet=
iypically more malic—i [rap=senled, pulicd apar, and strealed
out 1 the durectedn of Mkew. The manture of igneoe and seta-
mioaphic mocks o keomm a3 migrmadiic
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Index

Aa, 118, 127
Accessary mineraks, 29
Accessory plate:
first-oeder red, %
quariz wedge, ¥
use in determining sign, 14-15, 13
ACF diagram, 142-43, 147
Acicular erystals, 115
richeckite, 75, 126
Acid rocks, 99
ACMITE (sec acgerine)
ACTINOLITE:
optical propertics, 33
schist, 91
Adamellite, 103
Adcumulus texture, 117, 136
AEGERINE:
i alkaline volcamic rocks, 108
in leucitite, B1
in nepheline syenite, 67, 73
optical properties, 57
AFM (Thompson) diagram, 144-45, 148
Agplomerate, 121
AEERMANITE, optical properties, 49
Alaskie, 103
ALBITE:
in meta-basah, 9
oplical propertics, 43-46
subsolvus granite, 137
Albite twins, 43-46, 77-78
Albite-epidote hornfels facics, 146
conditions, 146
mineral wsscmblapes, 147-43
ALKALI FELDSPAR:
in graphic granite, 129
in rock clasafcation, 100
metamarphic facics, 147, 148, 150
oplical properics, 43-44, 79
Alkaline volcanic rocks, 108
Alkali olivine basall series, 111-12
tectonic significance, 113
ALLANITE, optical proporiics, 42
Allotriomorphic, 115, 124
ALMANDINE, optical proportscs, 47
Alnpite (lamprophyre], 103, 106
phenocrysts, biotite, 51
monticellic, 70
Ahﬁi.ﬂj POLYMORPHS:
metamorphic facics, 147, 148, 150
optical properiics, 30-31, B4-85
stability relations, 30, B4

Alvikite (sce carbonatite)
AMPHIBOLES:

metamorphic facies, 147

oplical properties, 32-35

pasition in erystalloblastic series, 156
Amphibobite facics:

conditions, 146

cummingionite and horablende, 91

microchng porphyroblas, 164

mincral assemblapes, 147-48
Amygdale (amypdule, amygdaloadal),

120, 127

AMALCITE:

in amygdale in basal, 52

optical properties, 65
Amaleitic series, 111
ANDALUSITE:

optical propertics, 30

porphyroblast, 85

position 10 crystalloblasic series, 156

melamorphic facies, 147, 143, 150
ANDESINE, optical properiics, 45-346
Andesite, 102, 103, 111-12

chatinction from basalt, 105-06

Mouni Si. Helens, 79
ANDRADITE, optical propertics, 47
Anhedral, 115
AMNHYDRITE, optical propertics, 36
Anisodropic, 7
Ankaramite, 103, 111-12

Maw, 69
AMKERITE, 35
Anncaling, 151, 159

texure, 152, 1539 160, 161,
Anomalous interference colors,

(see inierference colors)

ANDRTHITE:

optical propertics, 45-46

mehing, 131
ANORTHOCLASE, optical properies, 44
Anorihosite, 101, 102, 103, 104

pramn size, 125

inveried pigeonite, 72, T4
ANTHOPHYLLITE, optical propertics, 32
Antiperthite, 117
APATITE,

in ciscxle, B2

optical propertics, M

prisms, 82
Aphanitie, 114
Aphyric, 114
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Aplite, 103, 115,
Aplitic texture, 115
ARAGONITE:
metamorphic facies, 147, 148
optical properties, 38
ARSENOFPYRITE, oplical properties, 53
ASBESTOS, 80
Ash flow, 121
Ash, volcamic, 121
Assimilation, 134
Augen gneiss (see gneiss)
AUGITE:
in, diabase, 74
casemie, 134
gabbro, T1, 72, T4, 133, 136
optical procriics, 56
BARITE, optical properties, 37
BARKEVIKITE, optical propertics, 34
Basali:
alkah, 70, 111
definition, 102, 103, 105-06, 111-12
distinction from andesite, 105-06
Hawaii, 68
Mid-Atlantic Ridge, 69, 79
mixed wath rhyolite, 138
Basanite, 103, 107, 111-12
Basic rocks, 99
Beard, 155
Becke ling, 11
Beforsite (sce carbonatite)
Benmoreite, 103, 107, 111-12
Berirand lens, 5, 6, 14
BERYL, optical properties, 37
Biaxial, 7
acule bisectrix figure, 17-18
fash figure, 17-18
indicatrix, 11-13
obtuse bisectrix figure, 17-18
oplic aas figure, 17-18
BIOTITE:
birdseye texure, 51, 76
distinction from hornblende, 76
in, alnoite, 70
dacite, 80
goeiss, 162
grafile,
schast, 84 161
metamorphic [acies, 147, 148, 150
optical propertics, 51
pleochroac haloes, 76
Burdseye texture:
bictite, 51, 76
muscovite, 5, 76
Bircflectance, 21

