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Abstract )

Twelve specimens of charnockitic granulites from
the Adlrondack Mountains in New York were investigated in
detail w1th an aim to increasing. our understanding of
chemical processes that take place during hlgh—grade
metamorphism. Data were obtained on the chemlcal composi-
tion of the rocks, the spatial disgfibution of the contained
crystals, the disﬁributiqn of Mg and Be2+ between non-
equivalent sites in some of the ferromagnesian minerals,

‘the distribution of Mg, Ee2+, and Mn amﬁng coexisting ortho-

pvroxene, clinopyroxene, amphibole, and garnet, and the

composition of coexisting magnetite and ilmenite.

The spatial distribution of'orthopyroiene, clino-
pyroxene, amphibole and feldspar was ihvestigated by
measuring the frequency of the dlfferent kinds of con-
tacts between like and unlike crystals, and by comparing ‘
+he results with those expebtdg for a random mingling of )
the crystals. The results showlthat some aspects of. the N
distributions are random, while others represent a departure
from randomness towards a distribution which favours thé
occurrence of contacts between unlike'grains. These results
'are interpreted in relation to a rearrangement of matter
during\metamorphism to bring about a reduction in interfac;al

N,

free energy. . ) ~



By use of Mossbauer spectroscopy, the distribution
of Mg and Fe2+ in the Ml and M2 sites of orthopyroxene was
determined for four crystals of different Fe}Mg.ratio.

The resulting distributiop agrees very closely with that

obtained experimentally by Saxena and Ghose {1971) at 700°C.

The distribution of Mg,.Fe2+, and Mn among ortho-

pyroxene, clinopyrokene, amphibole, and garnet, produces

the following sequence of decreasing affinity for Fe and

Mn:

Fe: garnet orthopyroxene amphibole clinopyroxené .

Mn: garnet orthopyroxene clinopyroxene amphibole

Moreover, for any mineral pair, the distribution
points define exactly or very nearly a linear 6: curvi-
linear pattern, which may be taken to indicate that exchange
equilibrium was very closely estéblished during metamor-

phism. o e

The distribution of Mg and Fe2+ Bétween ortho-
pyroxene and clinopyroxene is examined from a thermodynamic
v1ewpomnt. ‘Data from the present study provide needed
information on the iron-rich end of the texchange isotherm',

. :
and when combined with the magnesium-rich data from India
produce a well defined isotherm. A&.good 'fit' to these
data points can be obtainéd by assuming that both mineral

phases are simple mixtures (Guggenheim, 1967), with small

departures from ideal behaviour.

- ii -



The composition of coexisting magnetite and
-1lmen1te, when compared with the experimental data of
Buddington and Iindsley (1964) indicate a temoerature of

less than 600°C and an oxygen fugacity less than 10 -18 atm.
_Regction and re—equilibration areftﬁought to have taken place,
to some extent'during cooling of the rocks.

The rocks evidehfly represent a suite of cogenetic
mafic igneous rocks of calc-qlkaline tyée, that was meta-
morphosed at about 735°C. metamorphic pressures are more
- difficult to estimate, but a confining pressﬁre of 6 Kbs

and a water vapour pressure of about 4.8 Kbs are not in con-

flict with experimental results on phase equilibrium studies.
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PART 1

GEOLOGY AND PETROGRAPEY



I INTRODUCTION
Statement of ProbléE)

This thesis presents the results of a study of the
spatial distribution of crystals, and a study of phase
equilibrium in some charnockitic granulites from the
Adirondack Mountains in New York. These studies were under-
taken in an attembt to increase our understanding of the
processes that take place during the crystallization of high-
grade_metamorphic rocks. The spatial distribution of crystals
in a rock may give information on nucleation sites and the
role of interfacial free energy in metamorphic crystallization,
and data on the association of minerals and their chemical
composition may provide information on the equilibrium char-
acteristics of complex silicate and oxide systems containing

minerals of variable composition. . ‘

General Statement

The term charnockite was proposed by Holland
(1893, ple2) for a hypersthene-bearing granite found near’
Madras, India. ZLater, Holland (1900, pl25, 128) described
a charnockite series which consists of acid, intermediate,
basic and ultrabasic orthopyroxene-bearing plutonic and meta-
morphic rocks. More recently Subramanian (1959, p328)

attempted to redefine charnockite as a hypersthene-bearing



rock with or without garnet, characterized by greenish-blue
feldspars and greyish-blue quartz, the domipapt.feldspar being
" a microperthite. This has restricted the term charnockite

to the acid charnockites of Holland {1900) -

The rock suite under investigétion has close simi-
larities to intermediate and basic charnockites from India
and_other parts of the world. In the present thesis the
terms charnockite and charnockitic granulites wiil be used
in a broad sense intended bjiﬁblland (1800). Two sanples,

J-50 and.J—99,_withogpmqpppgggrp$ene, are also included

because of close association and similarity in chemical com-
position to the other charnockitic rocks. More specific

terms will be used locally, and these follow the nomenclature

used by Philpotts (1966, pl3) and de Waard (1969, p78) as

shown in Fig. 1. : .

The mﬁdal proportion of_quartz, K feldspar and
plagioclase in some rocks that will bé described in detail
below are sﬁown in Fig. 1. Most of these fall in the field
of norite and anorthosite, +wo in the ﬁie;d of jotunite and
two in farsundite. 1In addition, the rocks cohtain'lO-SO per
cent ferromagnesian minerals. Thus the rocks of the present
study belong to the intermediate and basic divisions of the

charnockite series.

Since the original work of Holland, charnockites
from the type area near Madras have been studied extensively

by Howie (1955), Pichamuthu (1953) , Howie and Subramaniam



Figure 1.

Qtz-K feld-Plag modal compositional plot‘of twelve

charnockitic granulites from the Adirondack Mts.,
N.Y.
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{1957), Subramanlam (1962) and Sen and Sahu ?1970) Accord-
ing to Subramanlam (1962} these rocks resulted from the
emplacement of a charnockitic magma into a sequence of meta-

sediments and mafic granulites. -

The best known group of charnockites in North
America occurs in the Adirondack Highlands, within the
Grenville Province of the Canadian Shield. The field
relation and petrology of these rocks have been described
in detail by Buddington (1939, 1952, 1963, 1965, 1966, 1969)
and de Waard (1964, 1965a, 1965b, 1967, 1969). The present
study provides additional information on these interesting
rocks particularly on the chemical composition of the
minerals and on the spatial distribution of the contained
crystals.

&

General Geology

The Precambrian ;ocks of the Adirondack Mountains
form part of the Grenville Province of the Canadian Shield -
and comprise igneous and metamorphic rocks of various com-
positions (Buddington, 1939). According to Stockwell
(1972, p2), the most recent orogeny in this.part of the
Shield (the Grenvillian Orogeny) occurred about 1,000 m.y.

ago.

The nature and segquence of intrusion and deformations

in the Adirondack area were described by Buddington (1952,

p39) and are summarized in the following paragraphs.



-

Following the deposition of a sequence of lime--
stones, sandstones, shales, etc. (the Grenville Series},
three major orogenic events took place in the Adirondack
region._ During the earliest event the Grenville Series was’
folded, and anorthosite, olivine diabase or gabbro, and the
quartz syenitic and charnockitic series were emplaced in

sequence, as is indicated by the presence of intrusive con-

tacts.

During the second pefiod of orogeny, deformation
and metamorphism occurred on a regional scale. Garnet
crystalllzed in many of the rocks that were affected by this
metamorphism. At thls time, the quartz syenitic and charno-

ckitic series were invaded by dikes of hypersthene diabase.

The third and last pericd of orogenic deformation
and metamorphism was marked by the emplacement of various

granitic rocks, particularly granite and subordinate alaskite,

microcline granite and soda-granite. _I

Unmetamorphosed basaltic dikes marked the end of

the history of intrusions and deformations in the area.

Successive metamorphism and deformation has produced
in the Adirondack region a variety of medium to high grade
metamorphic and plutonic rocks. Nearly a2ll of these rocks
have been affected to some extent by deformation and meta-
morphism, and may be described as being gneisses and granu-

1ites. The charnockitic granulites of the present study are



largely orthogneisses (Buddington, personal communication,
1969) and are closely associated with anorthosites, olivine
gabbros, migmatites, and hornblende- and pyroxene-bearing
granitic and syenitic gneisses. They occur as small plutons,
dike-like bodies and as layered rocks of possible. sedimentary
or volcanic origin. All of these are situated in and around
the main anorthosite massif of “the central and eastern
Adirondack Mountains (de Waard, 1969, p22l, and also Fig. 2).
Most of these rocks are homogeneous but in some, a small
scale layering is discernible. A foliation, marked by the
preferred orientation of crystals is probably present in all
of these rocks, but is not conspicuous. The rocks are fine
to medium-grained, i.e. mean grain size normally is 0.2 to

1.5 mm.

Small apophyses into anorthosite have been observed,
indicating that some of the charnockitic granulites may be of

magmatic origin. ‘

Field Sampling

valuable information regarding the charnockite
localities in the Adirondacks was kindly provided by
Professor A.F. Buddington of Princeton University. An area
meésuring.BO miles by 20 miles, situated immediately west of

Lake Champlain, was chosen as the sample area for the present



study (Fig..2). A few mineral and bulk rock éhemical analyses
from this area were previously reported by Buddington (1952).
These data together with some information'ffgm him through
personal communications have greatly assisted the writer in
locating favourable sites for obtaining samples. Altogether,
one hundred and twenty rock samples were collected during a*
period of 15 days early in August and in October, 1969. The
locations of those rocks that were selected for detailed

study are shown in Fig. 2.

Laboratory Work

One hundred standard-size thin-sections were ex-
amined@ and 12 rocks containing different mineral assemblages,
and little alteration were chosen for further study. These
rock samples are J-35, J-44, J-50, J-63aA, J-66, J-80, J-81,

J-92, 3-99, J-103, J-105B, and J-106.

Each of the above mentioned rock samples, except “
J—-92,was first crushed into small fragments (less thén two )
inches in diameter) in a chipmunk crusher. Several repre-
sentative fragments were hand-picked and ground to fine
powders (<200 mesh) by use of a porcelain mortar and pestle:
this material was used for bulk-rock chemical analysis. The
remaining fragments were passed through a disc grinder
several times, and the resulting powders then sieved with
Cu-wire metal sieves. About 100 to 150 grams of this material,

between 170 and 230 mesh, was used for mineral separation.
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These powders were first washed and rinsed with distilled
water and acetone. The samples were then dried in an
‘electric oven at temperatu;es of about 1l05°C. After coo%—
ing, the powders were spﬁead on a piece of clean paper and
the strongly magnetic minerals together with iron contamina-

tion were removed with a hand magnet.

Pyrokénes, a@phiboles and garnets in the eleven
rocks chosen for detailed chemical study were separated and
purified to >99%,‘with many >99.9% pure, using combinations
of the Frantzisodynamic separator and.vérioué dilutions of
heavy ligquids, mainly methylene iodide and Clerici solution

{thallium malonate-formate) .-

_ The mineral and rock samples (approximately 100 mg
of each) were taken into so;ution emploving the perchloric
acid method. They were thep analyzed for total Fe, MgO, CaQ
Na»0, K70 and MnO by means of atomic absorption spectrometry
in the Geochemical Laboratory, Department of Geologg,
University of Ottawa. A Techtron model AA4 atomic absorp-
tion spectrophotometer was used following a procedure

similar to that described by Kretz (1970).

FeO was analyzed by a rapid wet chemical method
that was developed by the writer (Jen, 1973). Fep05 was
then calculated from the detexrmined FeO and total Fe as
Fe,03 obtained by atomic absorption, using the eguation

Wt FepOy = wtd total Fe as Fep03 — 1.1 wt% FeO
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i

. Sioz, A1203 and Tio2 in the siiicate minerals, and
total Fe and 'I‘io2 in magnetites and ilmenites were analyzed
by use of an electron microprobe, located at Carleton
University. Sioz, A12Q3_and TiO2 in'the rocks were deter-
mined, through Dr. I. Ermanovics at the Geological Survey of
Canada; Sio2 and TiO2 were determined colorimetrically and
A1203 by use of a Perkin-Elmer model 303 atomic absorption

spectrophotometei.

The USGS BCR-1 basalt standard was used as a check
on accuracy for all the wet chemical aﬁalyses. An analyzed
ilmenite standard and a NASA pyroxene standard were used in
the probe analysis. The computer_program by Rucklidge and

Gasparrini (1969) was used for the probe data reduction.

Analyses, excepting the probe analyses were
measured in duplicate. In the probe analysis, 2 ﬁo 4 measure-
ments were made per mineral grain, and 2 to 35 mineral grains “
of the same mineral were analyzed per rock section (polished-

thin section). For each measurement spot, -counts were

recorded for 5 time intervals of 10 seconds each.
-—.—v

The precision of the analyses, expressed in terms
of standard deviation (s) and percentage relative deviation
(c) were determined by analyzing standard U§GS BCR-1 ten
times, and NASA pyroxene standard (LUD) fifteen times.

Standard and relative deviations were calculated by use of

the equations
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’ =y2
s = |ZI(x=x)
n-

100s/x (Ahrens and Taylor,
1961, pll6)

0
]

where x = determination or measurement per sample
- X = sample mean
n = number of sample measurements

Results are shown in the following table, which

also provides indication of the accuracy that was achieved.

Analvtical precision and accuracy

USGS BCR-1 by AA (FeO by titration) NASA Pyroxene by
Electron Microprobe

(Furnished by

NASA Pyroxene ,N.D. MacRae, 1971) X _ s _c
$10, 51.61 50.59 0.96 1.50
Al,0, _ 5.92° 5.90 0.16 2.71
Ti0» 0.27 0.21 0.046 21.90

BCR-1 (Flanagan, 1967*, 1873)

-Fe203 . 3.20% 3.17 0.18 5.67
FeO . 9.08* 9.10 0.16 1.75
MgO . - 3.46 3.58 0.14 3.91
MnO 0.18 0.19 '0.01 5.26
cao 6.92 6.81 0.40 5.87
Na20 3.27 3.47 0.19 5.47
K20 1.70 -&= 1.70 0.06 3.52

Formula calculations and ionic ratios for the
mlnerals were obtained by use of a Fortran IV computer pro-
gram (Appendix I) using an IBM 360/65 computer 1nstalled

at the Computing Centre, University of Ottawa.
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Methods used to obtain information on cation dis-
tribution within crystals (the Mossbhauer experiment) and on
the spatial distribution of crystals will be described in

subsequent chapters.
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-IT MINERALOGY, PETROGRAPHEY AND BULK-ROCK
_ CHEMICAL ANALYSES
The mineral assémblages-and modal analyses of the
twelve charnockitic granulites that were selected for detail-
ed study are shown in Table 1. Bulk-rock chemical analyses
of eleven of these rocks are shown in Table 2. These data

will be discussed in a later chapter.

A brief description of the minerals present in the
rocks is given in the following sggtions. Chemical analyses -
of o;thopyroxene, clinepyvroxene, amphibole, garnet, magnetite,
and ilmenite will be presented in Part 3 of this thesiéi
which deals with exchange equilibrium.

Feldspars - 'l

The feldspars are fine to medium grained and grano- -«
blastic. K-feldspar is commonly perthitic and loc;lly may
be microperthitic. Potash feldspar, some showing microcl;ne
twinning,occufs in trace amounts in only a few samples. The
perthitic_feldspars are mostly blebby and rod perthite.
String perthite and mesoperthite have also been observed.
Plagioclase commonly occurs as two types, well twinned and

y clear crystals as well as antiperthitic crystals. They may
be optically positive or negative. 2? determined for J-35
plagioclagb is 2Vx=83.5° and for J-66 2Vx=85°. Grain shapes
vary from xenoblastic to hypidioblastic, and are more

hypidioblastic than K-feldspars. Compositions of plagioclase
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range from An23 (oligoclasé) to An42 (calcic andesine).
Table 3 shows the compoéitions of plagioclases in the 12
rocks studied as determined by the maximum extinction angle
method (synthesized by Wynne—Edwards,\&?SQ, unpublished).
PlagiqQelases may show wavy extinction and vague zoning
(normal zoning: core-rim=An5). Some myrmekitic texture

has been observed in samples J-105B and J-44.

Orthopyroxene

Orthopyroxene crystals are fine grained, grano-
blastic to short prismatic granoblastic in shape, commonly
hyvpidioblastic. Pleochroism varies from pale green or pale
grey to light pink. Prismatic cleavage is often well
developed. The crystals are optically biaxial (-), and are
closely aséociated with clinopyroxene and 5iotite where they
occur, less freguently with garnet, amphibole and opaques.
The orthopyroxene grains occur as two types, (1) with well-
defined grain boundaries, apd (2) with vaguely defined grain
boundaries ‘with clinopyroxene. Occasionally they may show
exsolution lamellae of clinopyroxene in some of the rocks
(J-44, J-92, J-103). Commonly they are inclusion—£free.
However, apatite andrepagues may be included in very small -
amounts and biotite may occur as an.alteration product along

cleavages. For J-35, 2Vx=60.5°.
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Clinopyroxene

Clinopyroxene crystals are fine to medium grained
pale green to greerish in colour. Most grains are grano-
blastic; very few g¥ains show priématic habit probably due
to the orientation of the thin sections (perpendicular or
at an angle to the foliation). Xenoblastic to hypidioblastic

in shape, most grains show moderate to strong birefringenc

Some grains may be partially or entirely surrounded by
amphibole, but with no reaction rim. The clinopyrox
grains are commonly closely associated with amphibole, ortho-
pyroxene, garnet, opaques and biotite. Apatite and opagques

are common inclusions. All crystals are optically biaxial

(+). Grains show slight pinkish pleochroism in J-99.

Multiple twinning occurs in J-103. Minor amounts of finé
exsolution lamellae of a second clinopyroxene (less calci%?)

occur in some grains of a few samples (J-103, J-105B and ‘

J-106). For clinopyroxene J-35, 2Vz=58°, and cAz=419°.

Amphibole

amphibole crystals are fine to medium grained,
granoblastic to short prismatic, pale brownish green, and
xenoblastic to hypidioblastic. Apatite and opaques are
common inclusions. The amphibole grains may show myrmekitic
texture with guartz (e.g. locally in J-66). 2V determined
for J-35 amphibole is 2Vx=74.5°. The optic angle is con-

sistent with an intermediate member of the hornblende series
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which is determined by the chemical analyses. -A generalized

pleochroism is

X = 1ight yellow-green to light greenish yellow
Y = dark gre dark to light brownish greén
P or greenish browd to brownish red
2 = dark green, brownish green to light reddish
e brown
Absorption: X<Y>Z

Locally some porphyroblastic grains have been observed in
some rocks. Smaller grains often are inclusion-free or con-
tain fewer inclusions than the larger grains. Some large
grains are poikiloblastic.

-~

Garnet

Garnet crystals are pinkish in colouf and are fine
grained in all rocks except J-105B. The garnet grains are
xenoblastic to idioblastic in shape and may be inclusion- ‘
free to poikiloblastic, with opagques, gquartz, clinopyroxene,
feldspérs and apatite ,as inclusions. They may show corrosive
or embayment texture with quartz and plagioclase (J-66,

. J-105B), may be myrmekitic with quartz (symplektite) (J-99),
and may also be clustered as in most of the rocks as‘éell as

-random under the microscope.
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Biotite

Biotite crystals are reddish brown to reddish in
colour; they are very fine grained, xenoblastic ﬁo hypidio-
blastic, and are associated with pyrokenes, amphibole,
opagques and garnet. The biotites occur as traces of poorly
defined grains along cleavages of orthopyroxene in some
rocks (e.g. J-80). They appear to be a disappearing phase
(relic primary phase) in some rocks but appearing phase
(secondaryj in the others as-an alteration product.

Generally, they are inclusion-free.

Quartz

Quartz crystals are fine to very fine grained and
xenoblastic. Thev may be associated with all minerals but
appear to occur commonly as inclusions in amphibole and ‘
garnet (e.g. J-105B) probably as a reaction product. They

show undulose extinction, and are usually inclusion-free.

Opagques

Opaque minerals are fine grained and often appear
as aggregates of crystals. By use of an ore microscope,
four different types of opaque phases were identified in
the charnockitic granulites, but in the less mafic (inter-
mediate) rocks, only two to thre;‘types of opague phases
are present. These opaque phases are magnetiteﬂ‘ilmenite,

p

pyrite, and pyrrhotite. The iron oxides are of major concern

<
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in the present study. Most rocks contain magnetite except
J-50 and J-105B, and all rocks contain ilmenite. Ore
microscopic study has also revealed that ilmenite is the
major iron oxide and magnet;te commonly occurs as very
fine-grained crystals in and/or closely associated with
ilmenite. Magnetite ér titanomagnetite lamellae are some-
times also present within ilmenite crystals.

N

Apatite

Apatite is very fine grained and commonly idio-
blastic. It occurs commonly as inclusion in all minerals

except quartz and zircon.

Carbonate

~

Carbonate is fine-grained and xenoblastic to hypi-
dioblastic. It is closely associated with clinopyroxene
(J-66) , émphibole, biotite and gquartz (J-105B) probably as

an alteration product.

Zircon

Zircon is very fine grained, usually occurs as
idioblastic prismatic crystals, and is inclusion-free. It
is commonly associated with mafic minerals especially pyrox-

enes.



PART 2

SPATIAL DISTRIBUTION OF CRYSTALS
IN ROCKS
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III GENERAL PRINCIPLES

Definitions

Like phase: A like-phase contact is a contact between two
crystals of the same mineral
Unlike phase: An unlike-phase coatact is a contact between
.two crystals of different minerals
Transition: A sequence of two crystals along a linear tra-
verse, for example AA AB BA where A and B are
minerals
Transition matrix: A matrix composed of all the different
kinds of transitions observed in a rock or de-
fined by a particular model
Transition series: A series of transition matrices derived
from a pérticular transition matrix. For example
from a matrix for minerals A, B, and C, another
could be derived by considefing minerals B and
¢ together denoting them as Q, giving an AQ

matrix

' Background and Methods

Although studies on spatial distributions in the
field of ecology (e.g. Gleason, 1920; Neyman, 1939; Clark
and Evans, 1954; Moore, 1954; Pielou, 1959) and in metallurgy

(e.g. Smith, 1948, 1952; Gurland, 1967) have been underway
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for some time, comprehensive studies of spatial distributions

of crystals in rock began little more than a decade ago.

