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ABSTRACT

part Is The arsa studied is situated on Somerset Island,
District of Prankiin, NeWeie

Most of the rocks in this area are Proteroszoic
matamorphics of granulite facies. It is suggested that
these rocks were formed as the result of relatively high
temperature and water pressuxe, and low confiring pres-=
sure for the granulite facies.

Part IXIs The distribution of magnesium, bivalent and
trivalent iron, manganese, titanium and calcium between
coexisting orthopyroxene and calcic pyroxene in the
granulite rocks was studied.

From the shape of the best fit coefficient of
distribution curve with respect to magnesium and bi-
valent ircon, it is concluded that the distribution of
these ions in orthopyroxene is nct ideal.

The coefficient of distribution of manganese

to decrease towards unity, that is, approach ideality

with increasing temperature.
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It is suggested that an exchange squilibrium
existec between trivalent 1:0# and titanium, provided
that titgaium is assuxed to de trivalenmt.

Calcium is not involved ia an exchange equil-
ibrium in ccaxisting pyroxernes,

A teatative geothermometer is proposed on the
basis of Gho coefficient of distribution of magneaium
with respect to bivaleat irom, and of the coefficient
of distribution of manzanese with respect to magnesium
and bivalent iron., From this geothermometer, a range of
temperatures and pressures for published pyroxeme pair
analyses in granulitic rocks is established. The teap-
eratures and pressures range approximately between 680° C
with a preasure of 5200 Atm and 760° C with pressure of
3000 Atm.

 With this geothermometer, the values for the
rocks from the Stanwell-Fletcher Lake area are 785° C

with ssrresponding pressure of 3,050 Atm.
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INTRODUCTION

The area covered by this thesis is situated on the
central portion of Somerset Island.

More piac:isely the area concerned in this work is
situated between the south-eastern end of stanwell-Fletcher
Lake and the westernmost part of Creswell Bay. It is geo-
graphically bounded by latitude 72° 41° N and 72° 49' N
and longitudes 94° 05' W and 94° 39' W, The area has been
mapped at one-half mile to the inch scale, and covers ap-
proximately 50 square miles., It is known as the Union
River area.

Access to the area is by aircraft, Nordair Aviation,
Limited which has weekly flights from Montreal, Quebec, to
Resolute Bay, District of Pranklin. From there chartered
light aircraft provides transportation for the final 134
miles to the base camp, which was situated on the eastern
shore of Stanwell-Fletcher Lake, oppositae the gouthernmost

and the largest island in that Lake (Pigure 1).
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Figure 1: Arca mapped is located by the red square on Somersct Island.
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PART I

REGIONAL GBOLOGY



In the early days of ar_-'s exploration, the
purpose of many expeditions was the discovery of the
Northwest Passage. Any scientific observations made during
these expeditions were of a secondary interest. |

3omerset Island was discovered by Parry during his
first voyage to the arctic in 1819-20. Later, in 1822-25
hs followed the sast coast of Somerset Island and moted That
the cliffs on tho west coast of Prince Regent Inlet were
predominantly limestone with beds of gypsum (Appendix 3rd
voyage) .

Sir John Ross (1829-33) noted limestone at Cape
Gary (p.112), and both limsstone and granite near Possesaion
Point (p.116), where the coatact between the Precambrian
and the Paleozoic is exposed.

A party led by James C. Roass, including F.L.
McLintcck, explored the east, north and west coasts of
Somerset Island, noting ths presence of ngrenite' on the
west coast (McLimtock, 1857).

Purther work of geological interest was the des-
cription of fossiis by A.EB. wiisem (1339, 1940 and 1032),
based on collections made by Nichols, Learmouth and Shudman
reapectiveiy.

Fortier {1548) mads s= aircraft survey and noted
the presemce of crystalline rocks on the western portion of

the igland. Operation Franklim, carried out in 1955,
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outlined the main geological boundaries (Fortier et al, 1963),

The arching character of the gaeological features was pre-
viously established from the study of the Cornwallis fold
belt (Portier et al, 1954).