Birefringence, 8
Busectrix figure {(acute and obtuse), 17-1%
-blastic, 152
Blasto-, 152
Blastoporphyritic, 155
Blocky lava, 119
Blueschist facies:
conditions, 146
glavcophane, 32, 35
mincral assemblages, 147-48
Byiggild intergrowth, 45
Bombs, volcanic, 121
Breecia;
diatreme, 123
voleanie, 121

in, amygdale, 127
carbonatite, 101, 105
marble, B8
metamorphic facies, 147
oplical properties, 38
position in crystalloblastic series, 156
Calesilicate, 141
Camptonite (lamprophyre), 103, 106
horablende phenoeryst, 75

CARBONATES (see also calcite, dolomite), 38

Carbonatite, 101, 103
alvikite, beforsite, natrocarbonatite,
sovite, 105
Carlsbad twin:
in, alkali feldspar, 43-44
plagioclase, 45.46, 78
CHABAZITE, 65
CHALCEDONY, 58
CHALCOPYRITE, 53
Charnockite, 103
CHIASTOLITE, 30, 85
CHLORITE:
m, amygdale, 127
meta-basali, 90, 91
metamorphic facies, 147, 148, 150
optical properties, 39
pelitic schist, 86, 161
position in erystalloblastic series, 156
CHLORITOID:
metamorphic faces, 148, 150
optical properties, 39
porphyroblast, 87
CHROMITE, 53, 62, 71, 133
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Chromitite, 101
CHRYSOTILE, 60
CIPW norm {sce norm)
Classification:
general igneous terms, 99
IUGS, plwtonic rock, 93, 100-05
volcanic and bypabyssal rock, 105-07
Irvine and Baragar, volcanic, 108-13
metamaorphic, 140-41
CLINOZOISITE:
in meta-gabbro, 90
oplical propertics, 41
CLINTONITE, 49
COESITE, optical propertics, 59
Colorado, 80, 125
Color index, 90
Comb structure, 122
Commendie, 103, 109
Composition of typical volcanic rocks, 110
Connecticut, 74, 127, 129, 130, 131, 138,
130, 159, 163, 166
CORDIERITE:
alteration to pinite, 88
hornfels, 88, 160
metamorphic facics, 147, 148, 150
optical properties, 40
position in crysialloblastic seres, 156
Cofona, 117, 133, 157
Cortlandue, 103
CORUNDLUIM:
optical propertics, 40
pelitic xenolith, 86
Creaulation schistosily (see schistosity)
Crescumulate (see harrisitic)
CRISTOBALITE, optical properties, 59
Cryploperthite, 43
Crystal alignment:
igncous, 116, 122, 128
metamorphic, 153, 154
Crystalliniry, degree of, 114
Crystal nucleation, 114, 151-52
Crystalloblastic series, 155-56
CUMMINGTONITE:
i amphibolie, 91, 162
oplical propertics, 33
Cumulate, 116, 135, 136
Cumulus texture, 116, 136
Dracite, 80, 102, 103, 105, 111-12
Decarbonation reaction, 140
Debydration reaction, 140
Drendritic erystal morphology, 115
mapnelite, 138
oliving, 69
plagioclase, 79