Harker (1939) and others had long ago presented’
some information on the distribution of minerals in small
volumes of rock, as seen in thin-section, but Ramberg
(1952, p220-229), DeVore (1956, 1959), Laffitte (1957,p328),
Rogers and Bogy (1958) and Lafeber (1963, 1966) were among
the firs; td examine the subject in greater detéil or to con-
sider the sﬁbject in zerms of interfacial energy. R;mberg,
DeVore, and Laffitte suggested that recrystallization.may

produce a rearrangement of the minerals so as tq reduce the

total interfacial free energy of the rock.

Rogers and Bogy (19583 and Mahan and Rogers (1968)
observed and recorded the kind and frequency of crystal
contacts in some granitic and metamorphic rocks. Observa-=
+ions were made along linear traverses across thin-section
of the rocks; They found more K-feldspar to K-feldspar con-
tacts in metamorphic rocks than in granitic rocks, and ‘
attribé%ed the tendency for K-feldsbar crystals ‘to be sepa- ‘
rated from each other (in granitic rocks) to magmatic

crystallization.

Lafeber (1963) used two methods fqr the analysis
of randomness in the distribution of crystals in some
granitic rocks. The line sampling method, is similar to

that used by Rogers and Bogy (1958) and_;ecords all grain - .
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boundaries encountered along a group of parallel lines
through a rock. Allowance is made for grains or graln
boundaries that are intersected more than once. The area
sampling method involves counting all the graine and
boundaries 'in a selected area of a thin-section.
realized that the firet method may be biased in favo
minerals thet occur as coarser grains, while the second

method is difficult to use unless a drawing is made of the

rock section.

Agterberg (1967) descrlbed a method which may be
used to characterize the spatial distribution of minerals
in crystalline rocks. The method, which makes use of power
spectrum analysis, was applied to two specimens of gabbro

from the Muskox Intrusion, and appear;\to be especilally

useful in detecting faint layering or other types of periodi-

city in the arrangement of minerals in rocks.

~

- . yistelius (1966) considered the problem of the
origin of the Mt. Belaya granodiorite-by examining the
distribution of mioerals within -samples of the rook’body:
Eis method of obtaining data is similar to the 11ne—sampiing
method described above, and his observations were presented
inimatrix form (transitiOn;patrix). Vistelius considered
the sequence of crystals recorded along a line through the
rocks 1n +erms of the theory of Markov chains; and he con-—
cluded from his study that the observed patterns of crystals

in the Mt. Belaya granodiorite are consistent with patterns

4
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exbeeted to-bégiroduced by magmatic cryetallization, In a
recent study k19?2, p518-519) he defined ideal granites as
those-in which the sequence of crystal contacts have siméle
markovian properties, and suggested‘that metasomatismawill
prodice grain contact sequences which are Markov-chainS'of'r
the second and higher orders. This was supported by
Romanova (1972, p517) in a stﬁdy of the effect of greiseni-

zation on the grain sequence in granitic rocks.

Kretz in 1969 (p39-65) carried out tests for homo-
éeneity and randomness in the spatial distributien of crystals
in a metamorphlc rock and described various methods that may
be used for minerals present in major and minor amounts. v
An area of a thin-section of a pyroxene—scapolite-sphene
granullte from Quebec‘was tested for homogeneity by leldlngl
the area into guarters and determlnlng the mineral proportlons
in each quarter. The line sampllgg {llne—transect) method,
similar to that ueed by V:Lstel:.us (1966) was applied to a ‘
homogeneous portion of the thin-section. This study'ehewed
that pyrox;ne and scapolite are evidently distribéted at
random; and led to the conclusion that the nucleation sites

for the minerals were-randomly determlned and were lndependent

of other crystals in the neighbourhood.

From the study of a suite of gneisses from Shetland
; N _

and Siberia, Flinn (1969) concluded that the minerals are

not randomly distributed. but are arranged so that graln -

contacts between unllke phases occur more frequently than

-
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expected on the basis of randomness. ' He suggested that
;nterfacial energy between unlike crystals is less than

that between like crystals, and that interfacial enexrgy has

been responsible for the observed distribution.

R. Kretz and his students have found many such .

distributions; the results have not been published.

In the present study the method of Vistelius 1is
"applied to a suite of rocks from the Adirondacks. This will
be referred to as the "line transect method". According to
this method, the sequence of crystals encountered along"é
iinear traverse through a rock is considered in relation to
the théory‘of Markov chains.- In a random arrangement of
crystals, the pr;bability of encountering a crystal of mineral
A will /;gth_only on the frequency of occurrence of cfystals
of A 4n the traverse as a;whole, and will be independent of

e

the ture of the preceding—crystal, whether A or some cother

-

mineral. Thus in an aggregate of crystals of. A and B:

p(A/Q)‘ p{3a)
P(é/A) = p(a)

where p(a/B) is the probability of moving from a‘crystal of

B to one of A, and é(A/A) is the probability of moving from.

a crystal of A to another of A. Also, p(A) is the probability

of encountering A in ﬁhe whole traverse, for example if,

altogether, the traverse passed over 400 crystéls of A and

. 600 of B, p(A) would be 400/1000=0.4. The above is the modei

~
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of randomness that will be employed in the.prgsent study. A
two-dimensional picture of this model was illustrated by

Kretz (1969).

TWO kindé of departure from the random model are
immediétely apparént. Firstly, if p(A/A)>p1A), a tendency
toward clustering of A, beyond that expeéied in a random
distribution, would be anticipatéd, and secondly, if
p(A/B)>p(A), crystals of A and B would be inferred to be

more strongly associated than in a random distribution.

The chi square test may be used to decide if the

random model is accepted or rejected.

¢ \

The rocks of the present study appear to be homo-
geneous in hand specimens. In the majo:iﬁﬁi@f the thin-
sections, grain apparent diameters vary bet&één 0.2 and 1.5
mm, excluding some very fine-grained inclusicns.” In sample
' J-92, which is somewhat coarser, grain size rangesfrom 6.2
to 3 ﬁm. '

A standard thin-section was cut from each of the
roqks, in a random direction.‘ Modal analyses and mineral
assemblages of the rocks are shown in Table 1. The phgses
considered are total feldspar (F=plagioclase K-feldspar),
orthopyroxene (H), clinopyroxene (C), amphibdle (a), garnet
(G) , opaque minefals (D=ilmenite * magnetite * pyrite *
pyrrhotite), and all other minor phases (O=biotite % gquartz

apatite * zircon t calcifte).

P
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The present study will concentraté on the spatial
distribution of total feldspar, the two pyroxenes and
amphibéle. The distribution of gérnet and opaque minera.ls‘-’T
will not be considered in'detail, for grain boundaries be-
tween two garnet crystals aﬂd two: crystals of opague minerals
éould not be seen under the polarizing microscope and were
not recorded. Also, the distribution of biotite, quartz,

apatite, zircon and calcite will not be considered.

'Measgrements were carried out Qifh a Zeiss reseafch
microscope equipped with a moving stage. The number of
transitions measured ranged from 500 to 987, averaging 768.5
measurements per thin-section. .Analysis of grain transi-
tions based on chi square test was performed by a Fortran v
computer program (Appendix II) using an IBM 360/65 computer
at the Computing Centre, University of Ottawa.

Q

Spatial Distribution as a Function of
Interfacial Free Energy

The role of interfacial free energy (f) in aggre-

gates of crystals has been discussed by Smith (1948),

DeVore (1956, 1959), Kretz (1966b), Swalin (1962, pl80-213),
Gurland (1968), Spry (1969, p25-29) and Flinn (1969). Smith
.(1948, plg-21), Sinnot (1958, p272-273) and Swalin (1962,
p213) report that in annealed metals, the interface between
Iike phases {i.e. two crystals of the same metal) have a
higher interfacial free energy than those between unlike

L



phases, and DeVore (1959, p2l16-217) and Flinn (196%) sug-
gested that this may alsc be true for silicates. Thus a
rock in which the crystals are randomly distributed may’
tend to recrystallize to increase the proportion of unlike
érain contacts and decrease the proportion of like graim

contacts, thereby decreasing its total interfacial free

energy.

The specific interfacial free energy for an inter-
face between phases a and B is the Helmholtz free energy
associated with unit area of interface and was defined by

Johnson (1959) as follows:

&

= F° _F-F* - F% (1)
Q Q

where F is the total Helmholtz free energy of a system that

containS‘phaSe ¢, phase B, and an o-8 interface.

e
s

is- the bulk Helmholtz free energy of phase a.

is the bulk Helmholtz free energy of phase B.

S

F> is the total interfacial free energy.

gfﬁis the interfacial area.
Similarly, interfacial free energy may be defined as the

Gibb's free energy (G) associated with interface:

(2)

Thus

pS = p(£%%%%) + r(£28a8%) 4 1 (g®fa®fy &
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Notice that the total interfaéial free energy in unit volume
of rock may decrease by decreasing one or all of the terms

in f, i.e. by increasing grain size.  Also, it may decrease
B

ac

by decreasing (R~ + 238y and increasing o°

, by the same

amount, provided 2£°§ < (£%®* + £38) or by decreasing a%8,
L]

and increasing (%% + QBB) by the same amount, provided
2£%8 5 (£%% + £8%) . rhis latéer decrease in energy, although
smali-in magnitude could be achieved by a rearrangement of
crystals in the rock, or by the initial nucleation‘and

growth of crystals, during metamorphism, at sites which

would produce, preferentially, interfaces of relatively low

energy.

Other factors that are likely to affect the spatial
distribution of crystéls in-rocks insofar-as they affect
inteffacial frée energy- are: temperature, pressure, composi-
tion, partial pressuré of wvapour phase and comg_ressional or‘
shear stress. While the effects of temperatﬁré (Bonie and
Derge, 1956; Smith, 1948) and composition (DeVore, 1955;

1956, 1959; Johnson, 1959)'are small, .the roles of the other
factors are relatively unknown. However, their effects on
the relatively dry and high grade rocks studied are unlikely

E
to be large.

Effect of Chemical Reactions on Spatial Distribution

Metamorphic crystallization of rocks is brought
aﬂout by one or more chemical reactions, leading to the
formation of new phases. Consider for example a reaction

A+B=C+0D
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where A, B, C, and D are minerals. If the reaction between
crystals A aqd.B has gone to completion, crystals of the
stable products, C and D, may show tendency to occuf close
to each other in the rock. ™ At univariant equilibrium one |
may find all four minerals closely associated in a rock.
Therefore, the position occupied by prystals.of one mineral
may depend on the distribution of crystals of other minerals,
and this dependence may show up, even if weakly developed,

by a statistical study of the kind and frequency of grain
contacts founé in the rocﬁ. Thus mineral associations may

1
appear for reasons other than those involving interfacial

free energy.

Procedure

The mineral aésemblage of-a rock is & list of all
the minerals present, and the 'first order transition ideally
records the frequency of transitions or grain contacts for
all of these minerals. The data may be expressed in matrix ‘
form (a ﬁransition matrix) and may be discussed in :elation
to the theory of Markov chains (Anderson and Goodman, 1957,
p89-99; Agterberg, 1966, p764-765; Kretz, 1963, 958-59:'
vVistelius, 1966, p48-50). From this first orderAtransition
'matrix a series of other transition matrices may be obtained
through a procedure of combining two or more ‘phases' at a
time. This procedure is similar to the combining or lumping
of states by Kemeny and Snell (1960, pl23-125). The group
. of matrices will be referred to, in short, as a 'transition

series'.
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In the following the term 'order' is employed to
desigﬁate one of a group of transition matrices derived frﬁm
an original transition matrix.;’lt bears no relation to
‘powering', which is commonly used in the study of stochastic

processes (e.g. Anderson and Goodman, 1957, p89-110: Parzeh,

1962, pl91-192; Vistelius, 1966, p48-50).

The first order transition matrix need not contain

all the minerals of a roék, and one may lump together several

minerals that occur in small amounts, thus arriving at a
number of 'phases' in the first order transition matrix that
will be less than the number of minerals in- the rocg.' The
set of transifion matrices derived therefromfwill be called
the 2nd order transition matrix, the 3rd order transition

L4

matrix, and soO on.

several types of spatial distribution studies may

be carried out, namely:

1. The spatial distribution of all mineral phases
- éhe gross pattern.
2. The spatial distribution of all major phases
in the rock.
3. The spatial distribution of minor phases in the
rock. |
4. The preferred associatkEﬁ; of two unlike phases.
5. The preferred associations of three or more
different kinds of phases, here called a

'complex'. \
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6. The clustering of crystals of a phase.
7. The spatial distribution of units consisting
of two unlike crystals in the rock.

8. The spatial distribution of complexes.

For the distribution of minor phases the nearest-
neighbour method (Clark and Evans, 1954; Kretz, 1966a, 1369)
and the random-point method (Moore, 1954; Kendall and Moran,
1963; Kretz, 19691 would be m?re appropriate than the line-
transect method (Visteliu57“£966; Kretz, 19869) used in the

present study.

The present study will focus on types 4, 6 and 7

above with brief consideration of 1 and 2.

Models for Spatial Distribution of
Minerals in Rocks

In a rock composed of several minerals, a nearly
infinite number of possibilities exist for the arrangement ‘
of crystals in the rock, provided that the volume is suf-
'ficiently large to contain sevéral thousands of crystals.

In a consideration of this problem, a random distribution of
crystals would appear to offer a convenient point of departure.
Although a random distribution of points in space may be i
readily characterized, and utilized in the study of 'minor’
minerals in a rock (Kretz, 1969) no adequate definition

appears to exist for the distribution of many small volumes

{(crystals) in space. The best one can do at present is to
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construct a model in which all the small volumes have the
same size and shape. These can then be arranged in a random
.sequence, thus building up a 'rock' in which the crystals
are randomly distributed. ‘A two-dimensional analogue of
"such a model is shown in Fig. 3. Notice that a certain
amouﬂt qf clustering of crystals i§ an integral part of a
.random distr;bution. Notice also that the diétribution may
be described in terms of like and unlike contacts. & tra-
verse across this model would produce a random sequence of
crystals and crystal transitions, in agfeement with the

'line-transect method' of testing for randomness.

A regulaf d;;Eribution may be defined as a distri-
bution in which the crystals are more uniformly or widely
distributed than in a random distribution. 1In terms of the
simple model of Fig. 3, this would result in a2 larger number
of unlike contacts, i.e. a greater tendency fo; unlike ‘
crystals to be aSsdciated with each ofher. In a traverse
through such 2 distribution, the probability of encountering
a crystal of a particular mineral would depend on the nature

of the preceding crystal, and. the tchain' of observations

would po%sess Markovian broperties.

In a rock composed of several minerals, a great
variation is possible, such that some may be apparently ran-
dom while others are non-random. For example iﬁ a rock
coﬁposed of minerals A, B, C, and D, A and B may be associ-

ated more frequently than expected, i.e. A and B form a two-



Figure 3. A two-dimensional analogque of randomness model ,
in the form of a random mosaic (After Kretz, 1969)
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phase associétioﬁ‘while C and D may be distributed randomly.
‘Should A, B,=and C be‘assbciated, i.e. form a complex, the
distribution may nevertheless be dealt'with in terms of a
number of two—phése associations. Additional variation may
be,int;oduced by theApossibility tha£ a particular two-phase
association may itself be regular o? randomly distributed in

' the rock volume.

A clustered. distribution is here.déﬁined as an -
agg egation of crystals of the same phasgt beyp#d that found
in a random distribution (Fig. 3). It also péssesses Markovian
properties. Several possibilities arise, for exaﬁple, clus-
ters of crystals—of mineral A may be regularly associated

~

with those of another mineral B, thus producing many A-A
contacts and mény A-B contacﬁs. The clusters themselves
may or may not be randomly distributed. The-case in which 7
clus;ters are dispersed will not be considered since 1t would ‘
require an entirely different method of assgssing the degree

of dispersion (Grucer, 1965; Gurland, 1968, p28l).

The present study attempté to‘obtain information
oﬁ the distribution of crystals in rocks by use of the line-
transect method and with'the help_of the above models. After
observing and recording all crystal—crystai transitions;athe
number of all kinds of transitions expected (basea on the
model 6f randomness) are compared with thé number observed by

use of the chi square test. If the calculated or measured

chi squaré exceeds the chi square at the 95% level of signifi-
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cance and with the appropriate degtees,ef freedom (the ex-

pected chi square) the model of randomness is rejected.
. - A

Initially, two questions may be added: (i) How
are crystals of a particular mineral (e.g. A} distributed,
and (ii) is there any preferreq association between any twe

-«

minerals (e.g. A and B).

(1} Spatial distributioﬁ*df crystals of a particular'phase

The spatial distribution oﬁ‘crystals‘of phase A in

-

a rock composed of A and other minerals (B; C, D), whete '

these are designated O, is evaluated as.féllohs: If the
measured chi square is less than the expected chi squate
the distribution of crystals of g is cehsidered to be random

(R), regardless if the oBserved transitioﬁs of AA are greater

than, equal to, ot less than the expected values (the prob-
ability of thelobserved transitions of AA for these three ‘
cases is the eame* - Agtertetg, 1573, persohal cgmmunication).

If the measured ehi square is greater than-the expected value,

the dlstrlbutlon of A is considered to be non-random- If the
atmber of AA transitions is less than expected A is anti-~
clustered (AC),‘and if the number of AR transitions is greater
than expected, A is cLustefed (C) . Distributions of crystals

of B, C and D may be determined in the same way.

(ii) Association of unlike phases

The association of two unllke phases (e. g. A and B)

1n a rock composed of A, B and O = (C + D) is evaluated as

* Two egual probabllltles, both 0.5, are for—the cases (1)
greater than, and (2) less than.



follows. If the measured chi square is less than the expect-

.ed value, rega:dlees if the measured transitions of AB are
greater, equal,'or less than expected, the distributioq of
A and B 1n the rock is taken to be random. If the measufbd
chi square is greater than expected the dlstrlbutlon of A
and-B is not ;endcm. Now, if the number of AB transitions
is less than expected “the dlstrlbutlon with regard to A and
B is referredlto as antl-regular (ARg), “and if the number

of AB transitions is greater than expected, i.e. A and B are
preferentlally associated, the dlstrxgttlon Wlth regard.to

A and B is referred to as*regular (Rg) Distributions of
AC, aAD, BC, BD and CD in-tpe rock may be determined in the

same way.

~

The above may be summarized as follows:

(i) Distribution of a particular phase _‘ i
(A-0 Type)
2 2
1. EX%Xg. 95 T<E or T>E Rendom (R)
(e.qg. T‘ <EAA) ‘
[,
2 2 . s
2. xxm>xo_95 T<E 'Ant%-clustered (%p)
(= g.t%uf gmg
2 2 : ,
3. Iy ¥x T>E . Clustered (C)
R ‘m  0-95 * (e.g. T SE )
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(1i)' Association of unlike phases

(3-B-0 Type)
' ~ -
2 2
4. Ix <x T<E or T>E Random (R)
. m 0.95. .
/—\ (e.g. TAB<E'A‘B)
= 2 2 ' _
5. zxm>x0.95 T<E ' ‘Anti-Regular (ARg)
(e-g. TAB':EAB)
2 2
6. me>x0'95 T>E . Regular (Rg)

{e.qg. TAB>EAB)

< .
where T = observed transition

E = expected transition E ]

A,B’? minerals of interest

™ 5 :
0 = all ‘other minerals, considered ..
* . collectively .
! xi = 'measured' chi square
Xg g5 = Chi square at the 95% confidence

- level i

,. -
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Iv SPATIAL DISTRIBUTION OF CRYSTALS IN CHARNOCKITIC
- GRANULITES FROM THE ADIRONDACK MOUNTAINS

B

‘General Statement

In the‘rocks of the:presentlétudy, crystals are
ngarly equidimen;ional, retrogradé effects are ﬁinimal, and
grain contacts are clegrkyﬁaéfinea.i‘éowever, contacts be-
tween grains of gérnet and opaque‘minerals could not be‘
recognized, and the distribution of these minerals was
therefqre;not studied in detail. A;l minor phases are

grouped as 'others'.

The following sections deal first with é;; gues— “~—
tion of homogeneity, and then with details in thetdistri-

bution of pyroxenes, am?hibqle~and feldspar.

-
. - Homogeneity 4
"since all of the eleven specimens studied appear to .‘

be-homogeneous in hand specimens and under the miéroscopeg
tesfsfor homogeneity were carried out on only five samples.
.These samples, which were chosen at randoﬁ are J-35, J~44,

J-50, J-92 and J-106. Standard-size thin-sections were cut

for each rock in a random'plane where foliation is lacking

and perpendicular to the foliatioﬁ where it is present. The
point-sample method described b& Kretz (1969, p45-47) was

used to test for homogeneity. The crystal densiﬁy'method

(Kretz, 1969, p4l-42) was used on J-35 and J-44 to check the

results.
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Using" the point-sample method, a rectangqlar area
measuring 15mm x 20mm on each thin section was divided inﬁo,
four quarters, and the mineral proportion in each quartef
were determined by the point-count method. The points were
distributed as shown in Fig. 4. The chi square test was
then used to determine if thé variation fouﬂd may or'may not
be attributed ﬁo chance, i.e. whether or not the model of
homogeneity may be accepted. For,;he homogeneity test, 252
to 337 points and an average of 307 points were qounted per
thin-section. Results for the distribution of fel&spaf(F),
orthopyroxene (§) , clinopyroxene (C) ., amphibole (A), garnet(G),
opaque minerals (D) &nd remaining minerals(Q), in these rocks

- are as follows:

J-35 Homogeneous, since in - 5.0&<x0295(v=12) = 21.03

J-44 " " Exi = 16-38?x6?95(v=12) = 21.03

o

J-S0 Not homogeneous, since Exi‘= 27.79>x0295(u=15) = 25.00
f 2 _ 2 zqy =
- J-92 Homogeneous, fénce me = 12.13<x0'95(v 9) = 16.92

J-106 " " zxi - 16.28<x0%95(v=15) = 25.00

where x; is the calculated chi square and v is the number

. of degrees of freedom.