Blackadar (Blackadar and Christie 1963 Biackadar,
1967) who carried out field work in 1963, subdivided the
Precambrian into seven major rock types, three of which
apply to the area mapp&d by the author. These rock typés

ras biotite~hornblende gneiss; quartz-feldspar gnélss and
gabkro,

Expeditions led by Dr. D. L. Dineley i the
University of Ottawa, began geological field work in 1964
and continued in 1965,

This work is part of the 1965 expedition.




GENERAL GEOLOGY
All consoiidated rocks in this map area can be subdivided
into 3 distinctive typess
1) Paleosoic rocks.
2) Proterozoic intrusive rocks,
3) Proterozoic metamorphic rocks.
Paleozoic Rockss (8)%

Paleozoic rocks, which are assigned to the Cambrian
by Christie (Blackadar and Christie. 1962} on the basis of
fossils identified by A. ﬁ. Norrise, collected near Kangikjuxe
zake, Lower Boothia Peninsula, are located on the east edge
of the map area. Along the north shore of Creswell Bay,
these rocks unconformably overlie the Precambrian. The un=
conformity does not appear to be a faulted boundary, though
evidence of strike slip movement (slickensides) in the under-
lying Precambrian rocks was noted,

The Cambrian rocks at this point are approximately
150 feet thick and are composed at the base of a poorly son=
solidated, medium-grainsd, white cross=bedded orthoquartzite.
The remainder of the unit is composed of shaly dolomites,

stromatolitic dolomite, intraformational conglomerate, and

other Paleosoic rocks were notad on the islands in
Creswell Ray, and cn the south shore of the Bay. These rocks
are also assigned to the Cambrian (Blackadar and Christie,
1963), though they were not studied by the author.
Y. Tumbers In parenthesis refer to map units.
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The only other unmetamorphoged sedimentary rocks
classed as ?Paleozoic noted in the area occur as an outlier
in <he north-west portion of the map area., This rock is a
silty dolarenite of light buff coloux. Very little rock is
in place and the age of the outlier is uncertain.
?Proterozoic Intrusive Rockss (7

Basic rocks thought to be late Proterozoic. or early
paleozoic (Blackadar and Christie, 1963) are found in the.
form of dykes and as a small pipe in this map area.

The dykes are of 3 types, and are subdivided as
followss
7) Diabase (ophitic variety of gabbro) (10t)e
7a) Diorite (5%)

7b) Pigeonite gabbro (northern=most dyke near Stanwell-
Fletcher Lake) (1%)

The dykes as a rule are parallel to lineaments and
are thought tc occupy structurally weak zones., Two trends
are distinctive. Those following an east-west alignment tend
to have a width of about 10 to D feet, and those bearing
N35°W average in width around 200 feet. The composition of
the dykes cannot be related to their trernds in an area of
this size.

A small circular diorite body was iocated in the
north-west section of the map area, The diameter of this
body i5 70' and it is thought to be a amall pipe.
mhe basic intrusive rocks weather moderate reddish

brown and are generally well jointed parallel or at 90° to

¥ Hote = number in bracket with 't' Bufrix indicates the

number of thin section for that assemblage
b}




the dyke wall.

Contact effects are limited to a narrow chilled
margin within the intrusion, though no glass was noted.
Tha country rock is unaffected.

PRCTEROZ0IC METAMORPHIC ROCKS

The metamorphic rocks of Somerset Island were form=-
erly ghought to be Archean in age, (Blackadar and Christie,
_1963) but potassium argon dating on biotité has shown them
to be Proterosoic.

Ages obtained on Somerset Island and on the Boothia
Peninsula are as followss
A) Somerset Island: 72° 38' N, 94° 28' W,
Ages 1,670 % 50 M.Y.
Rocks Biotite=hyperathene-quartzmmic:ccline-plagiuclase gneiss,.
Reference: Wanless et al 1965, p. 24.
Note: This place is located 7.2 miles from the mouth of the

Union River on a bearing of 2289,
B) Boothia Peninsula, 71° 18° N, 95° 55' W.
Ages 1,635 % 50 M.Y.
Rock: Eiotite-hornblende-pyroxene-quartz-microcline-
plagioclase gneiss.