Devitrification, 115, 163
Drabase, 103, 106
pigeonite in, 74
xenolith in, B6
Diatreme breccia (see breecia)
Dictytaxitic, 120, 127
DIOPSIDE:
meling, 131
metamorphosed dolomitic imestone, 885-89
optical propertites, 56
xeaclith with kalsilite, 67
Diorite, 102, 103
Dispersion, 19 (see individual minerals)
Dolerite (see diabase)
DOLOMITE:
in carbonatite, 101, 105
metamorphic facies, 147
optical properties, 38
position in crystalloblastic serics, 156
DRAIVITE (Mg-tourmaling), 63
Dunite, 103, 104
Eclogite facies, 146
coesite, 59
condiiions, 146
mineral assemblages, 14745
EDENITE, 34
Ekectron microprobe, 19-20
EMERALD, 37
Emery, 40
ENSTATITE:
incongrucnl meliing, 133
oplical properties, 55
EPIDOTES:
i mmeta-basali, 0, 91
melamorphic facics, 147
oplical propertics, 41-42
poaition in crystalloblastic senes, 156
Epoxy, 11, 22
Equant graing, 115
Essexite, 73, B1, 103
Euhedral, 115, 136
Eutzatic texture, 121, 125
Eutectic {intergrowth], 129, 131
Exsolution lamellac:
alkali feldspar, 43, 44
amphibole, 33, 91
augite, 56, T3, 74
orthopyroxene, 55, T2, 13, 74
pigeonite, 56, 74
spinels, 62
Extinction, 9
undulatory, in guartz, 58, 80
Extrusive (see volcanic)
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FAYALITE:
optical properties, 54
in phonolite, £1
with tridymite, 80
FELDSPAR, 43-45
alkali, optical properties, 43-44
anorthoclase, 44
microcline, 44
orthoclase, 44
pll.gli‘bl:lm.-ﬂpl.iul propertics, 45-46
position in erystalloblastic serics, 156
saniding, 44
Feldspathoidal basali, 102
Feldspathoidal gabbra, 102
Feldspathoidal monzoaite, 102
Feldspathoidal syenite, 102
Felsic, 99
Felsite, 126
Feanite, 103
FERROEDENITE, 34
FERROHASTIMNSITE, 34
FERROSILITE:
oplical propertics, 55
stabaliry, 55
FIBROLITE, 31, 84
Finland:
Kangasala, orbocular granite, 139
Orijarvi, 145
Flash lgure:
beaxial, 17-18
uniaxial, 16-17
Flovar
alignmeat of erystals, 116, 122, 128
layering in siliceous lavas, 119
Flowage differentiation, 122
Fluid inclusions, in quartz, 58
FLUORITE, oplical propertics, 47
Fold. axal plane schistosity (sce schist)
Folwation:
igmeous, 136,
metamorphic, 154, 162, 165
Formulse of mincrals, 26-29
{sce also individual minerals)
FORSTERITE:
in marble, &9
meliing, 133
optical propertics, 54
position in crystalloblastic series, 156
Fourchite, 103
Foyaite, 103
Fusion, (see melting)
Gabbro, 71, 72, 74, §3, 102, 104, 125,
134,136
GALEMNA, oplical propertics, 53

GARNET:
metamaorphic facies, 147, 148, 150
optical properties, 47
parphyroblast, 87
position in crystalloblastic series, 156
GEDRITE, optical properties, 32
GEHLENITE, optical propertics, 49
Gicode, 120
Creothermal gradicnt, 140
Glass:
content of volcanic rocks, 106, 114
in fault zome, 153, 163
mixed basalt-rhyolite, 138
welded tuff, 124
GLAUCOPHANE:
metamorphic facies, 147
optical properties, 35
schist, 91
Glavcophane schist (blueschist)
aragonite, 38
cocsite, 59
glaucophane, 35, 91
lawsonite, 48
Glomeroporphyritic, 114
Gneiss, 154, 162
augen and fMaser, 153, 163
Graded layering (see layering)
Grain size, 114
fine, medium, coarse, 114
recrystallization, 151-52, 15960, 163-64
Granite, 102
hypersobvus and subsolvas, 117, 137
melting as function of Priagy 146
quartz in, 80
Giranitic texture, 115
Granoblastic texture, 152, 161
Granodiorile, 102
Granophyre, 103
Granophyric {micrographic) texture,
117, 12930, 166
Ciranulite facies:
conditions, 146
mincral assemblages, 147-148
Graphical representation of metamorphic
mincral assemblages, 141-44
Graphic granite, 117, 129
GRAFHITE:
inclusions in andalusite, 85
optical propertics, 53
schist, B7
Gravitatne settling  of  erysials,
128, 135

Gireat Dyke of Zimbabwe (Rhodesia), 71, 72,

T4, 13
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Greenschiy facies:

chlorite in, 39

conditions, 146

mineral assemblages, 147-48
GROSSULARITE:

metamorphic facies, 147

optical propertics, 47
Groundmass, 114, 125
GRUNERITE, optical propertics, 33
GYPSUM:

optical properties, 47

problem in preparing thin sections, 22
Hardness:

Mohs (see individual minerals)

Talmage, 21, 53
Harrisitie (erescumulale) textore, 122
Harzburgite, 71, 104
HAUYNE, 61
Hawaii, 68, 69, 70, 82, 125, 127, 128
Hawaiite, 107, 111-12, 128

HEDENBERGITE, optical propertics, 56

Helecitic (snowball) texture, 156, 165
HEMATITE, oplical propertics, 53
HERCYNITE:
in magnetite, £3
optical properties, 62
HEULANDITE, 65
Holoerystalline, 114
Holohyaline, 114
HORNBELEMDE:
basaltic, 34
in, amphibolite, 91, 162
camptonite, 75
esscxile, B2, 134
nepheline svenite, 67, 75
metamorphic facies, 147
optical propertics, 34
Horanblende hornfels facics:
conditions, 146
mineral assemblages, 147-48
Heornblendiie, 104
Horafels, B8, 152, 160
Hourglass structure (see zoning)
Huttenlocher intergrowth, 45
Hybrnid rock, 134
Hydrotbermal:
alleration,
chlorie, 3%
pyvrophyllite, 52
volcanic rocks, 106, 108
anhydrite, 3
barite, 37
fluorite, 47
tale, 63

Hypabyssal rock, B3
HYPERSTHENE, optical properties, 55
Hypidiomorphic, 115
Hypohyaline (hypocrystalline), 114
Icelandite, 103
IDOCRASE (see vesuvianite)
Idioblastic, 155, 164
Ignimbrite, 121
ljolite, 103
ILMENITE, optical properties, 53
Immiscible Lguids, 116
silicale in basali, 116, 138
sibicate--ocelli, 139
sullide-silicaie, 116, 139
Incongruent melling, 133
Index mineral (metamorphic), 145
Indicatrix, 11
hiaxial, 11-13
erystallographic restrictions, 13
uniaxial, 11-13
Istercumulus liqguid, 117, 133, 136
Interference color:
anomalous, 41
anomalous in:
chioride, 39, B4, 90, 91
chloritoid, 39, 87
clinooisite, 41, M
melilite, 4%, 90
vesuvianite, 64, 59
cause, 9
gstimation of section thickness, 23
order, 9
Intergranular texture, 116, 131
Intersertal texiure, 116
Inversion, polymorphic, 18
alkali feldspar, 79
AlSi0., 30
kakaline, 67
leucite, 48, 81
pigeonite, 56, 74
quariz, 58, 30, 126
silica, 509
Inveried pigeonite, 56, T2, T4
Isochromatic rings, 14
Isograd (se¢ metamaorphic isograd)
Isogyre, 14
curvalure and estimation of 2V, 18
Isotrogac, 7
Jacupirangite, 103
JADEITE:
in blucschist facies, 92
optical propertics
Jolunie, 103
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KALSILITE, optical propertics, 52
imversion, &7
Kelyphitic rim, 117, 134, 157, 166
Keratophyre, 103, 107
Rersantite (lamprophyre), 106
Kimberlite, 101
coesite, 59
mantle aodule, 70
omphacite, 58
phlogopite, 49, 51
Komatiite, 69, 105
KYANITE:
metamarphic facies, 147, 148, 150
optical properties, 30, 85
posation in crystalloblastic seri
Labradaor: e

Kiglapait intrusion, 135

melamorphic facics, 147
optical properties, 635
Lava tube, 119
LAWSONITE:
in glaveophane schist, 92
metamarphic facies, 147
oplical properties, 48
position in erystalloblastic series, 156
Layering, igneous, cryptic, graded,
rhyvthmie, 121, 135
LEUCITE:
in leucitite, 81
optical properties, 48
Leucitite, 81
Leucititic series, 111
Leucocratic, 99
LEUCOXENE, 53, 61
Lherzolite, 104
Light:
Becke line, 11

COnoscopic, 14

Light {continued):
fast and slow vibration directions, 9
ordinary and extra-ordinary rays, 11
plane polarized, 7
reflected, 19-21, 53
refraction of, 10