Evidently sample J-50 is nearly homogeneocus, OI
. . . ' 2
slightly heterogeneous, since xi is very close to X4 g¢5-
The results show that the rocks examined and probably the
others as well are homogeneous oI Very nearly so with
respect to all the minerals for which measurements were
N 2

obtained. :

AN
’ 5\
\

~_



Figure 4.

A sketch to show the point-sample and line-transect
methods of spatial distribution measurements of
crystals in thin-sections. The-point-sample method
locates grains under a point system whereas the

line-transect method measures the graln contacts
along parallel lines..

- 3
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Spatial Distribution - The Overall Pattern

Tests for randomness in the distribution of crystals
in the set of samples described above were carried out by
use of the line-transect method (Kretz, 1969, p58-61).. All
crystal-crystal contacts that were encountered along a liqear
traverse of the kind shown in Fig. 4 were recorded, and an
average of 770 such measurements were made per thin-gec;ion.
An example is given in Appendix III and the data are shown
in Appendix IV. The frequency of the different kind of con-
. tacts was then compared to the frequeﬁcies that would be
expected if the crystals were randomly distributed, by use
of the chi square test, giving the fqilowing results

J-35 Not random, since }:Xi = 62.36>x0’295(u=25) = 37.65

, £
B "\\ "ol f’l%:§3>xo?95(v=25) = 37.65
J-50 " . o he ‘z{f:? 118.8&>x0?95(v=36) = 51.00° ‘
=92 " " "o 60.837x, g5 (V=25) = 37.65 -
J-106 " “- " Exi = 44.18>x0?95(v=25) = 37.65

The above results indicate that with reference to
a1l the minerals that were considered, none of the rpcks
has passed the particular test for randomness that was

adopted.

The above information refers only to the 1lst order
transition matrix. The transition series must be considered

before the distribution of crystals in a rock can be char-
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acterized in detaill These aspects of the spatial distri-

.bution of crystals in. rocks are now considered.

-

Spatial Distribution of Pyroxenes,
Amphibole and Feldspar

The lst order observed and expected transition

o
matrices together with the condensed transition series of

the eléven rocks under investigation are shown in

Appendices IV and V. XZ values were taken from Owen (1962).
The spatial distribution of cr&stals in-eacﬂ of the rocks

is represented by th transition series. Transition series I
is composed of multiphase and two-phase transitioné in matrix

form, whereas transition series II consists mainly of two- -

" phase transitions, also in matrix form.

These data show that in rocks containing garnet(G)
énd opaque minerals (D) the low-order transitions (lst, 2nd ’
and 3rd orders) inva’?iably show non-random distributions. ‘
By successively eliminating garnet and opague minerals, as
shown by series I, it is found that garneﬁ and opagues c6n—
sistently cause other minerals fo appear to depart from a
random distribution. A similar éffect, produced by feldspar
and pyroxenes was noticed in some rocks {e.g. samples J-44,
J-50, J-66 anle—99 of transition series I, Appendix V). .
A careful examination of the results has revealed that
minerals that are not distributed at random may affect the

distribution of other minerals in the direction of departing

from randomness, as shown in Appendices IV and V.



i

In view of a more ;ecently developed chi square
test.(Anderson and Goodman, 1957, p97—lOl;‘Krumbeiﬂ, 1967,
p8) and the possibility that.it may take the place of ﬁﬁe'
conventional chi square test when class expectations are
small (Fishér, 1950, p24; Kullback, 1959, p1195, chi square
values for two by two transition matfices of some of the
present samples were recalculated using thié newer method.
The new chi square test gives a set of sta;isficé of the

form

m
xz(m-l)2 = 2% n

L 13 loge(Pi /P (&)

33

where nij is the component value of the ij-th cell in the

transition matrix,

Pij is the transition probability in the same cell,

o

igs the marginal probability for the column of
the matrix,

m is the number of states - ) ‘

(m-1)2 is the degreesof freedom.

”Using equation (4), it is found.that when the
expected number of transitions between two crystals in a
matrix is less than 3 or 4, the chi square value obtained
by the new method differs considerably from that of the
conventional chi square test (by more than 2 orders of
magnitude) . >However, when expected transitions are greater
tha£,3 or 4, results by the two chi square methods are

similar.
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’

_ The spatial distributions of pyroxenes, amphibole
and feldspar in the examined charnockitic granulites may be
summarized from the data given in Appendices IV and V in /
the form of a table (Table 4). It is evident from Table 4
that crystals of pyroxenes, amphibole and feldspar are
generally distributed in a random, anti-regular or regular
manner, and feldspar -is commonly clustered. Crystals of
clinopyroxene are anti—clustereq in two rocks:'crystals of
orthopyroxene are clustered in one rock, and crystals of
feldspar in seven. The observed patterns of spatial dis-
tribution are more complex than was expected when the study
was initiated. An interpretation of the data will now be

presented.

-~ Interpretation

The data of the present study, as presented in
Appendices.IV and V, show that all the lst order transition
matrices of the rocks studied indicate a gréss pattern of
non-random distribution. Although this implies the exist-
ence of some regular and/or cluétereq.crystals, £he lst
order transition is certainly not sensitive. enough to detect
details in the spatial distribution pattern. Detailed

h~
information can be obtained by studying the transition series.

As noted above,agrain boundaries between two garnet
crystals and between two crystals of opaqué minerals are not

readily detectable by use of the petrographic microscope.



‘Table 4

Summary of spatial distribution of

orthopyroxenes (H), clinopyroxenes (C),
amphiboles (A} and feldspars (F) in charnockitic granulites from
the Adirondack Mts., N.Y. .

Spatial :_ . .
Distribution Random ‘ Regular Anti-requlax Cluster entl cluster
Sp.No. '
J-35 erIiF FClFa' CAl >
FH,HA HC
J-44 H,AT &‘ FH,FC,FA F
: HciﬁA '
J-50 H lA'cl H™ ,FC,FA F
HCS,HA ' .
CA
J-63A B ,C FH,FC S
s HC
J-658 H,C,FS‘ HC
FH,FC
J-80 %.a.c BC FH,FC,FAS, F
HAS,CA
., J-81 c BC® FH,FC E,F
J-92 Hllal,&‘l rE,FcS,Fal F
HCl,HA P ‘
CA
S
J-99 A,F, Fa FC
GA
J-103 H,A' G | EA° FH,FC F
HC(HA®, - .
CA .
J-106- al,cs, -
- F
FH,FC,
. FAlHC.
HA®,CA
Sﬁperscripts s = similar values of chi squares and/or observed and

expected transitions .
1l = very low values of observed and expected trans;t;ons

e.q.

less than 4 or 5

<
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Determination of whether such minerals are clustered pr-not'
is impossible without the aid of other techniques-such as
ore microscopy. Like transitions of such minerals, as a
result; are alway; zero while the expected freqﬁehcies aré
always greéter than.zéro. Therefore, the presence of such
minerals in a mitrix would invariably increase the total -

- chi square of the matrix and cause the spatial distribution
of ail the minera;s to appear to depart from randomness.

Since the amount of garnet and opaque minerals is small, the

above effect is assumed to be negligibly small.

From Table-4 it is obvious that the majority of
the spatial distributions are of the random type, while the
anti-clustered type is the least common. An order in terms

of decreasing frequency of occurrence may be established as “

-

follows:
R > ARg > C > Rg > AC
where R = random, ARg = anti-regular, Rg = regular, C =

clustered, and AC = anti-clustered.

Furthermore Table 4 indicates that wﬂile transi-

, tions of contacts between like phases of amphibole (&),
clinopyroxene (C), and orthopyroxene (E) occur as frequently
as expected, transitions between crystals of feldspar (F)
occur more frequently than equcted. This is c;early shown
in Table 4a. This table also shows that transitions between

unlike phases H and C in abéPt half of the rocks occur more

freguently than expected, ahd transitions between H and F
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A

Table 4a. Type and frequéncy of spatial distribution
*  of feldspar (F), amphibole (A), orthopyroxene (H)
and clinopyroxene (C)} in the charnockitic granulites

from the Adirondack Mts., N.Y.

-

Number of Rock Specimens

Fewer as many More

than as than
expected “expected expected
Anti-cluster Random Cluster
HH 0 S 1
cC 2 9 0
AR 0 8 0
FF 0 - 4 7
Anti-regular Random Regular
BC 0 6 4
0 7 0
BF 7 3 -0
1 7 0
CF 8 1 1
AF 4 1 3

where f is the interfacial free energy

Interpretation

£fHC small

-

£BF large ‘

£CF large

~
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ahd, bet@een C and F *in most of the rocks oceur less.
frequently than expected. These results suggest to the
wrlter that during metamorphlsm crystals of feldspar,
amphlbole and pyroxenes took up positions ln the rock such
_that grain boundaries of like crystals of feldspar (whlch
are mostly plagioclase) and unlike crystals of-pyroxenes
increased in proportion while those of unlike cr&stals of
orthopyroxene and feldspar and, clinopyroxene and feldspar

’ L4
decreased in proportion, thereby @ducing .the interfacial

free energy of the rock as a whole. Thi

interpretation is

‘based on the fundamental concept of interfacidl free energf

1

and on the assumption that such. enexrgy may play a'part in

//*"“rf‘\q$termining the distribution of crystals in multifphase

systems. Although in metals, 1nterfac1al free energy be-
tween unlike crystals is generally lower than between like
crystals (Bonie and Derge, 1356: Sinnott, 1958; Smith,
1948, 1952; Swalin, 1962; Gurland, 1968), no experimental
information is avallable for slliqates, and these may

“

behave differently..

%

The results of the present study suggest that the

»
1nterfac1al free energy of grain contacts vary with -type of

phases. In the case of AA, HE -and QC, although the inter-
facial free energies fAA, fHE and £CC may not all be ‘the
same, they are generally higher hhah that of f£AH, f£AC and
£HC whereas in the case ef Ffﬁor‘HC, the interfacial free
" energy £FF would be less than.fFh, ng, £FC, and that £EC
less than fHA:_fFA, £CF ang £AF, ¢The following scheme may

be derived from Table 4a:
& -

T




“t

/‘\h:--’ o i
. - ) _.‘ L%

-»
-

ﬁfcr' (HF) , (HA (CA AF) . GHC
"(gEB, CC ARy fé%

and possibly

- &
(¢BE CC ARy . (FA CFH £FCy -, ¢FF
. N
. ) Alternatively, the following relationships may be
established in a rock with regard to the types of spatial
distribution: .
Berg - ' =
(1) For like crystals of feldspar
e AC R . c ‘ -
(z£) > (z£)7 > (Ef
. (. ) N )
(2) For unlike crystals of feldspar, amphibole
and pyroxenes S

eI a®s e o .
We may define the condition for eﬁuiiibrium_in

(5}

a system as follows: R

i
o

sptOtal o aF 4 a(zf) + oF

' ' 4 3
260t = 46 4+ A(zf) + aF . (8 ‘ :

1
o

where AF and AG are Helmholtz :and Gibb's free enefgy change>
. resgectively, A(ZE) is-thé inﬁérfacéa} ﬁree eﬁérgy_c?ange aﬂg
Astthe straiﬂ-qnergy change of so%ids. Ihus defiped'-zf o
" and Fs pffthe solids cannot be ignored. Howevéf, pndefrhigﬁ )
temperature, pressuré{,ahd very low shear stress_conditiops |
as in high grade'metamorphism,.the strain energyhoﬁ solids
(Bikerman, 1959, pl658) may be negligible. This leaves gy Lo

iﬁgortant terms éF‘(or AG) and A(ZE)s S

A<

. . ‘ . s s . }
=) - =z . ¢ '
. . . M



- 52 =

.Surface or interfacial free energy is usually a
small portion of the total free énergy of the system.
"From the data of Jura and Gurland (1952, p6033-6044) the
surface free energy of Mg0O is 1dod ergs/cm2 et 298°K, ae
determined by the heat of solution difference between fine
énd coarse particles.- For an area of 3248x107cm2/mole, for
the fine partlcles, the surfice free energy results in an
additional enexgy of 0.831 Kcal/mole and additional entropy
of 70 cal q/g lmole . These values when compared to the
heat of formatlon of MgO of 145.76 Kcal/mole and entropy of

-1 -1

1.952 Kcal deg “mole

at 298°K, are small contributlons to
‘the total free energy" (DeVore, 1959, p212-213). However,
such small values of,surfece or ihterfecial free energy
could nevertheless plav a dominant'role during nucleation,
.crystal growth, exsolution, replacemenr, and diffusion
transfer 1 processes that largely involve surfaces and inter—

fac:.al phenomena (DeVore, 1959) and therefore should not be ‘

1gnored when total eguilibrium in a system is con51dered.

* Now, if different types of spatial distribﬁtions
. Qccur in a system, for example clustered and random, or
random and regular, the system is not-in total equilibrium

even when AG or AF=0, since 4 (Zf)#0.

Results of the present study have demonstrated that
all three major types of spatial distribution may occur in
a rock. Since this occurs frequently, although in most of

the rocks there”are two instead of all. three types, such

P}
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mixing of different kinds of spatial distribution is evi-
dently the rule rather than the exception. This implies
that ideal cases of randdm, regﬁlar or clustered distribution
. 0 ) -

of crystals in natural rocks is rare, and that in these-

rocks total interfacial free energy is rarely minimized.

Plutonic and high grade fegional metamorpﬁic rocks
that crystallize slowly, and in the absence of shear stress
may be etpected to reduce their 1nterfac1al free energy and
‘acquire particular distribution of crystals. Low grade meta-
morphic rocks, which may be subjected to high stress, might
be expected to show more variatien. Extreme clustering
might be produced for exampie by:breaking up a large crystal
into a number of small crystals, dye to the aﬁplication of

shear stress. 1In rocks that depart from equilibrium with

regard to bulk free energy, the probability of encountering ‘——
.clustered distribution of phases might also be greater. .

»
-

It is difficult to determine if thé observed dis-
tribution of minerals wae formed while the mineral-forming
reaction took’ place, as the result of preferred nucleation
and'growth, or whether they are largely a consequence of
readjustments and rearrangements that todk place during
the subsequent annealing of the rocke. 'The selection of
a nucleation site may itse;f be dépendent on interfacial
free energy, and some.two-phase association may be the result-
of the preferred-pucleation'of one phase on another.

.Regardless of the mechanism involved, i@-appears that some

¢
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of the study rocks represent a lower energy level (with
regard to interfacial free energy) than others. Another,
entirely different interpretation of the results is possible.
This supposes that’the present crystal disfribution is a
consequence of the particular mineral-forming chemical
reaction that took place. For instance a two-phase associa-
tion involving minerals A and B may have formed in a rock
because A and B are both products of a particular reaction.
However, since cg;%tals £ féldspa;, garnet, and opague
minerals were not distinguished under the ﬁicroscope, evalﬁ—

ation of this aspect would be rather premature.
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v CHEMICAL COMPOSITION OF COEXISTING
FERROMAGNESIAN MINERALS

General Statement

>

In order to understand the chemical processes that
take place during the c;ystallization of multi-phase high-
"grade metamorphic rocks such as the charnockitic granulites
‘of the present study,\informaticn on the equilibrium char-
acteristics of the rocks must be determined. Such informa-
tion may be’ obtained by careful study of the chemical

compositionléf the constituent mineral phases.

In Part 3 of this thesis, the chemical composition
of the phases orthopyroxene, cliﬁopyroxene, amphibole,
garnet, biotite, magnetite, and ilmenite are presented.
These data are then used for the detailed consideration of
ion exchange equiliﬁrium between coexisting phases. In

q

g B ' .
Part 4, the overall phase. equilibrium and petrogenesis

M

Chemical Composition of Pyroxenes, Amphibole,
Garnet, Biotite, Magnetite, and Ilmenite

of the study‘rocks are examined.

Chemical analyses of orthopyroxene, cli%opyroxene,'
amphibole;'garnet; and one biotite from the rocks that were
selected for detailed study are shown in Tables 5 to 9 .
respectively. The orthopyrexenes vary between ferrohyper-

_ sthene and orthoferrosilite and are mostly eulite in
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composition (cf. Deet et al., 1962, V2, pl9-22). The clino-
pyroxenes are mainly ferrosalite (cf. Deer et él., 1962, V2,
p52-53). The amphiboles vary in composifiog between horn-
blende and ferrchastingsite and are ﬁostly hastingsite

«(cf. Deer et al., 1962, V2, p278-291). Since H,0 was not
determined, the amphibole formulae have bee;‘calculated 6n
the basis of 23 oxygen ions. The garnets are all iron-

rich almandines (cf. Deer et al., 1962, V1, p86-87) and

the biotite appears to be a high TiO2 and low Al,O3 and Ca0
variety (cf. Deer et al., 1962, V3, p58-60). Since H50

was not analyzed, the biotite formula has been calculated

on the basis of122 oxygen ions. Chemical composition (major
elements only) of ﬁzgnetites and ilmenites are shown in
Table 10. These iron oxides are mainly present as‘ilmen;te(\hﬁ_/

and magnetite solid solutions.
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Table 9. Electron microprobe analysis of J-105B
biotite from charnockitic granulite from the Adirondack Mts.,
N.Y. together with calculated formula '

. : Number of ions on-the

Oxide Wt % 4;62‘“* basis of 22 oxvgens
/ -
SiOz _ 36.21 .Si 5.661 :
’ . 2 = 7.95
3&1203 pu 12.43 ' Al ' 2.291
TiO, 4.36 Ti 0.513)
Total Fe ™ . _
as FeO - 21.76 Fe 2.845 1 XY= 5.76
MgO 10.32 M& ' 2.404
*6.0 " Mn ©0.000 :
MnO 0.00 s ' ) o //
Ca0 0.03 Ca -+ 0.005:
Nazo 0.10 Na A 0.030 Ww = 1.93
K,0 9.50 - K - 1.895
Total 94.71
%
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VI INTRACRYSTALLINE ION EXCHANGE

The Mossbauer Effect

The Mossbauer effect is the regoil—free emission
and resonant absorptlon of nuclear Y-rays in thé crystals.
The theory and principles of the Mossbauer effect and its

applications are readily avallable-ln the litefsture regard-

ing the solid state, e.g. Werthelm (1964). \Efewszzfex
theoretlcal aspects will not be descrlbed in this esis. .
owever ;. there é;e three 1mpoftant hyperfine para-

meters in

e Mossbauer effect. The§e are:

(1)

Isomer or chemical shift (I,S;)'— the elec-
tric moeepole interaetion~betﬁeen nucleaf*hu
harge and electron density at the nucleus.
e
le splitting (C;:,) - ipteraction be-

/
!

moment ‘and electric “

T
nuclear site.

L .
tween elec g guadrup

) . field gradient tenso

(3) Magnetic hyperfine splittihg (M.H.S:) - -
lnteractlon between magnetlc dipole momentj)

and local magvetlc flEld at the nucIear site.

-

. rThe lm;ortance of Mossbauer—effect studies ie
mlneralogy, crystal chemlstry and petrology rs that . from the
study/oé_the hyperfine. parameters, produced by the\pransr—
tion metal ions in crystals (ln the present study, Fe)

informatlon is obtalned on several lmportant crystal chemical

-~
L.
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_factors. These are (1) magnitude and symmetry of thg
crystal fields at the lattice site, (2) number of non-
equivalent sites occupied by the isotope (57Fe), (3) the
site population, (4) oxidation state and (5) ordering of

the isotopes in complex crystal structures. Studies of this
kind have. been carried out by Alff and Wertheim (1961),
Annersten (1974), Bancroft et al. (1967, a, b, c, 1968),
Burns (1970, pll5), de Coster et al. (1963), Dowty and ’
Lindsley (1973), Dowty et al. (1972), Dundon and Walter (1967) .,
Evans et al. (1967), Finger et al. (1972), Gay et al. (1970),
Ghose (1965a, b), Ghose and'Hafner-(1967, 1968), Ghose et al.
(1972), Eafner (1968), Hafner and Virgo (1970), Hogarth et
al. (1970), Kalvius and Hafner (1968), Nicholson and Burns

(1964), Virgo and Bafner (1968, 196%, 1870}, Saxena and

3
Ghose (1970, 1971), and Zverev et al. (1971). <

A practical aspect of the Mossbauer spectroscopy

is the quantitative estimate of the Fe2+/Fe3+ ratio in
crystals, and when combined with chemical analyses, one

may determine the number of ferrous and ferric ions in the
different co-o?dination sites in the crystal structure.

Such information may not otherwise be determined by x—ray.
methods including the X-ray diffraction techniques (Bancroft'
et al., 1967b; Ghose 1965b) or by conventional chemical
analysis. Furthermore even the more accurate wet chemical
methods cannot avoid some_oxidation of Fez+ or reduction of
Fe3+, whereas the Mossbauer technique does not pose such

problems. This is the most accurate method of determining
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<

the Fe2+/Fe3+ ratio ERVlattice sités in solid materials,
provided that concentrations of the chemical species.are
high enough for detection (Bancroft et al., 1967¢c, p2223;
Hogarth et al., }970,-p720). The technique'may also be
used to check the FeO and Fe,04 determined by wet chemical
analvses as to the correctness of the ratio or proportion.
Or, quite rapidly and preéise%y, it may be employed to

2+

determine FeO and Fe203 {Fe and Fe3+) in silicate minerals,

in conjunction with the electron microprobe.