Referencet: Wanless et ai, 1585, p. 24.
Pegmatite (6)

Coarse pegmatite occurs as lenses in various gneisses.
These lenses are parallel to foliation trends, Since iargs

granite bodies are absent in the area, the pesgmatite lenses
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are probably the result of localized melting during meta-
morphism and are therefore classed as metamorphic rocks.

The next five units are gneisses, which are con~-
sidered by Blackadar (1967) to be of sedimentary and vol=-
canic origin.

According to Blackadar (1967):

»ividence for the non=igneous origin
of much of the gneissic complex is
widespread. The presence of bands
of crystalline limestone interbeddec
with the gneisses near Bellot Strait
suggests a sedimentary origin for
both the enclosing gneisses and the
carbonate bands, Similarly, many of
the leucocratic gneisses contain
abundant plagioclase and gquarts,

and some still exhibit gradation be-
tween coarse and fine-grained layers.
such rocks may be metamorphosed ark-
ose, Hany melanoccratic gneisses may
be derived by metamorphism of argil-

laceous sedimentary rocks, but others
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are obviously of volcanic or igneous origin.....

Anphibolite bands, present in both map-

units 1 and 2 (G.5.C. Maps P.,S. 3=-1967), may locally
form up to 20 per cent of the rock. They may be de-
rived from marly or calcareous sedimentary rocks,
basic or ultrabasic intrusive rocks, cr volcanic
rocke. In Boothia-Scamerset map-area no relic
textural features were found that could establish
their original nature.”

Subdivision of the 2 units in the area studied
here is mainly on the basis of physical field characteristics,
such as colour index, main rock forming minerals, banding,
continuity of the units, a feature usually visible on aerial
photographs and weathering properties,

Banded Quartz-feldspar gneiss (5)

This unit corresponds in part to Blackadar's
unit 2. The rocks as mapped by the author are essentially a
banded gneiss complex in which units vary from 2 inches to 15
feet in width. These rocks are characterized by the presence
of biotite quartz and potassium feldspar. Within this unit
are several sub-units of which one key unit in the eastern-
mogt part of the map area ic compoged of a quar tz-microcline-
plagioclase~garnet-sillimanite assemblage. Sillimanite is a
ve.y minor sonstituent. The presence of sillimanite and
kyanite in this unit tends to favour a sedimentary origin
for these rocks, though a velcanic origin cannot be ruled

out,
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A summary of assemblages encountered in this

unit is listed below. All are reported by Blackadar

(1967) as baing in his uzit 2, except for assemblages

5 and 6.

l. Quart:-mic:ocline-plagioclase-biotito-garnet. (2%)

2. Quart:-microcline-plagioclascnbiotita-clinopyroxene.(Zt)

3. Quartz-microcline-plagioclase-biotite~hornblende-
orthopyroxene. (1*’)

4. Quartz-microcline=plagioclase~biotite~orthopyroxene-

clinopyroxene. (4%)

Also assigned to this unit are those felsic rocks

that have over 50 per ceamt quartz content. These rocks are

not biotite bearing assemblages, but ae physically associa-

ted with them,

5.

6.
7.

Quartgz-microcline~plagioclasa~orthopyroxene=
clinopyroxene-kyanite, (lt)
Quarta-microcline-plagioclase-garnet-sillimanite. %
Quartz-microcline-plagioclase~orthopyroxene=

garnet, (3%

The garnets have a refractive index of 1.716,

which is slightly higher than the value for pyropes. They

are, therefore, thought to be near the pyrope end member

ir the

pyrope-almandine series; although refractive index

of the garnets varies from red to black in hand=
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specimen, Pyrope garnets have been reported in metamorphic
rocks from other granulits areas (Wilson, A. F., 1959).

| Of the specimens studied in part II, numbers g,
34 and 36 come from this unit,
Migmatites (4)

The rocks are predominantly "lit par 1lit* mig=-
matites made up of narrow bands, varying batween 2 and &
inches thick. The felsic component comprising assemblages
1 and 4 are interbanded with mafic assemblages 2, 3 and 5.