LIMONTTE, 53

Lineation, 155, 161, 162

Mafic 99

Magma mixing, 123, 138
MAGNESIOFERRITE, optical propertics
MAGNETITE: . o
in, alkali gabbro, £3
h:n.IJ:'f 138, 139
cssexite, B2
: ncphelinite, 2
optical properties, 53, 62
position in crystalloblastic series, 156
Mangerite, quartz, 124, 103
Manile nodule, 70,
Marble, 141
diopside and scapolite, 89
olivine, 69, 89
lexture, 28
MARGARITE, 49
Massachuseits:
Rockport granite, 137
Salem rhyolite, 80, 126
Mechanical stage, 93
MELANITE, 47, 87
Melanocratic, 99
MELILITE:
in, alnoite, 70
hornfels, %0
pephelinite, 82
optical properties, 49
Mehliite, 103
Melting:
albite, 129
anorthite, 131
diopside, 131
culectic, 129, 131
lorsterite, enstatite, silica, 133
[rictional, 153, 163
granite, 147, 148
partial, 122, 157, 166
Mesoperihite, 44
Mesostasis, 114, 131
Meta-basalt, 90, 91, 107
Metamict:
allanite, 42
around rireon, 64
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Melamorphic
index mincral, 145
isograd, 145
minecral assemblages
in, ACF diagram, 142, 147
AFM diagram, 144, 148
peirogenetic grid, 150
number of phases, 141, 143
mineral facies, 146
rocks, general classification, 140-41
zones, 145
Metamorphism:
contaet, 141, 160
prograde, 140
regional, 141, 161
retrograde, 140, 157
Metasomatism, 152
sodium, in spilites, 107
Meteorile craters:
coesite and stishowvite, 59
psudatachylite, 163
Miarolitic cavity, 122
MICA, 49-51, T6
baotite, 51
lepidolite, 51
muscovite, 50
paragonite, 50
phlogopite, 31,
position in crstalloblastic series, 156
MICROCLINE:
grid twinning, 79
optical properties, 44
subsolbvus granite, 137
Microlites, 115
plagioclase, 79, 125
pyroxene, 126
Microscope, petrographic, 4-7
magnification, 4
polarizer (polar), 6
reflecting, 20
Mid-Atlantic Ridge, 69, 77, 79
Migmatite, 157, 166
Minette (lamprophyre), 106
baotite phenocrysts, 51
Mode, 93
estimation of, (rear inside cover)
Monchiquite (lamprophyre), 106
Montana, Stillwater complex, 71, 73, 133
MONTICELLITE, optical propertics, 52
in alnoite, 70
Monzodiorite, 102
Monzonite, 102
Mounting medium (see epoxy and Canada
balsam)

Mugearite, 103, 107
MULLITE, optical properties, 31
in xenolith, 86
MUSCOVITE:
birdseye texture, 76
in, granile, 76
schist, B, 87, 161, 162
melamorphic facies, 147, 148, 150
optical propertics, 50
Mylomite, 153, 163
Myrmekite, 117, 130
Natroearbonatite (see earbonatite)
NATROLITE, optical properties, 65
Meocryslallization, 154
KEFHELIME:
in, alapite,
essexte, 81
nephelinite, 82
phonolite, 81
optical properties, 52
Mepheline syenate, 67, 102, 103
Mephelinite, 68, 82, 102, 103
Mephehnitie senes, 111
New Hampshire:
Concord, 76, 137
Cosway granite, 76
South Pond, 124
Mew York, Adirondacks, 69, 161, 166
MNodubes, manile, 70, 123
Mordmarkite, 103
Morm:
CIPW, 95-93
cxample of calculation, 93
Mormative minerals, 96
Morite, 104
Morthern Ircland, Scawt Hill, 73, ¥
Morway, Risor, 134
MOSEAN, 61
Ohbsidian, 114
Oieells (ocellar), 115, 139
Chkocryst, 116
OLIGOCLASE, optical properties, 45-46
OLIVINE:
in, basalt, 68, 69
marhlc, B9
peridotite, 70, 71, 133
oplical properties, 54
OMPHACITE, 58
Oinlario:
Munro Township, 6%
Sudbury, 13%