The present study will make use of the Mossbauer
technigque to determine (1) the oxidation state of iron, in
orthopyroxene, c¢linopyroxene, and garnet;, and (2) the site

2+

populations of Fe and Mg in the lattice sites of ortho-

pyroxenes in the charnockitic granulites from the -Adirondack

Mountains. ‘

Crystal Structure of Orthopyroxene,
Clinopyroxene and Garnet *

The crystal structﬁré of an orthopyroxene with
50% Fe2+ (i:e. Fe2+/Fe2+ + Mg = 0.5) was described by Ghose
(1965a). It consiéts of infinite chains of Sio4 tetraheara,
linked by bands of Mg and Fe cations, extending‘along the
c—-axis. Ther; are two octahedral sites which are designated
Ml and M2'; 1 \
ions each linked to aké”siliconzétom. Cations in the M, sites

M si£e~cations are surrounded by six oxygen =

mare surrounded by four oxygen ions each linked to one silicon
atom, and two bridging oxygen atoms each shared by two

silicon atoms. The symmetry of M3 sites is approximately
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octahedral while the ﬂz site is considerably distorted from
octahedral -(Fig. 5). The crystal structure of clinopyroxene.
is similar to that of the orthopyroxene, except that the
cations in the'M2 sites (the distorted octahedrons), chiefly

Ca2+ with some Fez+ and Na,'are eight co-ordinated with

oxygen. The M, site is octahedral and is occupied by Fe2+
and Mg. The Ml octahedron in clinopyroxene is more distorted
than in orthopyroxene, and the neighbouring M, polyhedron is
irregular (Warren and Bragg., 1929, plé8; Deer et al., 1966,
pl02-103; Bancroft et al., 1967¢c, p2227; Ghose and Hafner,

1968, pGH-20).

The stigsture of garnet consists of indépendent
Si0, tetrahedra linked by a tfivélent cation in octahedral
co-ordination and divalent cations in eight-fold co-ordination
{Abrahams and Geller, 1958; Gibbs and Smith, 1965; Deer et

al., 1966; Bancroft et al.,. 1967c). Thus the Fe2+, Mg2+, ‘—-

Ca2+, and Mn ions in garnet are eight-fold co-ordinated
whereas Fe3+, and Al are six-fold co-ordinated. In the
ferrimagnetic garnéts such as andradite and scme synthetic
rare-~earth iron garnets, however, considerable amount of
Fe3+ may be present in the octahédral'site (Nicholson and
Burns, 1964 pAlS568).

-

The Mossbauer Experiment

Eight mineral samples, including four orthopyroxenes

(J-35, J-80, J-105B and J-106, representing two major mineral



* Figure 5.

‘O oxygen. Atomic co-ordin

The orthopyroxene crystal structure (after Burns,
1970). The figure shows the structure projected
onto (001). Oxygen co-ordination polyhedra ((100)
projections) and metal-oxygen distances in each
site are indicated (R):® M.;® M,; ® silicon;

dtes &nd cell parameters
from Ghose (1965).
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N
assemblages of the present charnockitic granulites}, three

clinopyroxenes (J-80, J-105B and J-106) and one garnet {J-80)
were purified (>959% purity), and polycrystalline powders
{100-150u) were prepared into the form of thin disecs, each
approximately 30 mm in diameter and about % mm in-thickness.
Approximately go to 100 mg of sample were used in eacﬁ
preparation. Sample powders were simply glued on to a
éellophane sheet by using a commercial acrylic spray.: The
conventional method of adding leucite or other type of

matrix was not used.

~

The MOssbauer resonance experiment was performed
in 1972 by scientists of the Mines)Branch, Department of
Energy, Mines and Respurces, Ottawa. A model 53 Mossbauer
‘'spectrometer- of t+he constant acceleration.type was used, o
in conjunction with an NS-600 512-channel multichannel ‘
analyzer. '57C6 embedded in a copber matrix was used as the
. source for the regquired 14.4 keV gamma rays, and stainless
steel and iron foil were used as~standards. Spectral
measurements of samples J-35 and J-80 ortho- and clino-—-
pyroxenes together with the J-80 garnet weré measured at
room temperature and pressure. J-35, J-80, J-103B and J-106
orthopvroxenes and the J-80, J-105EB, J-106 clinopyroxenes
were measured at 779K and atmospheric pressure, by holding
the absorbers at the liquid nitrogen temperature. All
absorption spectra were analyzed and £itted into Lorenzian

lines by the aid of a CDC 6400 computer.
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Mossbauer absorption spectra of pyroxenes, taken .
at room temperature, are shown in Figs. 6 to 10. None of
these spectra show resolution-of Fe2+ at the non-eguivalent
My and M, sites, whereas those measured at 779K give com-
plete resolution of the peaks, as shown in Figs. 11 to 17.
The spectra obtained at 77°K enable precise evaluation of
the hyperfine paraheters and area underneath the peaks pro-
duced by iron. Thus pertinent information may be obtained
on the magnitude and symmetry of the cry§tal fields at the
lattice sites, the number of non—equivalent'sites, site |
populations, oxidation states and ordering of Fe-Mg within
the crystals. Since no further improvement on spectral
rﬁﬁblution was obtained at temperatures lower than 77°K
(ﬁown to 1.79K) as has been demonstrated by Virgo and Hafner
(1968,. p269), the Mossbauer spectra are generally best ‘
obtan:.ned at temperature close to 770K (Ghose and Hafner, i
1968, p4-5; Virgo and Eafner, 1968, p256-259, 1969, p72)- |
Detailed consideratiéns of the Mg-Fez+ distribution and oxi-
dation state of iron in pyroxenes and garnet will therefore

be based entirely on the spectral data obtained at 77°K.

Interpretation

A typical Mossbauer spectrum of garnet is a simple
two-line spectrum (Nicholson and Burns, 1964, pAlS508;
Bancroft et al., 1967c, p2234). The Mossbauer spectrum of

the analyzed almandine garnet (J-80, Fig. 10) shows such a
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Figure 6. Mossbauer spectrum of J-35 orthopvroxene measured
at room temperature and pressure.

Figure 7. MSssbauer‘spectrum of J-35 clinopyroxene measured
at room temperature and pressure.
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Figure 8. Mdssbauer spectrum of J-80 orthopyroxene measured
at room temperature and pressure. ‘

Figqure 9. Mﬁssbdhef spectrum of J-80 clinopyroxene measured
at room temperature and pressure.
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Figure 10. M3ssbauer spectrum of J-80 almandine garnet
measured at room temperature and pressure.

Figure ll. Mossbauer spéctrum of J-35 orthopyroxene measured
at T=77°K, P=1 atm.
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Figure 12. Mdssbauer spectrum of J-80 orthopyroxene measured
at T=77°K, P=1 atm.

{“t

Figure 13. Mossbauer spectrum o£f3—80 clinopyroxene measured
at T=77°K, P=1 atm. ~ . -

L
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Figure 14. Mdssbauer spectrum of J-105B orthopyroxene
measured at T=77°9K, P=1 atm.

o

Figure 15. Méssbaugr spectrum of J-105B clinopyroxene
measured at T=77°K, P=1 atm.
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Figure lse.

Figure 17.

Mossbauer spectrum of J-106 orthopyroxene
measured at T=77°K, P=1 atm.

Mdssbauer spectrum of J-106 clinopyroxene
measured at T=77°K, P=1 atm.
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typical absorption doublet. This gives an isomer shift of

'1.39 mm/sec and a very large quadrupole splitting of 3.51

mm/sec,'which, from the Q.S. strongly indicates the presence
of iron in the ferrous state, and, from the I.S. its prese
in eight-fold co-ordination. Little Fe3+ is present, andsis
indicated by the small peak. These data, combined with
chemical analyses have shown that the sample is evidently
the most Fe2+-rich garnet so far investigated by Mossbauer
spectroscopy. All of the Fe2+ ions are in eight-fold co-

ordination, all of the Mg will presumably alsc occupy that

site.

With reference to the pyroxenes, there are lower

velocity peaks, Ay and Ay and higher velocity peaks, B2 and i
Bl. For example, in Fig. 12, the lower velocztv peaks Al

and A, have peak positions, in terms of velocmtes, at -0.060

and 0.299 mm/sec relative to stainless steel, whereas the

higher velocity peaks B2 and Bl are 2.402 an§'2.854 mm/sec

respectively. The inner two peaks, A, and,Bz, represent

Fe2+ at the M2 site; the outgr two peaks Al and Bl represent
Fe2+ at the M, site (Bancroft ettal., lgé7a, b, ¢, 1968;
Evans et al., 1967; Dundon and Walter, 1967; Ghose and Hafner,
1968; Virgo and Hafner, 1968, 1969).;;The inner two peaks are
invariably more intense, indicating that the Fe2+ ions are

concentrated in the M2 site in the orthopyroxene structure.
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These results, as shown in Figs. 11, 12, 14, 16, are similar
+o those found by Ghose (1965a, p8l) and Banéro t et al.
(1967a, pl223). Hoyever, the present orthopyrb enes are
eulite in composition, and some complexities due to the high

Fe2+ content will be discussed in a Tater dhapter.

Thé assignment of relative intensities in clino-
pyroxene is the reverse of that of the orthopyroxene. The
outer two peaks, representing Fe2+ in the Ml site, are in-
variably more intense (Bancroft et al., 1967c, p2227). The
present cllnopyroxene spectra determined at low T (Figs. 13,
15 and 17) are consistent with these expectatlons. A small
peak, havxng a velocity of 0.641 mm/sec relative to iron‘
£0il), is shown in Fig. 13, which contains the spectrum of
J-80 clinopyroxene. This peak (the C peak, as distinct from
the A and B peaks, indicates the presence of more +han 5 per
cent of the total iron in the ferric state. Small amounts

3+

of Fe are also present in J-105B and J-106 clinopyroxenes

(Figs. 15 and 17}. These results are in agreement with the

chemical analyses. o

-

-

. M
The site occupancy numbers (or factors) XFi and
M

Xoo }or.Ml and M, gltes respectively in the pyroxenes are

t+he mole fraction Fe2+/(Fe2++Mg) at each site and may be

calculated by use of the following equations:

2
3




=178 -

Tk
M,
x'Fe

where Al, A2 are areas underneath peaks Ay and A, respectively,

‘ 2+ 2+
(A +B1) /(A +A,+B,+By) x 2Fe” /(Fe™ 4Mg)  (7)

2+ 2+ IR
(A2+32)/(A1TA2+32+31) X 2Fe” /(Fe” +Mg} (8)

‘Bl' B2 . " " B,y and 32 "
Substituting IXT (where I is the intensity, T is
the half-width of a Mossbauer resonance peak) for area,
equations (7) and (8) becone identical with the equations
given by Saxena.and Ghose (1971, p539). Virgo and Hafner

(1970, p206) have used the intensity alone instead of the

products of intensity and halfwidth, or area underneath

2

peak. This procedure yields somewhat differenf results.
Since the data of the present study will be compared with

the experimental data of Saxena and Ghose (1971), «the area
method was used, in conjunction with the intensity-halfwidth-

product method, to compute the site occupancy numbers for
2+

each site. Calculations of the site populations of Fe
" and Mg in each site in the pyroxenes are based on the site

occupancy numbers soO calculated, and are given in Table 11.

From the heating experiments of Virgo and Hafner
(1969, 1970) and, Saxena and Ghose (1971), distribution
isotherms for the distribution of Fe2+ and Mg between M,

and M. sites in orthopyroxenes were obtained. These iso-

2
therms, as shown in Fig. 18 may provide information on the
temperature of equilibration of maturally crystallized

orthopyroxenes.
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_ The data points for the distribution of Fe®’ and

Mg in orthopyroxene of the present study fall very close to
the 7000C isotherm of Saxena and Ghose (1971, p535), as
shown in Fig. 18. Since ordering reactionscould be induced
in orthopyroxenes at temperature as low as 480°C by Virgo
and Hafner (1969, 1970) it is surpfising that the slowly-
cooled orthopyroxenes of the present study did not achieve a
greater degree of ordering. However since-the nature and
strength of the kinetic barriers to ordering are not yet
perfecﬁly understood (Mueller, 1962; 1967, 1969, 1970) it is
possibie that the ordering reaction Qas for some- reason
retarded in nature, and that the presently—found catitn
distribution represents a frozen—in_ion exchange equilibrium.
If so, the equilibrium temperature can be taken as 7000:2§°c.
It is possible, of course, that the temperature of crystal-
lization or the peak of metamorphism was higher than this,
say 800°C, and that some ordering took place in all four
crystals, causing the data points in Fig. 18 to -shift toward

-ihe 700°C isotherms.



Figure 18.

Dligrlbutlon isotherms for the dlstrlbutlon of
and Mg between M and M, sites in ortho-~
pvroxene, according to Saxeng and Ghose (1971).
Data points for 4 orthopvroxenes from the present
study are shown ME€= Fe/Fe + Mg atomic ratio in

M, sites and Mle— Fe/Fe + Mg atomic ratio in Ml
siltes.
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Vil . INTERCRYSTALLiNE ION EXCHANéE EQUILIBRIUM:
ORTHOPYROXENE—CLINOPYROXBNE—AMPHIBOLE—GARNET

(I) ORTHOPYROXENE-CLINOPYROXENE

Distrigution of Mg and Fez+ Between Coexisting
Orthopyroxene and Clinopyroxene .

The general Mg—Fe2+ exchange reaction between co-
existing orthopyroxene (opg) and clinopyroxene (cpx} has
been considered by nume}ous authors, notably Kretz (1961,
1963), Mueller {(1960) , Bartholome (1962), Saxena (1%68), and
Perchuk (1968). In this treatment, th; distribution of Mg'
and Fe2+ within tﬁe crystals is disregarded. The reaction

may be written as follows (with Fe2+ written as Fe):

peOP% 4+ MgCP* = MgOP* + peCPX J—

) = (8) “.IIII

The equilibrium constant for this reaction is: ]

opX _CpX OPX ,,_CPX opx _CPX
= 2Mg e _ _Mg (i ng U g Tre (10)
opX _CpPX opxX opx _CPX

_ CRX
2pe aMg (1 XMg ).XMg Yfe TMg

Substituting K, for the expression that contains the X terms.,
‘and K+ for the expression that contains the vy terms, equa~
tion (10) becomes

- K(9) = Ky - K = ex :Qgéiil (11)

Here a is activity, Y is activity coefficient, ¥ is the
- . . 2+
mole fraction or atomic fraction, Ryg = Mg/Mg + Fe” . AG® (9)

is the standard molar free energy change for reaction (9},
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R is the gas constant, T is the absolute temperature, and

K, is the distribution coefficient. If the coexisting
phases are ideal solid solutions of Mg and Fe2+ end members,

a = X, KY = 1 and KD becomes identical to K(9}.

.Y

Theoretically, K and K4 depend on T and P; T
appears to dominate. If both pyroxene phases behave as
ideal solutions, K, is independent of composition (Ramberg
and DeVore, 1951; Kretz, 1959, 1961, 1963, 1964). Some
studies have shown that K, for natural mineral'égirs may

also depend on composition (Davidson, 1968; Saxena and

Ghose, 1971; Fleet, 1974; Maxey and Vogel, 1974).

Model 1. Ideal Solutions

The Mg/Mg + Fe ratios for coexlsting orthopyroxene i
and clinopyroxene in charnockitic granulites from the ‘
Adirondack Mts. (present study) and from Madras, India

(Howie, 1955) arellisted in Table 12. These data are plotted

in Figs. 19 and 20. K, for all of these mineral pairs does

not vary greatly, as shown in Table 13; the average value

is 0.57. The déta from India are includeé for comparison and
to‘provide a greater range in Mg/Fe ratio in the mineral

pairs. Notice (Fig. 19)'that} in the central part of the
diaéram; the data points from the two sources nearly coincide,
‘suggesting that the metamorphic condition in the Madras

.area may have been similar to those in the adirondacks, and

that the Madras data may therefore provide a continuation of

the distribution curve obtained from the presenthgfudy.



Table 12. Mole fractions of Mg (ng) and Fez+ (xFe) for

coexisting orthopyroxene and clinopyroxene from mafic

charnockitic granulites frbm the Adirondack Mts.,

study), and f£rom Madras, India (Howie, 1955)

(present

Orthopyroxene (opx} Clinopvroxene (cpx)
+ ng xFe ng xFe‘
J-35 0.363 .0.637 0.487 0.513
J-44 0.218 0.782 0.300 0.700
2| J-66 0.439 0.561 0.589 0.411
5 J-80 0.421 0.579 0.584 0.416
§ J-81 0.434 0.566 0.579 0.421
‘= | J-103 0.297 0.703 0.420 0.580
< | J-105B  0.294 0.706 0.420 0.580
J-106 0.300 0.700 0.418 0.582 |
3709 0.758 0.242 0.850 0.150
4645 0.736 0.264 0.845 0.155
2 | 2270 0.617 0.383 0.752 0.248
T | 2941 0.544 0.456 \ 0.680 0.320
= | 4642A 0.430 0.570 0.570 0.430




Figure 19. Distribution of Mg and Fe2+ between coexisting
orthopyroxene and clinopyroxene from the
charnockitic granulites.
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Figure 20.

. ~ '—\‘.____"’//

Distribution of Mg and Fe2+ between coex

orthopvroxene and clinopyroxene from the

charngckitic granulites, in terms of a (
cpx

vs (I=X)M8 plot.
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Table 13. Distribution coefficients for the coexisting
orthopyroxene and clinopyroxene from the Madras Area
(India), and the Adirondack Mts., N.Y.

Adirondack pyroxenes‘ KD
J=-35 0.60
J-44 0.65
J-66 . 0.55
J-80 0.52
J=-81 0.56
J-103 0.58
J-1058 ' 0.58
J-106 0.60
. Madras pyroxenes
3709 0.55
4645 0.51
2270 0.53
/ 2941 0.56
k 46423 ' 0.57

\ Average 0.57
A



L
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The two-ideal-solution model presumes that both
minerals behave as ideal solutions. This model wirll ﬁé
considered briefly even though orthopyroxene is obvidusly
not an ideal solution, for it is partly ordered, as dis-
cussed in the preceding chapter. It is possible that a
mineral may possess near-—ideal behaviour in the sense that
'macroscopic' activity of a component is‘equal to its mole

fraction, even though internally it is partly ordered.

In the two-ideal-solution model, Ky is constant
at a given T and P, and is independent of composition.
Notice (Fig. 19) that this model provides a fairly good
'£i+' +o the data, particularly in the Mg-rich composition

range.

It is interesting to note that Lindsley et al.
(1974} recently'carried out an experimental determination

of.KD(Mg) for coexisting augite and hypersthene at 8L0°C

rand obtained a value of 0.690. A variation in KD could not

be detected by the experimental methods employed. Since
the experimental KD is considerably greater than 0.57 cbtain-
ed for the Madras and adirondack rocks, the crystallization

temperature for these rocks was evidently lower than glo°c.

Model 2. ©Non-ideal Solutions

We shall now adapt a model whichjégsumes both

minerals to be simple mixtures rather than ideal mixtures.
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Equation (10) may be written as

opX + lanzx

InK = lnK, + lnyge opx

- Invgg cpx

- lnyMg

(12)

where K and KD are the equilibrium censtant and distribution

coefficient respectively for the non-ideal-solutions model.

The simple mlxture solution model (Guggenhelm,
1967) has been applied to minerals by Mueller (1964), Muan,
Nafziger and Roeder (1964), Kitayama (1970), Kitayama and
Katsura (1968), Williams (1971), and Froese anéd Gordon
(1974). We shall presume thét both orthopyroxene and clino-
pyroxene are simple solutions; consequently the activity

‘coefficients will be as follow

opx opx OPX,

lnyMg = a % XM (13)
ln_YOPx = uopx"“kﬁpx (14)
lnYﬁgx = oCPX x;:ipx 2 (15) ‘
I = <% (4R (16) |

In the above expressions, y's are the activity coefficients
and a's are the natural logarithms of the activity coeffi-
cients at infinite dilution. For the two components of a

given binary solution, the & values for the two components

are the same.
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Substituting equations (13) to (16) into equation
(12) the following equation is obtained ‘

1aK = 1ok ~ «SP%(1- 2xM8 Xy + o%PF (1-2x0P% (17)

*

or

OpX _

loXye™ - 1n(1-x§8 °px(1 ZkMg ) = Ink + 1“st \M§x> +

acpx(l 2)‘.;;'( (18)

Equation (17) was previocusly derived by Mueller
(1964) and was later used by Saxena (1963, 1970, 1971, 1973)

and Froese and Gordon (1974).

S.K. Saxena has kindly solved equaticn (17) for

the data of Table 12 using a least 'square method. The results

are: K = 0.684, «°P¥ = 0.670, <CPX - 0.816. These values

may be inserted into equation (18) to plot the distributiﬁn
curve shown in Fig. 21. This curve provides an improved
1£i+' to the data points for the natural mineral pairs. The
activity coefficients of +he thirteen pairs of pyroxenes

may now be calculated using eqﬁétions (13) and (15}. .The -’
results are shown in Table l4. These values indicate a posi-—
tive deviation from ideality (y>1.0), in agreement with the
result of Saxena (1969%a, b, 1971) and Saxena and Ghose

(1971) and contrary to those of Olsen and Bunch (1970} and®

Blander (19?2).

The results of the above analysis may be compared
with those obtained by Froese and Gordon (1974) for the

Quairading pyroxenes (Davidson,'1968) as follows:

I




Figure 21. Distribution of Mg and Fe2+ between coexisting
orthopvroxene and clinopyroxene from the
— charnockitic granulites.