The mafic members comprise approximately 40 per
cent of the unit. The felsic members are gneissic and
fine-grained, showing igneous texture only locally. This
leads the author to believe that the banding is primarily

a sedimentary feature. The following assemblages vere

noteds

1, Quartz-microcline-plagioclase. (3t)

2, Quartz-plagioclase=-(orthopyroxene and for
clinopyroxene) . (St)

3. Quartz-microcline-plagioclase~hornblende. (2‘)

4. , Quartz-microcline-plagioclase=biotite. (1t)

S5 Microcline-plagiociase~-orthopyroxene=

S 1133?"::"‘5“ achnrnhland a=hiont itea. (lt)

gneisses: Hich Content of Mafic Minzrals (3)

These are melanocratic gneissic rocks almost

M
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approaching basalt in compoaition and are most probably

mstavoloanic.

This may be one of the "silla" reported by
Blackadar., (1963) but because of the persistent thickness
of the unit within the map ares, the author tonds to
classify it as a voloanie. 7This rock has relic igneous
texture in some specimens which could be preserved during
regional metamorphism. Ths pyroxenes from this unit, as
sosn in ravt II, are apparently in equilibrium with the
othar spacimens from tha region. The possibility that this
rock type, vhers lczated, could be a sill, cannot be over-
looked.

Assemblages noted from this unit:

1. Plagioo1ano~or&hnpvroxnno-clinopyroxano-hornblondo
and/or biotite. (3%)

2. Plagioclase-clincpyroxene-hornblende and/or biotite. (¢%)

3. Plagioclase~-orthopyroxene~korablends. at

4. Plagioolaso-orchopwroxonaoclinopyrbxsﬁe.(1t)

5. Plagioclase~orthopyroxens-biotite-garast-sapphirine. (1%

Sapphirins was identified in only one specimen.
It is a characteristic but rgre mineral of tho'uppor
granulite facies. Positive identification was by X-Kay,
table #1, and can be ssen as ths dark blue mineral in plate

1
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Of the specimens studied in Part II, number 94
comes from this unit.
Mafic gneisses) intermediate content of mafic mineralss (2)

These rocks are very similar to unit 3, but have
a stronger predominance of fslsic material, that is, they
are approaching the com=position of andesite. The assembla~
ges assigned to this unit are as follows:
1. Plagioclase-orthopyroxene-clinopyroxene (biotite). 3%

2. Plagioclase-orthopyroxene-clinopyroxene, (%)

Layered gneissic quarts dioxites (1)

These rocks are quartz diorite in composition,
strongly gneissic with very little banding. These rocks
would be included in Blackadar's unit 1 and are very wide~
spread., It was not possible to determine whether these
rocks are sedimentary ox volcanic in crigin. These rocks
can be mapped as a unit. The beds within the unit vary
between 1 and 10 feet in thickness.

The assemblages found are as followss
1. Quartz-plagioclase-orthOpyroxene-biotite. (2%)

2. Quartz-plagioclase-clin0pyroxene-hornblende. 3%
3. Quartz-plaqioclase-orthOpyroxene-clinOpyroxene

(biotite and/or hornblendej. 5%

4. Quartz-plagioclase=orthopyroxene=clinopyroxeine. (%)

Of the specimens studied in part II, number 1

comes from this unit.
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STRUCTURAL GEOLOGY

The area is cut by many topographic lineaments which
control the drainage pattern of the area.

A fault extends along the north shore of Creawell
Bay, then a.ross the map area in an east-west dixection,
leaving land near the north end of the main island in Stanwell-
Fletcher Lake. This fault has as topographic expression a
scarp which extends the full length of the area, The north
side of the scarp is approximately 1000 feet higher than the
southern side. In the rocks along this fault, there is
commonly evidence of retrograde metamorphism marked by the
presence of epidote., There is a rock type change across this
east-west fault in the westernmost end, The extent of the
movement was not determined,

A small branch fault, with sinistral offset was
ncted on the north side of the scarp near the easternmost
large inland lake. The approximate bearing is N 45° W, and
horizontal offset of steeply dipping layers was measured at
200 feet along this fault,

In the central portion of theaea where the
foliation has a strike near 00° &ith a dip near vertical,
the rock units have a deflection in the tremd which sug-
gest dextral movement along the east-west bearing fault.