OFAQUE MINERALS, optical properiics, 53

Ophicalcine, B9
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Ophitic texture, 106, 116
in, anorthosite, 125
gabbro, 132
Karoo dolerite, 131
Optical indicatrix (see indicatrix)
Onptic angle (2V), 12
eslimation, 18
optic sign, 12
Crplac axis:
buial, 7
oplic angle (2V), 12
optic sign, 12
undiaxial, 7, 11
Optic figures, 14-19
Optie sign, 12
determination, 14-15, 18
Orbicular structure, 122, 139
Oregon, Newberry, 127
ORTHOCLASE:
oplical propertics, 44
perthite, 70
ORTHOPYROXENE:
in, gabbro, 71, 136
manile nodule, 70
peridatite, 71, 133
pyroxenite, 72
trociolie, 134
metamosphic facics, 147, 148
optical properties, 55
Pahochoc, 118, 127
Fanidiomorphic, 115
Fantellerie, 103, 16
PARAGONITE, optical propertics, 50
PARGASITE:
composition, 34
in, amphabalite, 161
troctolife, 134
Pegmatite, 37, 50, 129
Fegmatitic, 114, 125
Pelite, 143
graphical representation of mineral
assemblapes, 144-45
mincral asscmblapes in metamorphic
lacics, 148
muscovite, §9, 50
petrogenetic grid for, 150
Peralkaline volcanic rocks, 108
Pericline Iwiru. n:
anorthoclase, 44
microcling, 44
plagioclase, 45, 77
Feridatite, 68, 104
mantle nodule, 70

Peristerite, 45
Peridectic, 133
Perlitic cracks, 115
PEROVSKITE, optical propertics, 54
Perthite (perthitic texyure), 43, 44, 79,
117, 124, 129, 137
Petrogenetic grid for meta-pelites, 149-50
Petrography, 1
Phaneritic, 114
Phenoeryst, 114
acgering, 81
augite, 132
high-temperature quartz, 80, 126
hornblende, 67, 75, 128
lewcite, 81
monlicellite, 70
fiepheline, 81
oliving, 68, 62, 79, 125
plagoclase, 77, T4, 132
samsdinge, 126
PHLOGOPITE, optical properties, 51
haornlials, 90
Phonalite, 81, 102, 103
Phyllite, 154
Fierite, 103, 107
FIEMONTITE. optical propertics, 42, 91
FIGEOQNITE, optical propertics, 56
inveried (sce imveried pigeonite)
Pillirw, 1149, 127
taile, $)
Petchsione, 126
PLAGIOCLASE, 45-46
determination of composition, 46, 77-T4
in, gabbro, 136
Mid-Atlantic Ridge basalt, 77
metamorphic facics, 147
twinning, 77-78
Fleochroism, 11
biotie, 6, 51
picmontite, 91
iourmaline, 63
Pleochroue hala:
sround mrcon, =
i, bissling, 76
cordicrite, )
FPlutenic igncous rocks, 99
Puikilitec 1oxture, 116
in, peridotite, 133
pyToxcnite, T3
Poikiloblastic texture, 156, 165
Foans l.‘l.1l;.||1|4'|1|:'__ Lk
Polzenite (lamprophyvre}, 106
FPorphyritic, 114, 126
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Porphyroblast, 155
andalusite, BS
chloritoid, £7
cordicrite, 164
garnct, B, 164, 165
microcline, 164
staurolite, 87
Preferred orientation, 153
Prehnite-pumpellvite Tacies:
conditions, 146
mineral assemblages, 147-48
Pressure ridges in lava, 119
Pressure shadows and solution, 156
Prismatic crvsial form, 115
Prograde metamorphism, 140
Psewdoleucite, 48
Pscudotachyline, 153, 163
Pulaskite, 103
Pumice, 120
PYRITE, optical properties, 53
Pyroclastic material, 121
FYROPE:
mctamorphic facics, 147
optical propertics, 47
FYROPHYLLITE:
metamorphic [acics, 147 148
oplical propertics, 52
PYROXENE, 5558 (sce also acgerine,
augie, judeite, orthopyroxens,
pigconile, litanaagite)
microliles, 126
position in crystatloblastic series, 156
quadrilaicral, 55, 71
Pyroxenc hornfeks facics:
conditions, 146
mincral assemblages, 147-48
Pyvroxeniie, 72, 104
FYRRHOTITE, optical propertics, 53
OUARTZ:
high-temperatore, 80, 124, 126
in graphic granite, 129
cxplical propertics, 58
position in crystalloblastie serics, 156
reerystallined, 159-60
Chuarizite, 141, 159-60
Quartz syenite, 75, 102, 124
Qucbee:
Grensalle, 75, 124, 126, 130, 163
Lake 51, John anosthosite, 72, 74, 125
Monteregian, 0, 73, 75, Bl 134, 139
Radicactive elemenis:
heat producing, 140
in, allanitc, 42
mrcon, 64, 7o