P> \
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Table 14. Activity coefficients of the Adirondack
and Madras orthopyroxene (YOPX) and clinopyroxene (vF%

Orthopyroxene Clinopyroxene
opx opx : cpX cpx
YMq Yre Mg Yre

Adirondack Pyroxenes

J-35 1.313 1.092 1.240 T 1.213
J-44 1.517 1.032 1.491 1.076
J-66  1.235 1.139 1.148 . 1.328
J-80 1.252 " 1.126 1.152 1.321
J-81 1.240 1.135 1.155 1.315
J-103  1.392 1.061 1.316 ©1.155
J-1058  1.403 1.060 1.316 1.155

J-106 1.391 1.062 1.318 1.154

Madras Pyroxenes

3709 1.040 1.477 1.019 1.804
4645 1.047 1.438 ©1.020 1.790
2270 1.103 1.291 1.052 1.586
"2941-  1.150 1.226 ~1.086 1.458

4642A 1.243 1.132. .o l.162 1.302
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Present study Froese and Gordon

OPF ... . 0.670 _ 0.447

aPX L. 0.816 0.625 .
K oeevnannens 0.684 © 0.662.

) Erom the data of Tableé 12 and 14, the activities
for the thirteen pairs of pyroxenes may be calculated. The
results are shown in Table 15. Activity-composition diagrams
for orthopyroxene and clinopyroxene'maylalso be constructed

and.are‘shown in figs. 22 and 23.

The two-simple-solutions model for coexisting ortho-
—pyroxene and c}inopyroxene is evidently superior to the two-

\r'ideal—solutions model, for it provides a better *£it' to the

s
data of the present study, as well as Gata from other sources

(Fig. 24).° ﬁowever different combinations of various kinds
of solutions would presumably produce models that would '£it’
the data equally well. Obviously, experimental studies are ‘

now needed to providelfurther information in activity-

composition relation in the pyroxene minerals.

A comparison with data on pyroxenes from other
well known charnockitic areas in the world is shown in

Fig. 24.

Tn order to illustrate +the observed variation in
calcium content in the pyroxenes of the present study, the
Ca Mg tFe ratios have been calculated and.plotted together

with other data in Fig. 25. A vertical spread in the clino-

-]



Table 15. Acqiyity data of the Adirondack.an
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d

Madras orthopyroxene (aon) and clinopyroxene (ach)
-~
Orthopyroxene Clinopvroxene
a;gx ozx a;gx a;gx
Adirondack Pyroxenes
J-35 0.477 0.696 0.604 0.622
J-44 0.331 0.807 0.447 " 0.753
J-66 0.542 0.639 0.676 0.546
J-80 0.527 0.652 0.673 0.550
J-81 0.538 0.642 0.669 0.554
J-103 0.413 0.746 0.553 0.670
J-105B 0.412 0.748 0.553 0.670
J-l06- - 0.417 0.743 0.551 0.672
Madras Pyroxenes
3708 0-.788 0.337 0.866 0.271
4645 0.771 0.380° 0.862 0.278
2270 0.681 0.494 0.791 0.393
2953 0.626 0.559 0.738 0.467
0.535 0.645 0.662 0.560

o/
K<i642A

1



Figure 22. Activity-composition diagram for orthopyroxenes
from the charnockitic granulites, using a simple
solution model.

Figure 23. Activity-composition diagram for clinopyroxenes
from the charnockitic granulites, using a simple
solution model.
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Figure 24. Mg—Fe2+ distribution diagram for the Adirondack
4

/ pvroxenes (open circles), Madras pvroxenes {(solid
triangles, from Howie, 1955;Kretz, 1961),

Quairading pyroxenes (dots, from Davidson, 1968)
and high grade pyroxenes from Broken Hill (open
circles with crosses, from Binns, 1962).

Equilibrium constant is the same as in Fig. 21l.
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Figure 25.

o

Coexisting orthopyroxene and clinopyroxene in
the Ca-Mg-Fe system. Dots - Quairading pyroxenes
(Davidson, 1968); solid triangles - lower grade
Broken Hill pyroxenes (Binns, 1962); open
triangles - higher grade Broken Eill pyroxenes
(Binns, 1962); open circles - present data. The
Kondapalli and Madras charnockites (Leelanandam,
1967) occupy the field covered by D1l to J-35.
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CA

Atomic *fs
CA= Ca
MG= Mg

EFE= Fe'*«Fe" " uMn
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pyroxene points has been interpreted by Davidson (1968) as
resulting from differences in metamorphic grade. The
charnockitic granulites of the present study were evidently
equilibrated at a nearly uniform temperature and the
vertical spread in these data points may be due to other
factors such as analytical erroxr, exsolution, or the effects

of Al and Ti on +he distribution of Ca between the minerals.

Distrlbutlon of Manganese Between Coexisting
orthopyroxene and Glinopyroxene
. . 2+
The general intercrystalline Mn - (Mg + Fe™ ) ex-
change equilibrium between coexisting orthopyroXxene and
clinopyroxene may be treated in terms of a Mn-Mg exchange
and a Mn-Fe exchange reaction or both of these may be com-

bined as follows:

(Mg, Fe) T~ + MooPF = unFF + (Mg, Fe) P (19)
cpx opx cpx (CPX opx
Y
K(@9) o opx ) XM?) opx . I:;x Hgog*ec
cpx
st xnn YMg,Fe 'Mn
. .
-AGO (19) (20)

‘; .

where an = Mn2+/Mn2+ + Fe2+ + Mg, and aMg,Fe is an undefined

activity, depending on the Mg/Fe ratio in the mineral

(Kretz, 1961). since Xﬁﬁ# and X;EX are small, thg distri-

bution coefficient may be written as:
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opx

KD(Mn)cpx/opx ] X;EX(l-an ) . ngx (21)
(l_xg;x) }ﬁgx . x;zx

The distribution of Mn between pyroxene minerals

*

of the present study is shown in Fig. 26; the mean dis-

tribution coefficient is 1.15:

i opx '
KD(m)op:./cpx i} X s
cpx
vl

This diagram demonstrates that K, (the expression
containing the four activity coefficients in equation (20) )
is independent of X, and that egquilibrium with respect to

Mn- (Mg and Fe) exchange has deen closely approached.

(II) DISTRIBUTION OF Mg, Fe<', AND Mn BETWEEN
COEXISTING ORTROPYROXENE AND ALMANDINE

The Mg—Fe2+exchange reaction for coexisting ortho-
pyroxenes (opx) and almandine garnets (alm) (or {(gar)) may

be written as:

1m opx

FeOP* 4 Mga = Mg Im

+ Fe® (22)
Assuming almandine (alm) is an ideal solid solution of Mg

and Fe2+, then

opx alm 0
k(22) . Mg ‘Fe . exp ‘o (22) (23)

opx RT
ape TXﬁ? :

-

-«

.
'



-

Figure 26. Distribution of Mn between coexisting ortho-
pyroxene and c¢linopyroxene from the charnockitic
granulites. '



100 -

XdO .
0’z gl 0l G0 o.o.
] | T T 00
—1 S0
®99-r
01
| No—x
2<4VA
. XdO
—10¢
g NKi*, . 34+ O/ MW= Y
yals




- 101 -

The distribution of Mg and Fe2+ between coexisting

orthopyroxene and almandine in the rocks of the present study

(and in a few additional rocks) is shown in Figs. 27 and 28.

KD(Mg)

opx/alm ;. jearly constant, with an average of 3.95.

If almandine is assumed to be an ideal solution, an estimate

of the equilibrium cgnstant (K(22)) may be obtained by use
of the activities for orﬁhopyro;ene £;at were derived pre-
Yiously. This yields a value of K(22) = 4.59. Departure
from ideal mixing in one or both of the coexisting ortho-

pyroxene and almandine is clearly shown in Fig. 28.

The distribution of Mn between orthopyroxene and
almandine is shown in Fig. 29 Although the data points
are somewhat scattered, most llie near a curve which follows
the equation (

)]
—

) = R - 0.2

(III) DISTRIBUTION OF Mg, Fe2', AND Mn BETWEEN

COEXISTING CLINOPYROXENE AND ALMAQDINE

The Mg-Fe’t

exchange equilibrium for clinopyroxene
and almandine may be expressed by the following exchange

reaction:
ug?® + 7eSP* = ™ + MgFX (24)
. . 2+
Assuming almandine {(alm) is an ideal mixture of Mg and Fe

end members, then:

cpx ,alm N
K(24) - Mg ‘Fe . exp —AG°(24) (25)
cpx Lalm . -RT
2pe  ¥umg

""
trasurh i e



Figure 27. Distribution of Mg and Fe2+ between coexisting
orthopyroxene and almandine garnet from the
charnockitic granulites. Data from some Indian,
Swedish and Ugandan charnockites and related
granulites are included.
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Figure 28. Distribution of Mg and Fe?t between coexisting
-+ orthopyroxene and almandine garnet from the >
charngckitic granulites, in-terms of a ({25)SP%
vs (-£)92T plot. Some Indian, Swedish andeggndan
charfictkifes and related granulites are also ‘

plotted. Source of data as in Fig. 27.
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_ Figure 29.

P

e

- L ] - .
Distribution of Mn between coexisting ortho-
pyroxene and almandine garnet from the
charnockitic granulites.

-
L

P



- 104 -

0'S

. NW
X .
. 22 yvo /
07 “0°€ 0'¢ "
{ I { | ' q
201X
NW
10t xgo*
o Bsolt O+, ;340 NW/ N X




- 105 - '

The distribution of Mg and Fe2+ between these two
phése \is shown in Figs. 30 and 31. Fbr all mineral pairs
except J-30, KD(Mg)cPk/alm is neayly constant with an average
value of 6.595. 6n estimate of K(24) may be obtained by use
‘of the activities for clinopyroxene that were derived pre-

viously. This yields a value of K(24) = 6.62.

The distribution of Mn between clinopyroxene and
- .
almandine is shown in Fig. 32. All the distribution points

. save J-105B fall near the curve KD(Mn) = 0.20.

Two aberrant distributions have'appeared, namely

Mg~Fe in sample J-50 and Mn-(Mg,Fe) in sample J-105B. These

| . .
may be attributed to analytical error (other than lack of
\

. \ .
precision) or alternatively, to departure from exchange
equilibrium.

. W
(IV) DISTRIBUTION OF Mg, Fe2 , AND Mn BETWEEN =
COEXISTING ORTHOPYROXENE AND AMPHIBOLE
The Mg-Fe2+ exchange reaction between coexisting

orthopyroxene (opx) and amphibole (amph) may be expressed

as fbllows:

amph _ M

§OP% + peXPL (26)

Feon + Mg
Assuming that the amphibgles are ideal solutions of the
Mg and Fe2+ end members:

{
20PX amph

2 - _Mg e - exp -AG°(26) {27)
x(26) __opx ,amph RT ‘

2pe Mg



\“\

Figure 30. Distribution of Mg and Fez+ between coexisting

clinopyroxene and«almandine garnet from the
charnockitic granulites.
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Figure 31. Distribution of Mg and Fe2+ between coexisting
clinopvroxene and almandine garnet from t§e
charnockitic granulites, in terms of a CI——)CPX
vs (X,)93T plot. -X' Mg

T=X'Mg
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Figure 32.

%)

-

Distribution of Mn between coexisting clino-
pyvroxene and almandine garnet from the
charnockitic granulites.
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. Data from ﬁﬁe present study and from other ‘\
charnockitic ﬁ&eas are shown in Figs. 33 and 3¢. The dis:\
tribution coefficient is remarkably constant, at K, = 0.81)\\
An estimate of ﬁhé equiiibrium constant, from equation (27) \
and act;yities for_orthopyroxene’derived previously is
X(26) = 1.03. Hoﬁévéf, the very uniform value of Kn,
suggests that both orthopyroxene and amphibole déﬁgrt from
jdeal behaviour, in such a way that the expression contain-
ing the four‘aétivitf coéfficients remains independent of
composition.

The distribution of Mn between orthopyroxene and
amphibole is shown in Fig. 35. The Mn-(Mg,Fe) distribution

coefficient in all specimens is very nearly 2.18.

=, - . i
L

- . + M -
(v) DISTRIBUTION OF Mg, Fe2 , AND Mn BETWEEN .
COEXISTING CLINOPYROXENE AND AMPHIBOLE

-

The clinopyroxene-amphibole exchange edﬁilibrium
may be evaluated-in terms of the reaction

peCPX 4 Mg@TPR = MgP¥ 4 pe@PR (28)

—-—

Assuming amphiboles are ideal mixtures:

AN

- K. (Mg) = e — exp -AGC (28 S
K(28) = %D —co% —amph =T

3re Mg -



Figure 33. Distribution of Mg and Fez+ between coexisting
: orthopyroxene and amphibole from the charnoc-
kitic_granulites. ;
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Figure 34. Distribution of Mg .and re?" between coexisting
orthopyroxene and amphibole from the charnoc-
kitic granulites, in terms of a (ﬁ)Mg v.s

? _(1§_x) ;g?h plot.
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Figure 35.

1

Distribution of Mn between coexisting ortho-
pvroxene and amphibole from the charnockitic
granulites.
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The distribution of Mg and re2* in eigﬁt pairs
of coexisting c}inoéyroxene and amphibole is shown in
Flgs. 36 and 37, which ccﬁtain, in additien, some data
from charnockitic rocks in Flnland. The distribution co-
efficient is nearly cgnstant at 1.40. An estimate of K(ZS),-
employing activities for clinopnyxene reported earlier
in this chapfer is 1.51. . The distribution of Mn is shown
in Fig. 38. The distribution coefficient for_Mn—(Mg,Fe2+)
exchange is remarkably constant, as shown in Fig. 38, with
a mean value of 1.80.

N

(vi) DISTRIBUTION OF Mg, Fez+, AND Mn BETWEEN
COEXISTING ALMANDINE AND AMPEIBOLE

-~
The distribution of Mg and'Fe2+ between almandine

and amphibole, may be ‘evaluated by considering the reaction:

Mgalm + Feamph - Fealm + Mgamph {30)
alm _amph
K (30) = _Ee Mg _ exp —AGO(30) (31)
alm aamph RT
Mg “Fe A
2+ N

The distribution of Fe” and Mg in five pairs of
coexlstlng almandine and amphibole is shown in Figs. 39
and 40. The distribution coefficient is nearly constant,-

at 4.54. , . .



Figure 36. Distribution of Mg and Fe2+ between coexisting
clinopvroxene and amphibole £from the charnoc-

kitic granulites.
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Figure 37.

Distribution of Mg and Fe2+ between coexisting
clinopyroxene and amphlbole from.the charnoc-
kltlc granulltes, in terms of a (I_X)CIgJx vs

(I_XJ amph pot,

Y
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Figure 38. Distribution of Mn between coexisting clino-
pyroxene and amphibole from the charnockitic

gram}l—:i.d:\es .
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Figure

39. Distribution of Mg and Fet-between coexisting
amphibele and almandine garnet from the charncc-
kitic granulites.
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Figure 40.

B

Distribution of Mg and Fez between coexisting
amphibole and almandine' garnet from the gharnoc-
kltlc granulites, in terms of a (I_) vs

( )gar plot.
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The distribution of Mn between the two minerals
is shown in Fig. 41. The Mn—(Mg,Fe2+) dist;ibufion co-

efficient is nearly constant, with a mean value of 8.54.

~u

Summary

The above resulﬁs.s;ow that the elements Mg,
Fe2+, and Mn are systematically distributea among orth;L
pyroxene, cliﬁogyroxene, amphibole, and garnet within the
charnockitic granﬁlitee ef thelpresent study.. The step-

wise decrease in the affinity a mineral possesses "for an

‘element is as follows:
t
Mg - . ciinopyroiene ampgibole'orthopyroxene-almandine
2+
Fe“’

Mn 5’ almandine orthopyroxene clinopyroxene amphibole

almandine orthopyroxene amphibole clinopyroxene

Moreover, with very few exceptlons, the concen-
tratlon of an element in one mineral bears a functional
relatidnship with that in a céexisting mineral. The
ex;stence of these relatlonshlps and thelr nature arex
“&dnsistent with expectations based on the prlnc1ple of
thermodynamic equilibrium, and are taken as indication
that exchange equilibrium was established and preserved

-

in the rocks of the study area.

v




Figure 41l.

Distribution of Mn between coexisting amphibole
and almandine garnet from the charnockitic
‘granulites.
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The nature of the distribution patterns are
:capable of providing some information on the propertiesqa.
of the mineral:solid solutions, notably the relationships

between activity and concentration within them. For

=

example, some activity-concentration relationships may be

deduced for. orthopyroXene and clinopyroxene, based on the
distribution of Mg and Fe between them, and e indicate
some departure from the ideal mixture model of solid solu-
tions.” More precise characterization qf the nature of

activi%y—concentration relationsﬁips mtj;ﬁcome from direct

experimental methods.

Bl
X <&
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VIII DISTRIBUTION OF IRON AND TITANIUM BETWEEN
COEXISTING MAGNETITE AND ILMENITE

General Consideration

Ilmenite and magnetite are the chief iron oxides
in the charnockitic granuiites of the present study.
Electron microprobe analyses (Table 10) shows that these
mioerals are solid soluEIons of iron and titanium oxides.
. Assuming that the ilmenite solid solution lies on the
FeTiO3 Fe203 join and that the maénetite solid solution
lies on the FezTiO -Fe3o4 join, the composition of the -
ilmenite solld solution (Ilm ss) may be expressed by the

formula (FeT10 ,Fe 03), and magnetlte solid solution (Mt ss),

4+

as an inverse spinel, by [Fe (Fe Tl O 4, (Fe Fe )04]

These minerals may then be regarded as binary solidisolutions,

as shown in Fié. 42. - : __!
- - .

Phase Equilibrium __E\\.

mhe formulas for ilmenite ss and magnetite ss, as
written above, may be expressed in an alternate form, as
follows: ' 4

L .4+ + +
» ilmenite ss (Fe2+T 4 Fe3 Fe3 )O

: ; 2+ + 3+
magnetite ss (Fe Ti 4+ ,Fe3 Fe )O4

~

'

Cbnseqﬁently, equlllbrlum between coexisting ilmenite ss

and magnetite ss, in relation to the 'slope of the tie

| /“ﬁ \



Figure 42. Compositional relationships of ilmenite solid
- solutions (Ilm ss}, magnetite solid soluticns
(Mt¥ss) and their pure end member molecules in -
the system Tioz-FeO-FeZOB.
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N 3

line in Fig. 42, may be regarded as an exchange reaction,

. mis . + -
involving speclies Fe2 T14+ and Fe3+ Fe3+, as shown in

Fig. 43. The reaction is as follows:

I 3, 24, b L epadTredt . 2+, 4+
(Fe~ Fe )Htss + (Fe”™ Ti )Ilms (Fe )Ilmss + (Fe“ Ti" )

Mtss (32\

At equilibrium

Mtss + uIlmss - uIlmss + thss ] ’
redtredt peftTitt Fe>TreTt ‘Fe2+'r:|.l‘+ (33)

(aFe3+F33+)Ilmss (aFe2+ 4+)Mtss - exp -AG°; 2)

K(32) = (34)
) (aF 3+ 3 )Mtss (aFez+ &+)Ilmss
Differentiate equation (34) Jith respect to 1/T =
. aan(32) - —&H(32) (35) =
3 {1/T) R

MO

-
-~

" where AH is the enthalpychange of reaction (32). Equation
(35) gives the temperature dependence of reaction (32) and
indicates that the tie line in Fig. -42 should rotate in

response to temperature.

'SBEh minerais conﬁain Fe2+ and Fe3+, and the
com9051tlon of coexlstlng llmenlte ss and magnetite ss 1is
very much dependent on oxldatlon-reductlon equilibrium.
The effect of a change in temperature and a change in the
fugacity of oxygen on the locatlon of the tie line,, based
on observations in nature and experlment (Buddington end

Lindsley, 1964, p313), js shown in a general way in Fig. 44.

- M -

& o f



Figure 43. Exchange of iron and titanium ions between
coexisting ilmenite solid solutions (Ilm ss)
and magnetite solid solutions (Mt ss).

4 .
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1 .
Figure 44. Shift and rotation of the ilmenite-magnetite
’ tie liﬁe,qin response to a change in temperature
’ ~ (T) and fugacity of oxygen (f0.,)}, based on
' natural and experimental data.%Buddington and
Lindsley, 1964). '
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Fig. 45 shows the composition of) coexisting
ilmenite and magnetite solid‘sqlutioné from the present
charnockltlc granulites, together Wlth some published re-
sults from igneous and metamorphlc rocks. The cé/gi51tlon
of llmenlte ss and of magnetlte ss is very close to pure

1lmen1tteand pure magnetlte respectlvely.

/_/

) . Equilibrium data.on the composition {f coexisting
magnetite and ilmenite were obtalned by Buddln::;;rEﬁﬁf/
~—

Lindsley (1964) and are presented in Flg 46. " If we assume
that an equilibrium betwéen magnetite aq@ llmenite:in the
rocks of the present study was attained_ane retaineg, then
by comparison with the”erperimental-deta, the eqﬁfiabrium
temperature was less than 600°C, and the e@uilibrium oxygen
fugacity was less than 10“18'5 atm Hopever. it is well
knowni that exsolution react;on 1nvolv1ng these mlnerals’

occur rather readlly, and it is possible that the tempera-

‘ture of metaporphlsm was higher "than that 1nd1cated above,

“ . and .the oxygen fugacity was higher or lower. It is sur—

prising that, in Flg. 45, most of the tle llnes do not cross

d. this is taken as an ev;dence that an equl-

[

each ot

librium or near—equilibrlum was establlshed at a temperature

&

below and fbllowing the peak of metamorphlsm.

- - | / 4\\ .» . (‘w

. "

Data of the present study may—be compared with

thoee from Sudbury. Note that tie llnes for the south range
- o

\ . . - . ..
. . - - -
. L

Py

"

-
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Figure 45.