A second major fault was traced along a bearing
of N 30° W and is marked by topographic depression. This

fault has a change ir rock type across it. 7he trend of
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this fault parallels the east and west boundaries of
Stanwell-Fletcier iake. This fault is also paralleled
by two basic dykes,

The foliation, determined by gneissic layer-
ing of hornblende and biotite, is on a bearing of N 30° w
in the western sector of the map area changing to due
north in the eastern sector across the above mentioned
N 30° W bearing fault.

Minor folds were noted in a few localities but
wvere too few in numbers to be significant.

One large fold was noted near the eastern bound-
ary in the northeast cornmer of the map area, The full ex-
tent can be traced by aerial photographs.

Several lineaments parallel the east-west fault
though no apparent movement is noted. The Union River is
controlled by the presence of one of these lineamenis.

A second main lineament trend has a kearing of
N 30° W and is parallel to stanwell-Fletcher Lake. This
is parallel to what is thought to be a downfault block

which is occupied by the Lake (Dineley 1965).
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CONCLUSION

From the study of this area, there is no apparent
basis for the subdivision of this area of the granulite
facies into a lower and higher temperature group on the
basis of thie presence or absence of hornblende and/or
biotite (Turner amxd Verhoogen 1961) . Pyroxene granulite
assemblages are interbedded with hornblende amphibolite
facies rock.

De waard (1963) outlined a new subdivision oi
the granulite facies. De Waard's (1963) classification
is six fold. It is subdivided into 3 groups, each made
up of a subfacies with hydrous minerais, such as biotite
and hornblende, and one without hvdrous minerals.

The lowest pair is characterized by the presence
of cordierite. The second pair is characterized by the
presence of orthopyroxene and plagioclase. The third pair
is characterized by a clinopyroxene-almandine association,

From the assemblages studied in this work, the
existence of a cordierite isograd appears likely. The
presence or absence of hydrous minerals is probably de~
pendent on the porosity and permeability of the original
rocks as hydrous and anhydrous assemblages coexist,.

The coexistence of the various other subfacies
lends doubt as to the existence ot de waard's garnet isograd,

Prom the tentative temperature and pressure defined
in part II of this work, and thc praesence of hydrous mineral

assemblages, the rocks studied in thie thesis originated under
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high temperature, relatively low pressure for granulite facies
rocks and under relatively high water pressure.



PART II

ELEMENT DISTRIBUTION

IN COEXISTING PYROXENEZ
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FOREWORD

The notations used herein are as follows:

891

ML

Gibbs free energy

excess chemical potential
absolute temperature
pressure

enthalpy

volume

gas constant

mole fraction

mole position in unit cell
distributicn coef ficient
solid solution

chemical potential of a component i

number of moles of i in a system

Chemical formulas that form subscripts to G,

H, and V refer to phases, and those which form sub-

scripts to X and uE refer to components of solid sol-

utions. Fe and Mn refer to bivalent iron and manganese

unless otherwise indicated.



Data calculations, with the exceptions of those
involving distribution coefficients with reference to tri-
valent titanius and iron, were performed by an IBM System 360
digitsl computer programmed by Mrs. A, Hurd of the University
of Ottawa Computing Center.
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FURPCSE _OF WORK

The rocks uader study are confined to a section
borderiag ths south-sast and soutia-wesi and of Stanwell-
Fletcher Lake on Somersev Island, N.W.T. (fig. 2). All
rocks within this area are assigned to the granulite
facles snd have evidently originated uadsr unifora
temparature aad pressure conditions.

Several of the various granulitic rocks contain
co~existing orthopyroxene and monoclinic caleic pyroxems.

The object of this work is to investigate the
distribution of bivalent Iren (Fe), Magnesium (g),
Hanganese (Mn), Trivalent Irom (fe*3), Titanium (T1)
and Calcium (Ca) between these two minerals, and to
consider the cermodynamic factors which control this

distribution.