Rapakivi texture, 118
Reaction:

rate, 59, 140

texture, 117-18, 133-34, 149, 157, 166
Recrystallization textares, 151-53, 15961
Reflected light (sce light)
Reflectivity, 21, 33
Refractive index, 7
Rehef, 11

Iack of in doubly polished section, 22
Replacement, 154, 164
Retardation, 9
Eetrograde metamorphism, 1440, 157
Bhcomorphism, 122, 157, 166 (see also

miclting)

Rhyodacite, 102, 105
Rhyolite, 102, 111-12

beta quartz in, 80

mixed with basalt, 138
Rhythmic layering (sce layering)
RIEBECKITE:

in, felsite, 126

quartz syenite, 75

optical properties, 35
Rock-forming mingrals:

listing of Formulac, M-

listing of optical propertics, 30-66

{see also individual mincrals)

Ropy lava, 118
Rotation of crystals, 156, 165
RLIBY, 40
RUTILE:

oplical propertics, 6

positeon in crystalloblasiic serics, 156
Saccharoidal texture, 115
SANIDINE:

high- and low-, 44

in webded (ufl, 124

oplical propertics, 44
Sankdinite facics:

condilions, 146

mincral assemblapes, 147-48
sannaile {lamprophyre), 106
SAPPHIRE, 40
SALUSSURITE, 106
SCAPOLITE:

inmarkle, B9

optical propertics, 60

posation i crystalioblasi sercs, 156
Schist (sehivosityl, 154, 161

anil pling 1o fold, 162

crenulation, 155, 162
Schberen, 122
Schollendome, 119
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SCHORL (Fe-tourmaline), 63

Seoria, 120

Scotland:
Ardnamurchan, 124, 132
Haddo House, Aberdeenshire, 84, 88
Loch Borrolan, 83, 128
Mull, 80, 82, 85, 85, 125

SERPENTINE:
in olivine, 69
optical properties

Shards, glass, 121, 125

Shear, 153

Shoakinite, 103

Shoshonite, 107

SIDERITE, 38

Sieve texture (see poikiloblastic)

SILICA POLYMORPHS, 58-59 (sce cocsite,

eristobalite, quartz, tridymite)
SILLIMANITE:
metamorphic facies, 147, 148, 150
optical properties, 31, &4
Skarn, 152
Skeletal erystals (sce dendritic)
Slaty cleavage, 154
Sncll's law, 10
Snowball texture (see helicitic)
Saapstone, 141
SODALITE, optical propertics, 61
S0DA MELILITE, 49
Sobas, 117, 137
South Alrica:
Bushveld complex, gabbro, 133
Karoo doderite, 131
Sovate (see carbonatite)
SPESSARTINE, optical properties, 47
Spessartite (lamprophyre), 106
SPHALERITE, optical properties, 53
SPHENE (ritanite):
eptical propertics, 61, 83
position in crystalloblastic scries, 156
apheralitic iextore, 115
in, chaleedony, 58
felsite, 126
voleanic plass, 126
Spilite, 107
SPINEL:
inclasions in,
cordierite, B
olivine, 70
plagioclase, 166
in kebyphwiic rim, 134
optical propertics, 62
Spinifex texure, 115

ESTAUROLITE:
ifi ACF diapram, 142-43
in AFM (Thompson) diagram, 144
mulnmmphic fmcics, 148, 150
optical propertics, 62
porphyroblast, 87
position in crystalloblastic serics, 156
STILBITE, optical propertics, 65
STISHOVITE, 59
Straim, 151, 159, 160, 163
Structure, 114
voleanic rocks, 118-21
plutonic igneous rocks, 121-23
Subalkaline voleanic rocks, 108
Subbedral grains, 115
Subophitic texture, 116, 131
SULFIDE:
immiscible liguid, 139
optical properties, 53
Svenile, 102
Tabular, 115
Tachylite, 153
Tahiti, basalt, 127
TALLC:
optical properties, 63
position in crystalloblastic series, 156
pseudomorph afier olivine, 69
Tephra, 121
Tephrite, 102, 103, 107
Tescheniie, 103
Texiure, 114
igneous rocks, 114-18
metamorphic rocks, 151-57
Theralite, 103
Thin seclinns
Fﬂlﬁhtd} lgr 3
preparation, 21-22
Tholeiite, 111
lectonic significance, 113
THOMSONITE, 65
amypdale in basal, 82
Tie lines, 145
Tinguaile, 103
TITANALUGITE:
in, alkali gabbro, 83, 134
esscmic, T3
ncphelinite, £2
peridotite, 68
oplical propertics, 57
Tutanite (see sphene)
Tonalie, 102