Phase diagram showing compositional tie lines of
coexisting ilmenite solid solutions (Ilm ss)} and
magnetite solid solutions (Mt ss) from the char-
nockitic granulites together with some published
results for igneous and metamorphic rocks.
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Figure 46. Composition of coexisting ilmenite solid
solutions and magnetite solid solutions as
determined experimentally by Budfington and

) Lindsley (1964, p31l6, 344) at varying tempera-
o ture and fugacity of oxygen. P= 1 atm. Data
’ from present study and other sources are included.
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-

norites from the.Sudbﬁry Irrup@ive (Gaspairini and Naldrett,
1972{ o%erlap those of the present study while both are
_crossed diégonally by tie lineé of the Sﬁdbury‘north range
norites (Sig. 45). The north range nofites were interpreted
as being part of a thin periphery which was cooled relatively
rapidly with the result that reaction between oxides-stopped
at a high temperature. The south range, being a deeper and
thicker portion of the Irruptive, cocled more slowly, thus
allowing the oxides to equilibréte to significantly lower
temperatures (Gasparrini and Naldrett, 1972, p620). If so,
the Adirondack charnockitic granulites must have been equilib-
rated or re-—equilibrated under relatively slow cooling

™

conditions, comparable to those of the south range norites.

Sample J-35 of the present study was collected from
the same outcrop as No. 133 of Buddington and Lindsley (1964,
p337; also Buddiﬂgton, 1952) who obtained for their specimen
a temperature of 6500%50°C, compared with <600°C for J-35.
The difference may be SE;ributed to analytical methods
employved; pxrobe analysis 1s more successful in avoiding small
amounts of exsolved phase. According to Duchesne (1972) the
temperatures determined for adirondack rocks by Buddington
and Lindsley are somewhat low and a teméefature of about

700°C or slightly higher may he more realistic for the tem-—

perature of metamoxrphism.
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Mineral Abbreviations

\

Used in the Chemical Studies

Ab = albite

Alm = almgndine

Amph = amphibole

An = anorthite

Anti-perth = anti-perthite

Bio = biotite

Cpx = clinopyroxene

Gar = garnet

Hb = hornblende

Ilm = ilmenite

K-feld="K-feldspar = K feld
= K-f

Meso-perth =
Mt =
Olig =oligoclase

meso-perthite
magnetite

Opx =orthopyroxene
Or =orthoclase

Perth =
Plag =plagioclase

perthite

Px = pyroxene
Qtz = quartz

2-feld = two-feldspar (plagioclase
and K-feldspar)
2-px = two-pyroxene (ortho-and

ciino—pyroxene)

Compositions of Phases Used in Chemical Reactions

Ab = NaAlSi308
Alm = (Fe, M?)j A12813012 or ¢Ca (Fe, Mg)s Al4S:.6024
An = CaAlZSJ.zO8 -
- = - {
Bio K2 (Fe, Mg)55 A13515§020 (OH)4
Cpx = Ca (Fe, Mg) Si206
Hb = NaCa, (Fe, Mg), Al;Si 0,, (OH),
Opx: = (Fe, Mg) Si0,
Or = KAlSi308
Plag = NaA181308 + CaAlZSi 08
Qtz = SiO2
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IX PHASE EQUILIBRIUM, METAMORPHIC GRADE, AND ORIGINZ

. Phase Equilibrium

. The charnockitic granulites of the present study

are characterized by the following silicate mineral

assemblages:

1. ©Plag- Opx- Cpx- Amph- Bio- Gar- Qtz (J-35, J-66, J-80)

2. Plag- K feld- Opx- Cpx- Amph- Bio- Qtz (J-44, J-103,

J-106) \\

3. Plag- K feld- Opx- Cpx- Amph- Bio- Gar- Qtz (J-105B)
4. Plag- K feld- Opx- Cpx- Bio- Gar- Qtz (J-81, J-63A)

5.~ Plag- X feld- Cpx- Am?h- Gar- Bio- Qtz (J-50)

6. Plag- Cpx- Amph- Bio- Gar— Qtz (J-99). l

Tn addition most rocks contain magnetite, ilmenite,
and apatite. All are typical granulite facies rocks. 1In
terms of major mafic silicate minerals, four distinct

assemblages exist, namely:

7. Opx- Cpx—- Amph- Alm- Bio tJ“35, J-66, J-80, J-105B)
8. Opx- Cpx- Alm- Bio (J-81, J-63A)
9. Opx- Cpx- Amph- Bio (J-44, J-103, J-106)

10. Cpx- Amph- Alm- Bio (J-50, J-99).

It is possible to represent all assemblages
except 1 and 6 (which do not contain X-feldspar) on an AFM
diagram using the following definitions of components
2 .

(Reinhardt, 1968): N
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'3 -

Al,Q5 - (Cal + Na 0 + K,0)

, A=
F = FeQ - (Fe203 + TiOz)
M = MgO. '

/
This diagram could be regarded as a phase ‘diagram

for rocks that contain quartz, K-feldspar, plagioclase (of
fixed composition), magnetite and ilmenite, and for constant

values of P, T, and P In order to plot the composition

. : B0
of clinopyroxene, it is convenient to employ an orthogonal

projection (Thompson, 1957) with the following axes.-

Vertical axis A
F+M
Borizontal axis M
F+M

The compositions of coexisting ferromagnesian ‘
r

silicate phases from ghe mineral assemblages studied are
shown in Figs. 47 to 50. Assemblages in Figs. 47 to 49
represent univariant equilibriuh at constant pféssu;g and
assemblages in Fig. 50 represent invariant equilibrium at
constant pressure. The reason for plotting assemblages that
do not apparently contain K-feldspar is bec;uée of the
existehce of trace to minor amounts of anti-perthitic
feldspar in them. A systematic shift in phase fields
indicate that rocks with the same mineral assemblages
represent different equilibfium conditions. Moreover, the\
fact that all rocks contain 4 or 5 ferromagnesian minerals
(including biotite) would, by the above analysis, indicate
either non-eguilibrium, or variation in metamorphic con-

ditions.



Figure 47. Orthogonal AFM plot showing the phase relations
among coexisting clinopyroxene, almandine ganet, -
and amphibole in the analysed charnockitic

_granulites along with the bulk rock compositions.
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Figure 48. Orthogonal AFM plot showing the phase relations
among coexlstlng orthopyroxene, cllnonroxene,
and amphibole in the analysed charnockitic
granulites along with the bulk- rock compositions.
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Figure 49.

‘Orthogonal AFM plot showing the phase relations
.among coexisting orthopyroxene, clinopvroxene,

and almandine garnet in the analyvsed charnoc-
kitic granulites along with the bulk rock compo-
sitions.
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Figure 50.

Orthogonal AFM plot showing the phase relations
among coexisting orthopyroxene, clinopyroxene,
almandine, and amphibole in the analysed
charnockitic granulites along with the bulk
rock compositions. A f£ifth phase, biotite, is
also shown (rock J-105B). All iron in this
mineral is assumed to be ferrous iron. Except

for J-105B, these rocks do not contain K-feld-
spar. =

’;g\
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From studies on the partitioning of Mg and ?e2+
among coexisting two-pyroxenes, amphibole and garnet, no
evidence was found for gross non-equilibrium, nor for a
variation in .temperature among the study samples. As all
of these rocks are closely associated, i.e. they all come
from the same field area,'large difference in load pressure\\i
may also bé'rﬁled out. Therefore, a variation in PH20 may
be the principal_cause for the observed shift in the phase

fields; such change would be accompanied by a change in foz.

A'vagiation in the c?mposition of plagioélase,
pérthitic feldséar may be responsible to some extent for the
fact that bulk-rock compositions plot outside the corres-—
ponding phase fields, although the exclusion of some minor

components such as P205 and MnQ as well as minor analytical |ll

errors may also be contributing factors.

The gquestion of phase equilibrium max‘a}éo be
examined in relation to mineral reactions._ Tﬁe ;Eable co-
existence of‘five ferromagnesian minerals of known composi-
tion (J-105B), as shown in Fig. 50, in the presence of
quartz, K-feldspar, plagioclase, magnetite and ilmenite,
makes it possible to write five mass—balance‘equations

{(see Appendix VI), which in simplified form are as follows:



Bio + Amph + Alm

Amph +
Amph =

Amph =
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Opx
Alm = Opx + Cpx
Bio + Opx + Cpz

Bio + Cpx + Alm

Bio + Cpx + Alm = Opx

(36}
(37)

. {38)

(39)
(40)

At constant pressure, the five reactions plot as univariant

-

curves on a Py O-T diagram and meet at an invariant point.
2

These relations are shown schematically in Fig. 51.

ages 2, 4, and 5 correspond to three of these relations

while assemblage 3 corresponds to the invariant point.

>

This analysis also suggests that some variation

Assembl-

existed in the study area with regard to PH o and T, probably

mainly PHgO'

mineral assemblage and mineral composition.

The boundary between the almandine amphibolite

Metamorphic Grade

2

to account for the observed differences in

-

facies and the hornblende granulite facies has been defined

by the appearance of orthopyroxene and the boundary between

the hornblende granulite facies and the pyroxene granulite

facies by the disappearance of biotite and hornblende.



’

Figure 51. Schematic Schreinemakers bundle (Zen, 1966} in
-T field showing univariant reaction
cur§@8 for reactions 36 to 40. The supposed re-
lative position of mlneral assemblages 2, 3, 4,
and 5 are indicated..
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Therefore, de Waard (1965) suggested a set of bivariant
equilibria (at constant P}, characterized by the coexistence
of orthopyroxene with biotite and/or hornblende, as repre-

sentative of the hornblende granulite facies. The reactions

are:

2Bio + 12 Qtz = 8 Opx + Alm + 40r + 4H0 (41)
Hb + 4 Qtz = 3 Opx + Cpx + Ab + An + H30 (42)
Hb + 2Bio + 17 Qtz = 15 Opx + 40F + Ab

+ 2An + 5H30 o (43

Eb + Alm + 5 Qtz = 7 Opx + Ab + 2An + Ep0 (44)
b ]

These reacﬁions are reprefSented by three- (ferro-
magnesianl phase assemblages as ‘compared to the 4- and 5-
phase assemblages of the rocks studied. For comparison,
the four-phase assemblages of the studied rocks are plotted
in Figs. 47, 48 and 49 as three-phase triangles. Although

the studied rocks commenly contain four ferromagnesian

minerals they satisfy the equilibria suggested by de Waard.

Thus the rocks clearly belong to the hornblende granulite
facies. The small amount of biotite and amphibéle present
suggests that the conditions were near the boundary between
t+he hornblende granulite and pyroxene granulite facies.
Rocks J-50 and J-99, do not contain orthopyroxene, but
because they are associated with the others, they are

assigned to the same facies.
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From Fig. 51, one other important reaction applic-
able to the studied rocks is reaction (37) in which two
pyroxenes may coexist with amphibole and almandine at uni-

variant equilibrium.

The invariant point in Fig. 51 is represented by
the coexistiﬁg five mafic silicates biotite, amphibole,
orthopvroxine, clinopyroxene and almandine in rock J-105B.
From the prograde metamorphism exhibited from the almandine
amphibolite facies in the Northwestern Adirondack Lowland to
the granulite facies 1in +he Central and Eastern Adirondack
Highland, the most likely reaction which lead to this
invariant peint in Fig. 51 is proposed to be a combination

of reactions (41) and (42}):

2Bio + Hb + 16 Qtz = 11 Opx + Cpx + Alm + 40r

+ Ab + An +'5H20. (45)

Position of the studied charnockitic
granulites in the metamorphic -zones of
the Adirondacks

Five zones of metamorphism ranging between 500°C
and 665°C (Engel and Engeli 1960; Buddington, 1963;
Buddington and Lindsley, 1964) were recognized in-the
- adirondacks by Buddington (1966, p33l); the mineral assen-
blages of these rocks were summarized by de Waard (1965,
Tabl® 1). The charnockitic, quartz-syenitic, and quartz-

bearing syenitic gneisses (zone E) were formed at the

highest temperature level. The temperatures of 635°C to
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/ -
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§65°C for the granulites of Zone E, as estimated by Buddington

were considered by de Waard (1967, p228-23) to be too low.

The present charnockitic granulites belong to this highest

zone.

Based on.the presence or absence of almandine
garnet in charnockitic; metabasic and quartzofeldspathic
rocks, Buddington (1963, 1965) delineated three garnet
isograds in the Adirondacks which were inferred to represent
a general increase in grade of regional metamorphism from
the northwest to the southeast and east. This was corrobor-
ated by magnetite-ilmenite geothermometry (Buddington_and

Lindsley, 1964).

The first garnet isograd occurs in the Adirondack
lowland in the almandine amphibolite facies terrane, whereas
t+he second and third garnet isograds occur within the region
of granulite facies rocks in the Adirondack highlands. The

development of garnet in the Adirondacks was considered by

-

‘Buddington (1965, 1966) to be the result of increasing tempera-

ture and pressure, but de Waard (1965a, 1967) thought that
the compositional control was more important. de Waard's.
idea was recently supported by Martignole and Schrijver

(1973) -

Rejecting Buddington's vaguely defined second
garnet isograd in the granulite terrane, de Waard (1964,
p308; 1967, p221; proposed an- orthopyroxene isograd, to
séparate the almandine amphibolite facies of the lowland

from the hornblende granulite facies in the highland. He
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also defined a garnet—clinopyroxene,isograd to separate
the‘hoénblende granulite facies of the highland into a horn-
blende-orthopyroxene-plagioclase subfacies to the west,

and a hornblende—clinopyroxene-almandine subfacies to the
east. The gar;;t-clinopyroxene isograd, which runs almost
_north-south, divides the Adirondack highlands into approxi-
mately two halves. -Although, in the Adirondacks, there is
no sizeable regional development of the pyroxene granulite
Dfacies, in which hydrous minerals are virtually absent

(de Waard, 1967, p210), the pyroxene granulite facies rocks
do occur in small amounts througﬁout the central and eastern
Adirondack highlands (de Waard, 1964, p354:; Buddington and
Lindsley, 1964, p337}). Thé present granulites represent

the highest temperature part of the hornblende granulite 3
facies, as noted above. They all occur in the hornblende- ‘
clinopyroxene-almandine subfacies terrane of de Waard. The
coexistence of the garnetffree and garnetiferous assemblages
suggests that the subdivision of the hornblende granulite
facies into the hornblende-orthopyroxene—plagioclase and
hornblende-clinopyroxene-almandine subfacies in the Adiron-
dacks. by de Waard is a rather crude generalizatio;. On ﬁhe
other hand, sihce all the present rocks represent the

narrow 'zone' betﬁeen hornblende granulite and pyroxene
granulite facies,'the temperature of formation of these

rocks must have been fairly constant. Thus the develop—",

ment of garnet in these rocks must have been gontrolled
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by bulk composition. Based on the breakdown reaction of
hornblende (Yodér:and Tilley, 1962; Binns, 1964), biotite
(Eugster and Wones, 1962) and garnet (Ringwéod-and Green,
1964; Green and Lambert, 1965), de Waard (1967, p229-230)
estimated that the temperature of metamorphism was at least
700°C at the hypersthene isograd and at least 760¢C at thé
garnet-clinopyroxene iéograd. He suggested that most of the
Adirondack highlands had metamorphic temperatures of at |
least 800°C and a load pressure as high as 10 Kbs, or a
depth of about 35 km. de Waard also pointed out (1967,

§228) that the temperature range from 5500C (#50°C) near the
hypersthene isograd to 650°C (£50°C) in the Central Adirondaéﬁs,
as estimatgé'by Buddington and Lindsley (1964) represents a
late stage of metamorphism in which the oxide minerals have
re-—equilibrated upon cooling. Engel and Engel (1962, P37
,and 74) estimated the temperature of metamorphism for rocks ‘—_
of the amphibolite facies to be 5259C, and, moving towards
the hypersthene isograd of de. Waard, their temperature
estimates increased to 625°C. Extrapg}ating upward or
eastward into the hornblende granulite and pyroxene granu-
lite boundary of the Central aAdirondack highlands, the

+emperature of metamorphism may well have been around 700°C.

From the distribution of amphibolites in the
Northwestern Adirondack lowland, hornblende granulites in
the Northwestern and Western to Central highland, to horn-

blenée granulites and pyroxene granulites in the Central to
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Eastern highlénd in the Adirondacks, the grade of meta-
.morphism clearly increases from west to east and reaches
its maximum at about the east central main anorthosite
massif. The reappearance of hornblende granulites east
of Elizabethtown and amphibolites in thé eastern margin of

the highland near Wilsboro (near Lake Champlain, outside
east\edgehbf Fiq. 2} indicates a zonal or symmetrical
distributién of metamorphic grade across the Adirondacks.
Experimental data (Green and Lambert, 1965, p5259) have
shown that the mafic assemblage Gar- Cpx forms at a higher

pressure than the assemblage Opx- Cpx and Gar-— Cpx- Opx.

The appearance of the assemblage Opx- Cpx- Alm (present

study) and Cpx- Alm (de Waard, 1965a, pl89: 1967, p227-228;

and present study) in the Eastern and Southeastern Central
adirondacks suggests that not only temperature of-meta-

morphism but also Ptotal have reacheé their maximum.

\\_J/"‘ﬁj\\_\‘ _ Temperature, pressure and partial pressure

of water during metamorphism

Althéugh several experimen;al studies have been
carried out to delineate fields of stability for minerals
that occur in the rocks of'tﬁe prgsent study, most of the
data available refer to pure end members, and as vet, only
broad limits may be placed on the temperature and bressure

of metamorphism, based on these experiments.
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Luth et al. (1974), is shown’ in Fig. 52. Accordingly,
the pressure was 4 Kbs; the temperature of metamor?hism
st have exceeded about 700°C. RN

<



Figure 52.

P-T field of the charnockitic'granulites studied
in terms of breakdown and chemical reactions of
phases. Curve 1 from Boyd (1954); curves.Za and
2b from Holloway and Burnham (1972); curve 3
from Evans (1965); curve 4 from Luth et al.
(1974); curve 5 from Liou (1973):;arrow A, a P-T
gradient of -amphibolite-granulite facies rocks
of northwestern Adirondacks, from Engel and—" 7
Engel (1962); curve B from Olsen and Mueller
(1966) and Smith (1970); point S shows the
stable coexistence of an iron-rich orthopyroxene
with Fe/Fe + Mg = 0.8, olivine and guartz at
900°C above 7 kbs {(Smith, 1970). Shaded area

"is the proposed P-T field of metamorphism for

the study rocks. Abbreviations: an= anqrehite,
and= andalusite, diop= diopside, en= enstatite,
ep= epidote, gar= garnet, ky= kyanite, k-f=

‘'K-feldspar, mt= magnetite, mus= muscovite, ol=

olivine, opx= orthopyroxene, gtz= quartz, sill=
sillimanite, &rem= tremolite. \\\

-~
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The temperature of intracrystalline equilibrium
in orthopyroxene, determined as 700°:25°C (Chapter VI),
provides anotherrestimate of the lower limit of the tempera=

ture of metamorphism.

An upper limit o temperature may éossibly be
taken as the breakdown of amphibole to produce orthopyroxene.
" For the pure Mg end member, this temperature is high,
being about 850°C for a Py,0 = Piotal of 1 Kbs (Boyd, 1954).
The presence of Pe in the amphibole would lower this tempera-—
ture very considerably. The breakdown of phlogopite to
produce orthopyroxene also occurs at a high temperature,
about 1,100°C for a pressure of 3 Kbs, as determined by -
Yoder and Eugster (1954) and although various breakdown
temperatures for Fe-Mg biotite have been determined by
Eugster and Wones (1962) and Wones and Eugster (1965),
these are very much dependent on the activity of oxygen.
Consequently this reaétion, as it occurs in nature is still
imperfectly upderstood, and the field in which this prob-
ably takes place is large. According to Turner (1968,

Fig. 4-4) the breakdown of biotite in nature, at a pressure
of about 5 %bs may take place within a temperature range of

from nearly 500 to ggo°cC.

tn an experiment on & natural rock similar to
those of the present study, Binns (1964) showed that the
amphibole to orthopyroxene reaction occurred at about

-

8500C at Py o of 1 Kbs. He suggested a temperature of
2
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about 800°C for the reaction in the granulite facies rock

+hat he examined.

Finally, by comparing the Kg value of 0.57 for
coexisting orthopyroxene and clinopyroxéne of the present
study with that of 0.69 obtained by Lindsley et al. (1974)
for coexisting augite and hypersthene at g10°C, the tempera-
ture of metamorphism of the studied granulites coulé not

have exceeded 800°C.

A lower 1imit to pressure may be set by the

reaction
Quartz + Fe-olivine = Fe-orthopyroxene

which is displaced %o rhe right with increasing pressure.
smith (1970) has shown experimentally that an iron-xrich
orthopyroxene, with Fe/Fe + Mg = 0.8, which is the most
iron-rich orthopyroxene of the present study‘i; stable
relative to olivine and quartz about 7 Kbs pressure, at a
temperature of 900°Cl(point s, Fig. 52). Using the
theoretical analysis of Olsen and Mueller (1966}, Curve B
(Fig- 52) places an approximate lower limit to pressure of

metamorphism of +he terrane from which the study samples

were obtained.

An upper 1limit to pressure might best be obtained
from reasonable estimate of depth of burial, which probably
would not exceed 20 km, corresponding to a pressure of

6 Kbs.

{
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Thus the range of temperature of metamorphism is
postulated to be between 700° to about 800°C, and the
pressure between about 3 and 6 Kbs. The estimates of Engel
and Engel (1958, 1962) for the Adirondack region west of the
study area, where the highest grade attained was slightly
lower, is shown as arrow A in Fig. 52, and the upper part
of this arrow falls close within the limits set by the

present estimates.