PREVIOQUS_WORK

Hess (1941) investigated ainerals from the
5tillwater complex and suggested that ths projection
of the tie line batwesn two coexisting pyroxenas in
th§ aystem Mg5103 - 035103 -~ PeSi03 would intersect
the 3g5103 join at a fixed peint.

Later Wilsoa {1960) further suggested that
this point of intersection wonld vary according to
temperature of origin of the pyroxene pairs. This
direction of investigation cesased followiag its
rejectica by Krets (1961) and Bartholome (1961).

Mueller (1960) presented the first thermo-
dynamic analysis of compositional data for coexistiag
calcic pyroxans and orthopyroxenecs in mestamorphiec rocks.
ia ghowed that whan the distribution of Mg and petd
between orthopyroxenes and calcie pyroxenes is expressed
ia the form of ths *ass Actioa Law, (1) it revesls a
close approach to equilibrium with reference to the
(Mg-Fot2) exchange and it also provided'indication
that both phases behava according to the modei ©of ai
ideal mixture.

Krets (1951) and Bartholome (1961) independently
observed that the distribation cuefficienl of the

(Mg-Pet2) exchanm=s €for coexisting caleic pyroxena and
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orthopyroxene (or pigecaite) was displaced towards unity
in the case of rocka of known OF jresumed igmecus
orystallization.

Keatz (1961} outiimed the exchange equilibrius
for the uinor element, Mn, between orthopyroxene and
elinopyroxeue, and showsd that, provided anSigs
XMaCaSi 04 are sufficiently low to gatisfy Henry's law,
the distribution cocefficient of (Mn-Mg, Fo) ia s funotion
only of tempsrature, pressure and thé Mg:Fe ratio in onad
phase, say, orthopyroxene. Furthermore, Krata constructed
a tentative equilibrium diagrarm relating the distribution
coefficient with reference to coexisting pyroxeane phase
Kp(Mgere*3), absolute temperature (T), and pressura in
atmospheres (P). This construction is based on published
eapirical data. This diagran unfortunately gives an in-
zinity of possibilities of Lemperature and proassure for
any given distribution soefficient of Cig-Pe*2).

mhis thesis continues on the Lasie of Kreta!

work.

(1) Hass Action Lawt The eguilibriua between
substances propersizsasi to the active comceatrations of
the reasting subatances, each raised ¢o the power numR~-
erically equal to the number of molecules appearing in

the bhalancad aGuation.
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OUTLINE OF THE PROBLEM

A metamorphic rock may be considered as a thermo-
dynamic systea. Within thie syatem certain aain thermo-
dynamic properties may be defined. Thers are properties
which depend upon the quantity of the system such as
entropy (S), velume (V), the number of moles of amy com-
ponant (ny). These are known as extensive properties.
Other proporties, independent of the gquanmtity of the
systes, such as jressure (F). absolute temporature (1)
and the chemical potential of a component are Lkuown as
intensive propertiies.

At equilibrium all elomonts are distributed
between the different phases in acoordence with the
different thermodynamic progperties. If any intensive
proparty changes, that is, a new equilibrium is
eatablished, the distribution of sloments becwean coO=
existing minerals (phases) in the same system will be
different.

In a multiphase equilibrium the distribution
of & componeat may be represented by a bundle of tis-iines
in s phase diagram or by a tera known as a co-efficient
of distribucions {Xp)}. The limsitiag case is a sysite=
which is upivariant at constant pressurs (or vemperaturej.

The composition of the phases is then determined at



specified teaperature (or prossurs).

The distribution co-efficient can be shown by
thermodynsuic considerations to be dependent upon
tomperature, pressura, and the concentration of a
third component im either phase.

The expressions for effect of temperature and
pressure were developed by Ragherg (1952) and the ex-
pression for the influence of ths concentration of a
third species within either phase was developed by
Krets (1961).