TOURMALINE, optical propertics, 63, 83

inclusions in, 165
posation in crystalloblastic series, 156
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Trachyandesite, 107
Trachybasalt, 107
Trachyte, 102
‘Trachytic texture, 116, 128
Trachytoidal texture, 116, 122, 128
TREMOLITE:

in calesilicate, 88

optical properties, 33

TRIDYMITE, optical properties, 59, 80

Tristanite, 111-12
Troctolite, 104, 134
Trondhjemite, 103
TSCHERMAKITE, 34
Tuff, 121

welded, 121, 124
Tuﬂ:'u.:lc., 12!

chloritoad, 87

leucite, 48, B1

pigeonite, 56, T4

plagioclase, 45-46, 77, 78

tremolite and cummingtonite, 33

widlastonite, &4
Ugandite, 103
Ultrabasic rock, 99
Ultramafic rock, 99, 101, 104
Ultramylonite (see pseudotachylite)
ULVOSPINEL, optical properties, 62
Undulatory extinction {see extinclaon)
Uniaaal, 7

Mash figure, 16-17

indicatrix, 11-13

optic axis figure, 14
LUVARDVITE, optical properties, 47
Wariolite, 115
Vesicle (vesicular), 120, 127

cyboder, 120

pipe, 127
VESUVIANITE (idocrase):

in calesilicate, B9

optical properties, 64

Vesuvius, leucitite, 81
Vitrophyric texture, 114, 126
Vogesite (lamprophyre), 106
Violatiles:

effect on grain size, 114

exsolution from magma, 120, 122

metamorphic reactions mvolving, 140
Volcanic rocks, 99

classification, 105-13
Yug, 120
Washington, Mount 5. Helens, 79
Websterite, 104
Wehrlite, 104
Welded tuff, 121, 124, 125
WOLLASTONITE:

in marble, 90

optical properties, 64

position in crystalloblastic serics, 156
Wyomingite, 103, 109
Xenocryst, 123
Xenolith, accidental, cognate, 123
Zeolite facies:

conditions, 146

mincral assemblages, 147-48
ZEQLITES:

in, amygdale, 127

basalt, B2

metamorphic facics, 147

optical propertics, 63

problem in preparing thin section, 22
Zimbabwe (Rhodesia) (see Great Dyke of)
ZIRCON, optical properties, 64, B2

in, nosean and hauyne, 61
plagioclass, 45, 79
titanaugite, 73
towrmalne, 63, 83
normal, reverse, oscillatory, 45, 79, 118
hourglass:
in chloritoid, 39
in titanaugite, 57
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Petrography of
Igneous and
Metamorphic Rocks

o _"_l‘ 1T

This comprehensive laboratory manual teaches students taking their first course in petrography the
techniques of describing and classifyving rocks as well as how to apply those techniques to common
igneous and metamorphic rocks. Essential features include:

* Alisting of common minerals with their most important distinguishing optical properties
* Over two hundred illustrations delailing the relation between optics and crystal morphology

* An accompanying CD-ROM with color slides illustrating rock-forming minerals and the textures of
ricks, many with text and

audio annotations by the author

= Descriptions of the textures and structures of igneous and meta morphic rocks
) 'Ihemncst important properties of all the minerals compiled in an easy-to-access, full-color table

; ;g&iﬂﬂﬂ tor determining the approximate modal {volume) percentage of minerals in rocks
-

— .

g = ﬂ?i_é.-ai_h_siﬁcaﬁnn of igneous rocks used in the book is ;
e M aciences (IUGS) Subcommission of the Systematics of Igneous Rocks. A list of commonly

- = tsed mck names—many not part of the IUGS classification—is keyed to this classification. Also, the.
i ﬁ'«.rﬁﬂ;e_-]rusled Irvine-Baragar classification of volcanic rocks is included. <
Thi Sy

the one proposed by the International Union of

- DePhilpotts has organized a large amount of information to be easily and rapidly accessible. He
L e . X i <
Sl _‘p;g:ﬂw students with a concrete foundation, giving the

m experience and confidence as they
- m—mpnterthe field of petrography.
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