The question of PHZO relative to P may be efamined
briefly: The rocks of the present study are similar in.
composition to that of an alkali basalt (Cf. Yoder énd
Tilley; 1962) for which the minimum melting curve was
determined by Holloway and Burnham (1972) and appears as
Curves 2a and 2b in Fig.' 52. The curve shifts to right
as PHZO decreéses relative to confining pressufe, P. Some ‘
of the rocks of the present study contain minor feldspar-
quartz and garnet-quartz intergrowths, taken as evidence
of incipient melting. and hence the P-T point of metamor-=
phism 1is considered to lie on or slightly to the right of
rhis curve. Since Curve 2z cuts through the field in
which the P-T point is estimated to lie, it is possible

that-PH was somewhat less than P.
20

A very close estimate of T-P of metamorphism of
the studied rocks is difficult as appropriate experimental
determinations are lacking. However, oI +he basis of cer-

rain assumptions, estimates may be made, as follows.
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Assuming feldspar-quartz and garnet-quartz inter-
growths indicate incipient ﬁelting and that the presence of
mesoperthite in addition to other perthitic and/or anti-
pérthitic feldspars suggests further homogenization of the
feldspar solid solutions as 2 result of high T-P recrystal-
lization, the T-P of metamorphism of the studied rocks
would then be contr%iled by tgé intersection of the alkali
feldspar 'solvus' curve (4) and the basalt melting curve(s)
in Fig. 52. In other words, the temperature must have been

above the solvus but near or slightly above the basalt

melting curve(s) at different PH20 conditions. Therefore,

{1y at PH o= P, the T-P of metamorphism of the studied
2

rocks would be, allowing for experimental uncertainty, ‘

T = 7159 + 25°C, PH =P = 4.8 Kbs.
20

(2 at P

0.87, T
H,O

)
-~
L
()]

o

+

+ 25°C, P

6 Kbs, PHZO = 4.8 Kbs.

{(3) at P
Hq0

0.6p, T

Il
~J]
(s3]
wun

[&]

+

+ 25¢C, P 7.4 Kbs, P 4.4 Kbs.

H,0

As discussed earlier, PH20 was likely less than P;
while P was unlikely to exceed 6 Kbs, corresponding to 2
depth of 20 km. Thus an intermediate condition between
cases (1) and (3), i.e. conditions similar to case (2)
would seem most 1ikely for the present.charnockitic

granulites.
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Origin

-

Charnockites and related granulites have been

Y

found and studied in many parts of the world, for example
in Sweden (Quensel, 1951; Saxena, 1968), Finland (Eskola,
1952; Parras, 1958), Australia (Wilson, 1952, 1954, 1959,
1960a, b; Binns, 1965a, b), British Guiana (Singh, 1966).
Uganda (Gxroves., 1935), India (Holland, 1893, 1900; Howie,
1955; Pichamuthu, 19537 Howie and Subramaniam, 1937;
cubramaniam, 1959, 1962; Leelanandam, 1967), Ceylon
(Corray, 1962). Canadian Shield {Roach and puffell, 1968Y)
and the Adirondacks of the United States (Buddington, 1939,
1950, 1952, 1963, 1966, 1969; de Waard, 1964, 19652, b,
1967, 1969). From these studies it is evident that char-
nockitic rocks are generally Precambrian in age and occur

[

in the Shield areas. Although some might have been sedi- “
)

mentary rocks prior to metamorphism, a meta—-igneous origin

is favoured in general.

The charnockitic granulites of the present study
are believed to be igneous in origin, and were subsequently
metamorphosed to the granulite facies. They occur as dykes
and patches of irregularxly shaped bodies of gabbroic and
syénitic composition in +he anorthosite massifs (Buddington,
1939; 1952, 1963, 1965, 1966, 1969, personal communication,

1970; de Waard, 1964, 1965) .
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Oon the variation diagram (Fig. 53), the char-
nockitic granulites of the present study show a continuous
Mg- Fe- Alkali trend and a distinct calc- alkali trend
similar to the Madras charnockite series (Howie, 1955,
Figs. 1 and 2j and that of the South Savana charnockites
" (Singh, 1966, pl88-90}. These smooth curves suggest that
the suite of charnockitic granuli;es-was a series of calc-
alkali magmatic differentiates rather than a group of
sedimentarvy rocks. Some anorthosite, anorthositic gabbro
and gabbroic anorthosite from the Adirondack massifs were
also plotted: the analyses were reported by Buddington,
(1939, p30, 36 and 235). Assuminé that little or no meta-
somatism took place during metamorphism, some of the rocks
studied (e.g. J-35, J-80 anéd J-81) may represent some of

the earliest differentiates separated from the anorthositic ‘

or gabbroic anorthosite magma (Boweﬁ, 1927, p89; Bailey, K

1928, pl73; Buddington, 1939, p235, 1969, p2l5, 224-230;
Yoder, 1955b, p1638-1639, 1969, pl3-22; Yoder, Stewart
and Smith, 1957, p206-214; Turner and Verhoogen, 1960,

p324-328) .

From oxygen isotope studies of Adirondack igneous
and metamorphic rocks, Taylor (1969, plll, 119-120)
concluded that most meta-igneous rock types of the area
are enriched in O18 relative to their unmetamoxphosed
counterparts in other localities, so a large fraction of

the present adirondack terrane cannot have been a closed



>
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Figure 53.

-

Variation diagram showing a Mg- Fe-Alk trend
and a calc=-alkali trend in the charnockitic
granulites from the Adirondack Mts., N.Y.
Atoms or ions in atomic %.

BAl to BA4 from Buddington (1939)' BAl—

" gabbroic anorthosite, Adirondack massif

(p235, d}; Ba2= average of 4 analyses of
anorthosite from core of Adirondack massif
(p30, A); BA3= anorthositic gabbro from sheet
in Adirondack massif (p36, no. 25); Ba4d=
pyroxene gabbro facies of coarse anorthositic
gabbro, Adirondack massif (p36, no. 27).
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system during metamorphism. He found only a few relatively
unfoliated metagabbros and some granitic plutons have
'normalj 018/016 ratios (for 'normal' basalts and gabbros
8 = 6.5 to 6.6). A S value of 9.2 was obtained for a
pyroxéne—garnet—oligoclase granulite metagabbro collected
near the present samples J-35, J-63A and J-66 and was
attributed to reconstitution during metamorphism (Taylor,
1969, pll9). In the Adirondacks, the most soéic plagio-
clase of Eﬁe unmetamorphosed anoréhosite series 1is An40,
and the most calcic plagioclase in the guartz-syenitic
series is Ansg (Buddington, 1969, p221l). The above men-—
tioned metagabbroic rocis have clearly undergone recon-

stitution during metamorphism since garnet also appears

(Buddington, 1939, 1952, 1963, 1967). As a result, all
rocks of the present study (except 3-50) have plagioclase
more sodic than An,.- Some of the calcium may have been
used up to make garnet and calcic pyroxene. These amounts
of Ca must be taken from the plagioclase. In aédition, some
alkalies may have been introduced to produce albite and
alkalic feldspars. This is supported by the presence of
slightly zoned plagioclase crystals in some rocks (e.g. J—-35)
with a rim less calcic than the core by an amount of-about

An, to An

4 5°
apart from the possible introduction of a small
amount of alkali elements, and the removal of H,0, the

J .
rocks of the present study are considered to have recrytal-

1ized under essentially 'closed system' conditions.
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From the study of‘coexisting iron oxides (Chapter
VIII) it is evident that the: present charnockitic granu-
lites were metamorphpsed and perhaps formed initially under
conditions of low foz. Thig and the high iron (in particular
$e2+), low Mg and low free silica nature of the rocks, tof
gether with the variation trends suggest that these rocks
were éarly to intermediate'différentiates, resulting from
the fractiocnal ciystallization of a common magma, following
the Fenner's trend of crystallization  (Osborn, 1959, p609,
§18-619). Unlike the Madras charnockites which were due
+o the emplacement of a charnockitic magma (Subramanian,
1962, p2l-36) these rocks were more likely the gabbroic
and ﬁqfitic differentiates of the anorthositic or gabbroic

anorthositic magma in the Adirondacks.
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APPENDIX II -

A Fortran IV cemputer program for analyses of

grain -transitions (randomness test) based on chi sguare test
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~ APPENDIX III

A sample calculation of

test for randomness of crystals in a

‘.

rock

-

“
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A sample calculation of test fot randomness of
crystals in a rock:

SAMPLE J- 35
THE OBSERVED TRANSITION AS. TRANSITION MATRIX A (I, J)=

F ' c a D 0
F 51.000 6.000  39.000 .14.000 - 26.000 23.000
H  4.000 1.000 4.000 °1.000 - 0.0 12.000
c 42.000 3.000 12.000  1%000  21:.000 26.000
A 12.000 0.0 °  1.000  4.000 6.000 5.000
5 21.000 2.000  24.000  5.000 0.0 . 25.000
O 25.000 0.0 27.000  5.000  24.000 °  38.000
4
THE VALUES OF -SX(I) ARE .
sX( 1)= 159.0 ’ e

sX( 2)= 12.0
8X{ 3)= 105.0
SX( 4)= 28.0
sX( 5)= 77.0
sX( 6)= 119.0

THE VALUES OF SY(J) ARE
sy( 1)= 185.0
sy( .2)= 92.0
sy( 3)= 107.0
sY( 4)= 30.0 - ;
sy( s5)= ° 77.0
sY( 6)= 119.0

SUMSX= 500.0 suUMSY= 500.0 ; .

TOTALL= ,500.0 TOTAL2= 500.0 *,
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PROBABILLTY. TRANSITION MATRIX T=

F
F 0.321
H 0.333
¢/ 0.400
A 0.429
D 0.273
0 0.210

H
0.038

0.083
' 0.029

0.0
0:026
0.0

FIXED VECTCOR PI=

c
0.245
0.333

. 0.114
" 0.036
0.312
0.227

0.310

EXPECTED MATRIX E=.

49.290
3.720

 8.680
23.870
36.890

F
H
C 32.550-
A
D
0

3.816
0.288
2.520
0.672
1.848

2.856

34.026
2.568
22.470
5.992
16.478
25.466

A
0.088

0.083

0.010

0.143

0.065
0.042

0.024

9.540

0.720

6.300
1.680
4.620
7.140

INDIVIDUAL CHI\§QUARE 1S CHISQR=

" F 0.059
H 0.021
c 2.744
A-1.270
D 0.345
O 3.832

SUMCHI=Tx5=69-463

The distributlon

1.250
1.760
0.091
0.672
0.013
2.856

0.727
0.799
4.87%9
'4.159
3.434
0.082

2.085
0.109
4.459
3.204
0.031
0.641

.

" 0.164
0.0
0.200
0.214
0.0
0.202

0.214

24.486
r 1.848
16.170
4.312

11.858.

18.326

0.094
1.848
1.443
0.661

41.858 -

l-}??

0.145
0.167
0.248
0.179
0.325
0.319

0.060

37.842
2.856
24.990
6.664
18.326

" 28.322

5.821
0.257
0.041
0.416
2.431
3.307

7/

'0.154

of crystals in this rock is not random since:

2 "
[}:XM=59.46§] >

2 eyl
[xo_gs(v-25{—37.652].

0.238
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1

Observed and expected transition matrices<£gf o

charnockitic granulites from the aAdirondack Mts., New York
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The obaofibd and expected transition -nt:fce-

!o: rock sample J-15. F-—feldspar, E—orthopyrcxene, C—clino-

pyroxane, A-lnphibolo. G--garnet, D-—opaque mineczals,

THE CBSERVEB Tﬂth!TlCN

“F s1.0co
B 4.000
¢ 42.000
A 12.0€2
g 9.000
D 21.060

0 14.000

6-cC0
1.0C0
2.0c0
9.0
0.0

2.800

0.0

39-000 14. 000 T. 030

4.C00 _:.oou 0.0

t2.000 - 1t

000 16,000

1.000 4. 030 24000

15.000 2.000 2.0

24.000 $.000 16.000

12.000 1.000 18.000

IFE EXPECTED TRARSITICA ™ATRIX €110

P 49.292
" 3.720
¢ 32.%%0
A TatlQ
¢ 17.8670
D 23.870

0 19.220

3.816
0.288
2.%20
0.672
1.388
1.0438

1.408

34,0206 9.540 18,762

Z.568 0.720 1.416

22.4T70 4,300 12.3%0

5.992  1.s8C  3.304

12.198 3.420 6.T20

146478 4.¢23 Q.08

13.2¢8

The observed and expected transiticn matrices

for rock sample J-44.

TRE CBSERVED TRAMRSITICN AS 1RlNSITlCN TABLE ALE,J
H D

P aca.cco
B 32.000
¢ 19.0¢CC
L 18,000
D 13.000
0 1£.000

29-CCC ZCfSQJ
6.0cC0 7.0&0
s.CCO 4,000
3.0C0 4,000
8.CCC 3.000

11.0C0 T-C2)

1.720 T.316

THE EXFECTED TFsNSITICN MATRIX E{14d)m

F 241,211
E  42.919
C  30.657
A 25,888
D 23.163
0 34,03

43.1178 30.241
T 5.420 3.878
3.87 . 2.770
3.27% 2.729
2.930 2.093

4.30% 3.CT8

AS TRANSITION TlBLE Alledis

D
26.000
0.0
21.000
6.000
14.000
0.2

3.000

2huhBl
l.848
16.170
4.312
2.778
11.858

C. 548

O==others.

[+
16.008
2.000
10.000
3.200
15.00C
5.000

5.000

19.360
1ob4l
12,600
3.360
b.840
Q24

Tah4l

)=

Q

200800 14.000  20.000
5.000  4.000  9.000
3.000  6.000 7030
1.000  $.000  T.00C
3.000 0.0 7.000
7.000  $-000  2.000

26.726  23.302 © 35.639
3.381 o 2.930 4482
2.401  2.093 3,201
2.027  1.767  2.723
1.814  1.581 2,419
2.068  2.326  3.557



The obsozved and expected

for rock sample J-50.

THE CESERVED TEANSITICN
c

v ¢
F 247.C00 6.CCC 4q.000

i .00 0.0

c 40.0C0 1.0€C0 12.000

A 1a.gco 2.008,

- 215 -

12.000  26.000

3.0 2.330  2.300
4.000  8.000

4.000  4-33C 3.0
2.000 €0

g 21.000 1.0CC 13.C00

D 16.CC0 1.000

0 7.0C0 1.CCO0

6.C00

4.233

THE EXPECTED TRANSITICN MATRI

F 204. 852 7.025  &b.247 2

H 6.38% 0.219

labbl

C  45.85%& 1.5%72 10.350

A 22,637 3.118
G 28.441 0.975
3 23.217 C. 750

0 18.57a 0.437

mhe observed and

for Tock sample J=63A.

I+E CBSERVED TRAASITICN AS T

5.109
5420
54240

4.182

7.000 5.000

54330

X E(Ted1=

5.392

2.831 29.85%6

0. 711
5.109
2.522
3.169

2.587

2.C79

0.930
6.682
3.299
4. 146
3.383

2.708

AS TRANSITION TABLE All¢d)=
A c D

13.000
1.000
4.000
74209
6.000
G.0

8.032

23.410
0.730
5.240
2.587
3.25%0
24653

2.123

transition matrices

- Q
9.00Q

1.000
8.00C
3.300
6.000
%000

1.300

18.733
0.504
4.192
2.210
2.600
2.123

1.690

expected transition =matrices

RANSITION TABLE Afl,J)=

b4 1aofuoo : 7.gco 39:500 94.%00 20?000 365500
|4 R.QCO , 2.000 6,222 6.290 3.002 4.000
c  %0.8C0 7.c00 21.000 21.000 10,000 1Z.000
c e7.cLo 7.C00  32.C00 0.0 20.000 20.000
D 14.CCD 2.000 15.000 22.£00 0.0 10.000
o s.0cC0 4,000 13.000 21.000 13.000 6.000
TME EXPECTED TRARSITICN MATRIX E(l0)=
P 165.178  12.08% s6.C00  12.88%  29.333 19.111
H  12.786 €. 994 4.319 5622 2-262 3.017
C .%3.349 4,148 18.021  23.456 9,440 12.%586
c T.le9 s.690 26.723  32.180 12.95) 1T.267
D 21.177 2.1¢0 q.383 12.213 4.91% 6,553
0 40.122 3.119  13.553  17.641 9,456

T7.099
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The observed and expected tranaltion matrices

for rock sample J-66.

tWE CBSERVED TRARSITICN AS TRANSITION TARLE A(l,J)=

¥ R c C 2 [}
F 180.00C0 23.0C0C 31.0C0 T2.000 31.000 43.000
H 25.0C0 T.C0C 12.000 2.000 13.000 13.000
C 44,000 15.002 22.032 ti.000 16.000Q 1R.008Q
¢ Ti.0C0 2.0C0 11.000 0.0 }4.000 14.000
D 31.CCO T.000 I‘.:Jé 27.330 0.0 11.039
0  47.000 17.CC0 11.000 20.000 14.000 23.000
THE EXPECTED TEANSITICN MATEIX EII.Jl:lﬂ
F 147.11% . 268 sQp.279 S54.632 ShobT4 53.361
R 30.0C1 5.268 g.1%8 9.828 5.041 9,605
€ 52.041 9.2%1 16.027 17.200 14,372 16.809
G 55.148 .6%2 16.792 15,019 14.743 17.639
T 43.868 T.709 13.35%6 164.33) 1l.727 14.007
C 55.14R 9,892 18.7%2 18.C19 14,743 1T.82%9

The observed and expected transition matrices

for rock sazple J-80.

THE CBSERVED TRARSITIC
w H -

N AS TRANSITION TABLE All,J)"
0

P 60.003  23.C00 a.gaa 15f§aa 131330 22.003 za.gaa
H 26.000 67.0C0 44,000 18,000  2.000 3%.000  26.000
C 18.000 3B.€00 13.000  5.000  ?.000 21.000 17.332
A 12.000 21.000  $-000  S.000  3.000 1l.000  7.000
C  9.000  B.CGE  4.000 7.000 0.0 5.000  %.000
q 24.000 42.C000 11.000 8.000 10.0C0 0.0 26.300
0; 16.CCQ 23.006 24.000 5.000 6.000 28.000 10.000
THE EXPECTED TPANSITICN MATRIX E{I )=
P 32.138  42.8%6 22.010 13.829  T.012 23762 22.59¢
H 42.720 S6.701 25,257  18.382  9.321  31.587  30.033
¢ 22.340 29:651 15.29% 9.613 4. 074 16.518 15.795%
A 140109 16.T727  9.863  6.07T1 .07 10.432 9.919
g T.2%1 9.824  4.%68 3.126  ° 1.582 5.361 5.097
5 23,711 3.4TL  16.23%  10.203  $.173  17.532  16.67C
o 22.732  30.111  15.568  9.781 4.060 16.A08  1%.9%1

£
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The observed and expected transition matrices
for rock sample J-81.

THE OBSERVED TRANSITICN AS TRANSITICN TABLE All.))=
4 1433500 34.%00 335000 315300 213%00 zof%oo
B 36.CC0 29.000 28.000 2%.030 27.030 15.030
¢ 30.000 49.000 35.0€0 12.000  23.000 . 23.000
0 27.5€0. 15.000 23,000 0.0 22.000 9.0d0
D 21.0C0 28.000 17.000 19.000 c.0 18,000
0 20.000 15.000 26.000 9.000 * 13.000 °  &.00Q

THME EXPECTED TRARSITICA MATRIX E(I,J)=
F 89.430 53.912  5C.740  30.444 33,615  28.839
B 49.213 ze.ezq 27.634 16.T60  1A.506  15.887
C 83,566  32.309  33.429 1R.245  20.146 1LT.295
€ 29.914  18.033  16.ST2 104183  Ll1.244 9.65%
B 22,065  19.34f  18.21) 1C.526  12.084  1J.357
0 27.733 16.T1E  15.72% S.ahl  10.424 $.94%

The observed and expectod tranaition matrices

for rock sample J-51.

THE CBSERVED TRAASITION AS TRANSITION TABLE A(X,Jd)=
P H c A D o
P 333.000 3n.C0oc 13.000 3.000 12.000 44,000
g 25.0C0 3.000 3.000 1.000 T.000 i1l.000

¢ 11.00d 4.000 1.000 1.000 1.000 0.0

A %.000 1.000 1.000 0-0 1.000 0.0
» 13.ccc a.2co 2.3 1.030 2-0 2.000
o 45.000 8.00C 0.0 1.000 2.000 13,000

THE EXPECTED TRANSITICK %ATFIX Ef(l.))=
P 214,294 44,229 12.84] 4, G604 16.407 £9.936
H 42.009 S.59C 1.739 0.676 2.222 6.T863
¢ 12.783 1.727 0.%22 .233 J.607 2.929
A 4,971 0.899 0.203 C.C79 0.25%% 0.789
3 17.043 2.39¢ 0.;96 0.271 0.889 2.705

0 49.202 6. 289 2.000 2.778 2.55% T.778



The obmcrved and expected transition matrices

for rock samaple J-99.
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- 218 -

THE CBSERVED TRAMSITICA AS TRANSITICON TARLE A(I.J)=

o

117.000

s8.€CO

c
66.000

33.€00

=3,.0€3 © 32.300

39.0C0
23.000

24,000

34,000-
23.200
22.000

A
47.C00

3%.C00

. 14.200

10.000
15.Ca)

.13.000

c
319,000

40.000
4.000
1.000

22.332

20.0c0

D
29.000
19.000
21.000
23.000
9.9

11.C0o0

THE EXPECTED TAANSITICA MATEIX E(TsJd)"

105.374
60.230
hh. 210
41.342
14,488

20.201

672322
43.423
28.313
2ba4 st
22.0:1
19.395

The observed and expected transition matrices

rock sample J=-103.

-

trE CBSERVED TRANSITIC
—F f

2%0.CC0
316,609
41.000
171.C00
24.C09

24.000

30.0CC
11.CCC
11.0C0

&.CCC

9.0C0

10.0C0

43.521
28,239
19.328
17.10¢6
14.255 "

12.4%)

43,579
26.5%)
17.234
18.085
13,404

11. 745

I3.458

21.706

14,008
13.149
10.957

Fa 601

THE EXPECTED TAANSITICN MATRIX E(Tsd3™

230.623
44,012
4E.560
15. 844
25.23%

29.341

L4124
B.42L
1.9822
3.02T7

I 4,820

S.614

[»)
23.000
23.000
11.000
16.000
152229

2.000

20,266
19.598
12.729
11.872

9.89%

§.669

K AS IRANSITINN TABLE AfleJdl~
D

c & 0
«$.000 17.000 27.000  24.000
11,002  2.333  6-300 9229
8.000  4.000  6.000 10.€00
2.000  3.000  1.000  0-0
7.660  1.€00 0.0 2.600
n.000 8.0 4.000  3.000
4R.243  1%.88%  25.386  2R.240
6.267  3.031  4.940  5.389
$.620 3234 5,269 5.749
3.3 1.091  L.TT8  1.940
278 1738 2,832 3,09
6.128  2.021  3.293  3.593
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. The observed and expoct.ed transition matrices
for rock sample J-106.