The study of coexisting pyroxenes in meta-
morphic rocks presents gaturally ccourring test for
the validity of the sheoratical expectations. This
typs of study also provides an iasight into the

counditions for formation of thase wetamorphie rocks.
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CHOICE O IM

In choosing specimens for study three things
were considered:
A) All specimens must be in local equilibrium, that is,
there must be no evidence of alteration of the rock to
a different facies than that at which the rock formed.
B) The pyroxene within a rock must show some evidence
of heing in stable coexistencs; the physical contact
of the orthopyroxene with calcic pyroxene without
cheinical reaction is acceptable evidence.
C) Rocks must be fresh, that is, they must show little
or no weathering characteristics.

In the description of the sevem chosen specimens,
the following rules were followed:
1) All modal quantities were determined by point counter,
2) In studying the pyroxenes and the feldspars, the
angle between the isogyres of the biaxial interference
figures werc maasured on a Leitz Universal Stage.

Separation and analytical techniques are out-
lined in the Appendix.

These are the seven assemblagesa from which the
pyroxenes were chosen for detailed study.

(1) yuartz-plagioclase-calcic PYProxene-orthopy roxsns.

28
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(5)

(34)

(36)

(36)

(94)

29

Quart:-plagioclase-orthOperxene-calcie pyroxense~
hornblende~biotite-magnetite-apatite.

uaarcz-plagioclaaa-orchopyroxene-calcic pyroxenso-
horablende-magnetite.

Plogiocxaso-orchopyroxeue-caloic pyroxens-biotite~
magnetite~-apatite.

Plagioclase-orbhopyroxeneocalcic pyroxene-biotite-
magnetite-apatite.

i—epar-plagioelaco—hornblpndoaorchopyroxoae-caloic
pyroxene-magnetite.

(125) Plagioclase-orthopyroxene-calcic pyroxene-magnetite~

apatites.
A detailed study of cach specimen ie ia the

appendix.

Bach cpsoimen ia plotted on the lower half of

the diagras representing the CaSi03 - FeSi0; = MgS1i04

sysetem. Figure } shows pyroxens pairs plotted as analysed.

As only the tie lins of sanple 2] erosses other tie lines,

and at a small angle, it ocan bs acsumed that all the rocks

originated near the same temperaturs and pressure conditions.
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DISTRIBUIION OF MAGNESIUM AMD XRON

within the system CaSiss - MgSiOs - FaSiO3 a
two phase field can be defined containing orthopyroxens
and monoclinic calcic pyroxene. with two phases and
thrua coaponents, Gibbas phase rule allows for a variance
of one when pressurs and temperature are defined.

That is w= Ct+2= ¢ 2= variance

becomes W= CO0-@ = 1

whare o is the variance of the system C ig ths
aumber of comgonents, I refers to the intensive varilables,
temperature and pressuro and ¢ is the aumber of phases.

sith a variance of one this allowa for one
intensive variabla to change, and since temperature and
jressure are fixed at equilibrium this intensive variable
may be a mole fraction. Ta the case of orthopyroxene
and clinopyroxenc the variable mole fraction must be
cither marnesium or bivalent iron since calciunm is
what defines the difference betwson the two phases,
orthopyroxene and the monoclinic calcic pyroxenc. Thie
polat is further discussed in the chepter nu calcium,

Since magnasium and irom occupy the same
structural position im o9ach phase the chanmge in the
moie fracticn of cac slement in 2 rhase will cause an

inversely proportional chanye in tho sane rhase.
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consider a rock composed of an squilibriun
assemblage of rhases, includiang orthopyroxene of the
general formula (x, ¥) S10; and calecic pyroxens of the
general foraula Ca(x, y) Siz06 where x is the bivaleat
position ocoupied by Mg, Pe'd, Ma, and y represeats 8
ainor elemsnt, trivaleat or four valency, position
ocoupied by Fe+d, Ti,Al,

Remsmbering that equilibrium is equivaient to
reversible reaaotiom, the following exchange equilibrium
for major bivalent eloments between co-oXisting pyroxenes
(xretz, 1963) may be considereds
orﬁhopgroxono- (ss) calcic pyroxemo (ss)