THE_CBSERVED TRANSITICA AS TRANSITION TABLE A(I,J=

r 2862300 ss.goc 18.c03 aijac zej%uo :4.%00
¥ 47.008  5.00C  8.000  1.000 10.000  9.000
C 4p.CCO igpoo\\' 6.033  5.33C  R.20) 3.0
A 24.000  3.CC0 8.€00  1.000 1.000  7.00C
n ,0¢0  7.C00 11.000  4.008 0.9 3.000
0 204320 1,022 8.c22 £.230 £.303 1.0%0

TrE EXPECTEN TRANSITICN maTatx Fil.Jd)= -

n 2T8.124 47.81¢6 46.G023 28,092 35.284 11.082
§ «7.816  £.174  T.667 4.0z 6.C28  5.313
C a3.632  T.ass 1179 40382 5.501  4.848
A 28.€82 4.$04 42720 a.#81 3.617  3.188
» as.862  6.130 5,600  1.602  4.521  3.98%

o 22.276 %.517 %.210 3.241 %069 3.580
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APPENDIX V

fﬂ//fﬁk Transition series for

charnockitic granulites from the Adirondack Mts., New York



l. Mineral

oD

O v Q¥ O m
Il

£
o
c

Abbreviations used in Appendix V

eldspar
rthopyroxene
linopyroxene

amphibole

g
o

arnet oo

pague minerals

all other minerals,; e.g. biotite + apatite + zircon

2. Spatial

R =
i Rg =

distribution
not random
random
regular
anti-regqular
clustered
anti-clustered

4

3. Uncertainty of spatial distribution indicated by

(s)

(1)

similar wvalues of chi squares and/o: similar
valuesiéf observed and expected transitions
very low wvalues of observed and expected
transitions, e.g. }\.ess than 4 or 5

S
LS

J

~
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-

Transition matrices of transition series I for

rock sample J-35. Total-transitions measured = 500

Transition Series I Degrees of freedom
(in matrix form)
FHCAGDO ' 36
FHCADO ‘ o 25
FECAO 16
FHCO ‘
FEAO -
FCAO s -
HCAO "
FHO 4
FCO ( "
FAO .
BCO
HAO
CAQ
RO
AO "
co "
F "

2
EXM

113.126
69.463
42.224
20,005
17.46
32.65
28.588

4.567
11.606
12.217

110.641

6.202
25.037

1.848

3.610

7.857

0.126

2
X, 95
50.998

37.652

26.296
16.919

Distribution
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_ Transition matrices of
transition series II for rock sample J-35

Pransition series II Exi szgs Observed Expected
Two-phase ' )
Transition matrices .
AA 4 ’ 1.680
cc 12 22.470
HE 1 0.288
FF 51 49.290
.{FB 6 3.720
FE )gr 4 3.720
re §FC. 39 34.036
) cF 42 32.550
FA 14 9.540
FA Jar 12 8.680
BC 4 2.568
EC Jcm 3 2.520
g (ER 1 0.720
. |aH 0 0.672.
o o 1 6.300
ac 1 5.992
go EO 1.848 . 3:841 L 11.712
OH 11 L 11.712
a0 (RO . 3.610 24 26.320
: A 26 28.320
co §co 7.857 93 82.530;
oc 95 84.530
»
ro §¥O 0.126 108 109.710
. OF 104 105.710

- Distributieon

R (1)
AC

(L)

Ry

= (1)
R (1)
ARg{1)
R (s)
L] (S)
Rg

R
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Transition matrices of transition series I

s for rock J-44. Total transition measurements = 731
Transition series I Degrees of freedom ‘in ngs Distribution
FECADO ' 25 134.620 37.652 NR
PHCAD . 16 118.950 26.296 -
FHCO 9 99.532 1l6.919 .
FHAO ' - 108.667 - .o
FCAOD ‘ - 99.964 - -
BCAD . - 9.319 - R
PHO ' 4. 97.644 9.488 _ NR
FCO . " 94.486 - .
FAO - 97.831 " "
HCO . 5.549 - R ‘
HAO - 1.559 - -
CAD bl 2.716 " -.
.HO 1 0.072 3.841 "
A0 " 0.580 " ;/‘\
co . " ‘ 0.620 - L.
FO " - 93.887 - NR
4 /\
-.‘ ™
—\f' - ;J
)
/
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T

Transition matrices of transition series IXI for
rock sample J-44

Transition series II Sx: x2;5 Observed ' Expected Distribution
- Two-phase * : .
Transition matrices
AR 1 2.027 R (1)
cc 4 2.770 = (1)
EE 6 5.438 -
) FF 398 341.310 c
FE im } .29 * 43.178 ARg
) HF 32 42.919
e irc ~ 20 . 30.841 .
. ter 19 . . 30.657
FA %m 20 26.729 .
AF 18 25.888
- BC 7 3.878 R
CH 3 3.878
BA im ] 5 3.361 W (1)
AH 3 3.275 )
A J’ 3 2.401 . . (D
. AC 4 2.339
%O BO 57 57.570! w -(5)
oH 57 ,
{s)
20 AO 37
oA .38
co |° a | (s)
oc o 41
s O 93.887 A " 103 - t
%. o~ © 100 159.689
\ > :




Transitign Series I

FHCAGDO

FAO
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-

Transition matrices of transition series I for
rock sample J-50. - Total transition measurements = 603

Degrees of freedom

36
25

2
qu

A

118.266
97.766
68.271
62.679
55.843
§2.927

8.315
50.467
58.403 .
52.750%

2.506

6.000

1.836

0.228

0.989

0.348
49.748

\

2
X.95

50.998
37.652
26.296
l6.919

Distribution

NR



- 226 -

rock sample J-50

| 4 .
e e 2 2
Transition Series IX zxn X 95 Observed
Two—-phase *
Pransition matrices
AA 4
cc ' 12
HH ) 0
FF ’ 247
FH %FB 6
- HF 5
< pe (FC _ 40
CF ' 40
FA FA 12
AF 14
HC BC P
CH 1l
e 2
AR 2
cA i 6
ch -
i AC 4
go {H5° 0.228 3.841 1
0l , 12
a0 10 0.989 - 35
oA D 35
co ¥° 0.348 °+ " 67
ocC . 67
ro (O 49.748 - 106
oF : 103

% .
ees)
._ss.ssot

|

a
Expected

2,522
10.350
0.219
204.892
“7.025
6.385
46.247
45.854
22.831
22.637
1.441
1.572
0.711
0.776
' 5.109
5.109
10.781
11.781
36.478
36.478

68.650
148.108
145.108

Transition matrices of transiton series II for

Distribution
R
* (1)
c
ARg (s}
ROO(D)
= (1)
"”_(s)
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) Pransition matrices of transition series I for
rock sample J-63A. Total transition measurements = B46

Transition Series I Degrees of freedom zxi X?g‘ Distribution

FHCGDO 25 99.730  37.652 NR

FECGO 16 77.686  26.296 "

'FECO 9 .20.674  16.919 -

FHO 4 10.136 9.488 "

FCO ' " 11.756 " -

ECO " 5.735 " R

EHO - 1 1.091  3.841 -

co .- 0.675 " " .

FO . . 3.928 " NR (s)
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Transition matrics of transition series II for

rock sample J-63A

2

Transition Series ;;6 :xH X g5 Observed
Two-phase *
_ ~Transition matrices
cc 21
HH _ 2
FF 180
- 1?3 7
BF 8
e 1FC 39
: CF 50
He %BC 6-
CE 7
HO ‘Ho 1.091  3.841 27
OB 27
co 1<° 0.675 - 100
oc 105
ro O 3.928 . 196
OF . . 193

Expected

18:021
0.994
165.778
12.889
12.786
56.000
53.349
4.319
4.148
28.006
28.006
102.979
107.979
210.222
207.222

Distribution
R
" (1)
c (s)
ARg
-

.
|
|

ARg{s}

é@\
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Transition matrices of transition series I for
rock sample J-66. Total rransition measurements = 5967

Transition Series I Degrees of freedom zx; x?95 Distribution
FHCGDO - 25 129.616  37.652 NR
FHCGO 16 §6.213 26.296 -

FECO 9 14.733  16.919 R
FHO 4 5.237 9.488 "
FCO ‘ \ . 6.984 " .
HCO .. 11.172 " . NR

HO 1 0.648  3.841 R ‘
co - " 2.933 " " -

FO " 2.911 " "
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.
Transition matrices for transition series II for
rock sample J-66
2 f-\ 2"
Transition Series II Ixn X g5 Observed Expected Distribution
Two—phases * *
Transition matrices
cc 22 16.027 R
EH 7 5.286 -
FF 180 167.115 -
FH %FH N 23 . 25.369 -
HF 25 30.081
FC FC ?1 50.879 = (s)
CF 44 52.641
e {BC 12 9.158 Rg
CE 15 9.251
HO %‘m 0.648  3.841 s §6.714 R
OB 64 65.714
co co 5.933 " - %04 109.973 "
’ oC 101 106.973\ -
7O FO 5.911 " 220 232.885 -
OF 224 236.885



T
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Transition matrices of transition series I for

rock sample J-80.

Transition Series I

FHCAGDO
FECAGO
FHCAO
FHCO
FHAO

4FCAO
HECAO

- FHO
FCO

Degrees of freedom

36
25
16

2
:XM

143.926
95.660
71.942
67.405

50.548
51.773
32.316
47.914
45.243
41.094
25.291

6.701
4.838
3.412
1.687
0.462
37.310

2
X.95
50.998
37.652
26.296
16.919

Total transition measurements = 842

Distribution

NR
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Transition matrices of

transition series II for rock sample J=-80 2
Transition Series II 2 2
Two—-phase ZxM X g5 Observed Expected Distribution
Transition matrices *
AA 9 6.071 R
cc 13 15.299 »
HH 67 S6.701 "
FP ) - 60 32.138 o]
FE{FH 20 42.656
ARg
. HF 26 42.7204%
FC FC 8 22.008 .
CF 18 - 22.340

Fa JFA 15 13.829
* ({s)
AF 12 . 14.109
gc JBC 44 29.257 .
cH 38 29.651 9
HA i8 18.382
HA R (s)
AH 21 18.727
ca JCR 5 9.613 .
ac 9 9.663 . »
go JEO 3.412 3.841 151 161.299 .
OH . 152 162.299
a0 JA° 1.687 _ " 63 65.929 .
oA . 62 64.929
co I€@ 0.462 - .101 58.701 .
oc . 100 97,701
Fo JFO 37.310 . 104 131.862 g -
OF 105 132.862



S
f
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/
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Transition matrices of transition series I for

rock sample J-8l.

Transition Series I Degrees of

FECGDO 25
FRCGO 16
FHCO 9
FEO 4
FCO -
HCO -
HO 1
co -
FO -

freedon

Iy
160.777
123.631

95.138
89.122
84.350
17.074
13.108,
0.197
81.600

2

37.652
26.296
16.919

9.488

3.841

X_ g5

Total transition measurements=9%05

Distribution
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Transition matrices of
transition series II of rock samples J-81

Transition Series II

Two—-phase . an X g5 ‘ Observed * Expected Distributicn
Transition matrices * :
cc . 26 27.934 R
EH 49 32.309 o
FF 148 §5.430
rm JFE | 34 - 53.912
HF ) 30 53.596
rc JFC 33 50.740 .
CF _ 36 49.233
He %ac . 35 30.409 2
. cr 29 ~~)29.680 g
HO '%30 13.108  3.841 123 139‘691} AR
or 121 137.6951 g
co feo 0.187 . 132‘ 130.066l <
Hoc - 134 132.066 ‘
FO %FO 81.600 " 139 197.570E an
oF 134 1582.570 g

et
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Transition matrices of transition series I for ‘
rock sample J-92. Total transition measurements=621
T;ansition Series I Degrees of freedom in ) xfgs . 'Distribution
FHCADO ' . 25 60.634 37.652 NR
FECAO 16 38.519 26.296 -
FBCO . 9 28,808 16.9159 "
FHAQ - 2B.638 - b
FCAO ' - 21.880 - .
HCAO - . - 13.784 " R
FHO 4 25.137 9.488 NR
FCO N - 14.768 - .
FAO . 14.575 " -
HCO .o . 6.267 .
HAO . . 2.150 . -
cRO . 7.129 " ‘ -
HO 1 1.836 3.841 - -
0 - 0.081 - -
Co " 0.465 * -
FO ) . © 12.961 . MR
—
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Transition m&trices of .
transition series II for rock sample J=-92
Pransition Series II 2 - 2
Two-phase Exn . X g5 Observed Expected Distribution
Transition matrices * . - A
AA 0 0.079 R \
cc 1 0.522 ol :
. EH N 3 5.990 »
FF ) ‘ ) 333 314.594 c
- %FH . N 38 44.229
HF : 35 42.609 ARg
pc |FC 13 12.841_ .
CF . 11 12.783 ,
A y 3 4.994
FA
_ %ir ) 4 - 4.971 oo
HC 3 . 1.739
BC .
cE ) 4 1.797 R D)
HA 1 0.676
HA
AH 1 0.699 -4
ca : 1 0.203
caA -
iAc 1 0.203 (1)
HO §H° 1.836 3.841 57 54'010; .
OB : 59 ° 56.010
A0 {Ao 0.081 - 7 6‘921£ .
OA , 7 6.921
co {co 0.465 " 17 17.478& _
oc v 17 17.478
ro JFO 12.961 « 10 128.406% e
oF : 108 126.406 9




-rock sample J-99.

Transition Series I

FCAGDO
FCAGO
¥CAO
FCO -
FAO
CAQ
y.Ta)

co

FO

237 -

Transition matrices of transition series I for

Degrees of freedom Zxﬁ

25 97.760

16 77.141

S 20.037

4 12.734

- 9.553

= 6.295

‘ 1 1.370
- 4.148

o 2.830

N

X?as
37.652
26.296
16.919

9.488

Total transition measurements=987

Distribution



Transition Series-II
Two-phase | sz
Transition matrices

AR
ccC
FF

FC ti
= er

FA {PA
AP

CA
AC

A0 igo 1.370
oa

co Taa T 4.8
oc

FO ;m T 2.830
" loF

CA

r

v
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_ Transition matrices of
transition series II for rock sample J-99.

X_ 95

3.841

r

Observed

14
33
117
66
58
47
53
35
32
121
120
175
174
204
207

Expected

18.328
43.623
105.374
67.322
68.280
43.581
44.316
28.239
28.313
115.572‘
115.672
164.377%
163.377
215.626
218.626§

. Distribution

Ry
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Transition matrices of transition series I for

rock sample J-103. Total transition measurements=668 T
Transition Series I Degrees of freedom Xxﬁ ) 1?95 Distribution

FECADO - 25 35.993 37.652 NR
FHCAO : 16 '34.712 26.296 -
FECO 9 24.302 ' 16.919 -
FHAO : ' - 25.622 - -
FCAC : - 22.747 " "
HCAO " 7.811 - R
FEO ' 4 16.976 9.488 NR
FCO : " 11.697 " -
FAO : - 18.741 " -
HCO - 2.684 . . R
ERO - 5.461- . "
cao - 4.870 = -
HO 1 0.994 3,841 -
A0 - 3.625 - = (s)
co " 0.437 " -
FO .  9.572 o NR
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) Transition matrices of"
transition series II for rock sample J-103

Transition Series II 2 5

Two-phase qu X g5 Observed Expected Distribution
Transition matrices * - .

1l -

AR 3 1.091 R (L)
, < 8 . 9.820 -
:  BE 11 §.421 .
FP - 250 230.623 ¢
FH : 30 44.124
FH
;ar 36 s4.012 ARg
. isc 45 48.242 .
cF a4 46.946
o im 17 15.885 .
AF 17 15.844
BC iac 11 9.207 2
. cH 11 8.982
2 3.031
HA .
ﬁ _ 4 3.031 )
ca 4 3.234
ca = (1)
ac 2 . 3.314
go {50 0.994 3.841 64 66‘569} .
oH 64 66.569
A0 ;ao 3.625 i 24 25.909% .
oA ‘ . 24 25.909
co ¢ . 0.437 " 72 70'180} .
oc _ . 74 72.180
0 3?0 “9.5T - 143 152.377} ARg
oF 142 161.377

-
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Transition matrices of transition series I for
rock sample J-106. Total transition measurements=78§3

_Pransition Series I Degrees of freedom
FHCADO - . -25
FHCAO 16
FHCO g
FHEAO . - "
FCAO " '
HCAO »
FHO
FCO "
FA0 =
BCO ‘ -
EAO -
CAO "
=t ‘1
-AO "
coO "
FO . "

I¥y
44.354
37.642
14.682
21.213
11.947
13.685

6.573

7.019

5.748

5.854

8.710

1.913

1.529

1.392

0.237%

0.870

2
X_g5
37.652
26.296

16.919 .

Distribution

g = % = = = ®» ¥ % 1 2 m g; -]



Transition
Two-phase
Transition

AA
cC
EB
FF

FH

FC

FA

BC

HO

co

O

Series II

matrices

|

iFA

FC
CF

HC
CH

AC

|

|

o

HO
OH
AQ

Cco

FO
OF

2

Xy

1.529
1.392
0.237

0.870

‘,l
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P

Transition matrices of
transition series of rock sample J-106

2
X, 95

3.841

Observed -

1

6

5
286
55
47
38
43
31
24

th W W W W

75
75
47
46
67
71
182
ig2

Expected

2.881
7.179
8.174

279.724

47.816

47.816

46.023

43.632

28.092

28.690
7.867
7.458
4.802
4.904
4.382
4.720

71.826

71.826‘

45.119

44.119&

65.821E

69.821

188.276}

188.276

Distribution

R (1)
" (s)

" (1)

-
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APPENDIX VI

Mass-balance of chemical reactions

36-40
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b

oNz BSE°0 + WI1 £8660°0 + IH S05S0°0 + JA $LLIT°0 + 9Y $9L1°0 + uy 695Yy'0 + xdg z6Y6Z°'0 + %40 {9208°0 = 23b 0*T + 192 68611°0 + yduy 85e°0

oﬂz 91Z2°0 + 911 98950°0 + A 89E02°0 + q¥y 85920°0 + u¥ S8ELY'0 + xdo o 1 = 3H 9%Z70'0 + 13D TLLEL'O + xd) wﬁmnq.o + 3up IY107'0 + OF4 £L01°0

O%H 28¢0%°0 + ©TI TZ9IT'0 + IH 6£0ZT°0 + JA SHITI0'0 + AY 9LTBZ'O + WY €G6ZE°0 + OFE 60ZTT'0 + xd0 0°T + %0 §9€°0 = ¥3D 1TI66'0 + yday £9°0

o%H 190920 + BII 9L180°0 + IH €10TT 0 + QY [YLEL"0 + Uy 8E9YT°0 + o7 $H6ZT'0 + VD 9690°0 + XdD 0°T = JX LL50°0 + 23h 95619°0 + uday L56€5°0.

O%H SL9CE°0 4+ WIL 2£260°0 + 3H 19LZ0°0 + QY [STET°0 + U¥ €ET6Y°0 + A 91SIT'0 + %40 ZTZ6'0 = X9D ZY691°0 +

yday £CEYZ 0 + °1d TL9%0°0 + 23D 0°

W10} paous{vq-EBER

xdg + xdg = 2D + yday
xdp = xdp 4 avy + o014
org + %43 + 4o = wdoy
o1g + U9 4 xdy = yday
x40 = awg + yduy + OFH

thaoy 110§

QUOFIOESI [VWOTSAYD FO PIUR[Eq-FEVH
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PLATES



J—éS Representative ®f the plagloclase-two pyroxene-garnet-—
amphibole-biotite~quartz-iron oxide mafic granulites (moritic to
gabbroic) showing fine grained, granoblastic texture. Certain mafic
mineéals appear to assoclate prefereﬁtially. (Plane polarized light)

J=50 Fine to medium grained two £ ldspar-c¢linopyroxene—
amphibole-garnet-biotite~quartz—iron oxide\mafic granulite showing
slight porphyroblastic texture. Also note the euhedral or idioblastic
garnet, antiperthite, and ilmenite rimmed by quartz. Feldspars appear
to be clustered. (Partial polarized light)

S
v,

N



246 -




J-81 Fine grained two feldspar-two pyroxene—garnet-biotite-
quartz-iron oxide mafic granulite (noritic to gabbroic) showing
granoblastic-foliated texture. Mafic minerals-aypear to be clustered.

(Plane polarized light)

J-92 Fine to medium grxined, intermediate, K-feldspar-rich
two feldspar-two pyroxene-garnet-biotite-quartz~iron oxide farsundite
showing serial porphyroblastic texture. Alsc note the feldspar-quartz
myrmekite and the coexistence of tod perthite, mesoperthite, and
microclipe perthite. Preferred mineral association is not obvicus here.
(Partial polarized light)

e






-
J-99 TFine grained equigranoblastic plagioc1ésé—cliﬂqayroxene—
amphlbole—garne

t-biotite-quartz-iron oxidedméfic granulite (anorthositic
to gabbroic).

Garnet symplektite with quartz, ironm oxide and plagio—

clase are shown. Most minerals appear to be randomly distributed.

(Polarized light)

N |

J-106 Fine grained equigranoblastic two feldspar—two pyroxene—
amphibole-biotite—quartzriron oxide mafic granulite (gabbroic to noritie).

Minerals appear to be randomly distributed. (Partial polarized light)

w

[

-

/
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