(a)
MgS8103 + FPeCaSig04=——Fe5i03 . MgCaS1306

I

orthopyroxene caleic
pyroxsne

The requircanent for equilibrium at a spacified
temperature and prossure ig ohav tihe sum of the energy
varas equals Zero, whichh meoans vaat Tho summacion of the
energy of removing oae mole of ¥gdilj from orthopyroxens
and one mola of FaCasizdg froa salcic pyroxene, plus the
onorgy of reactiom of tho spacies to form ons mole of
FeSi03 and one mole of MgCaSizlg, plus the energy of
aixing one mois of Felild arthouyroxene and onae mole

of MgCaSiz0g in calcie pyroxene, equals zero.



The energy tera for removing one mole of
MgsSiO3 from orthopyroxens is expressed by Rilalyggiog
for ideal solutions. Por non-ideal solutions, this term
becomes E!lnxxu.sioa where )\ iz the =ctivity coefficient
of Mg810; in orthopyroxens. Another way of writing this
energy ters is RTlaXygsioj + “§l51°3 where ”g|8103 is
the excess chemical potentiai of MgsiOj iz orthopyroxene.
This incorporates the deviatioan of the solution froms
ideality, and because it simplifies the concept, it is
used in this thesis.

In a simplified form, the five emergy teras are

as followas

E
3) RTMoXpocesi0 * “PeCaSiz04
3) Oygcasijog * CFesi0y ~ Orecasiog ~ Mgsi0g ® AGq
4) ~-RT1nX - ug
Pe510; Pesio;

B
- - H
5) -RPinXygcasi, o MgCaS1,04




The sum of these teras, equated to zero yields:

Kp(:g-Fe) 1=

L7

Tigsi0, X\gCasi ;04 -

.

i~ . ,
Xgeiog  Xmgcasi,oq

= ExXp AG, m

w

KT
= Distributiom coefficleant with refsronse €O
Mg and Fe™l.

The distributions of some elements batwasn co=
exlating pyroxenes from Somerset Island will now be
comparad to the distributions of the same elements in
similar rocks from other arsas in the world.

v study of the Mg-Fe distribution between cO=-
axistineg pyroxenes in astasoryhic rockg shows that the
meaB Ky(vofa) is equal to 0.5039, this valus baing
arrived at by the method of arithmetical averages; and
includes all analysed pyroxene pairs available from

rublications and from analysed spscimens included in

|

or
-

&
@
’-l-
]

Lhia
It was sssumsd at the tiams that the discribution

of magnesiuzs and iron belween caloic pyroxene and orth-

pyroxens was ideal. The beat fi{ curve dotermined by the

least gquarcs sevhod 8howS an increass ia the KRp(Mmg-Pe)

35
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values up to the mole fraction xﬂg = 0,45000 with the
corresponding X5 = 0.32668 (1), chereafter the K (Mg-Fe)
values gradually decrease. This feature is represented
graphically on figure 4, where the best f£it curve is
presented in comparison to the average KD(Mg-Pe) =
0.5689 curve.

The simple, very open S shape illustrated by
plotting XH/l-xH) vs xP/(L-xC) figures 5a, b, c) of the
best fit curve suggests that only one of the components
is non-ideal (mueller 1961). As it is generally accepted
that the exchange of Fe for Mg in calcic pyroxene is
jdeal (Mueller 1961), the conclusion that one must arrive
at is that the change in Kp (Mg-Fe) mast be due to the
non-ideality of the My to Fe exchange in ortnopyroxene.

For practical purposes the deviation from
ideality is so small as to ba within the range of ex=
perimental error when a emall number of specimens is
involved., The arithmetical average is assumed to be
sufficiently close to the true valuce

The value arrived at for the average Kp (Mg-Fe) ™
0.6019 (figure 6), for the somerset Island rocks show
that this.value is greatexr than average value for
charnokitic rocks identified from other locations with

the exception of those described by Krank (1961) from

(1) H = orthopyroxene; C = calcic pyroxene



Labrador, (Appendix £). The counclusion gonsistent with
thermodynanic theory most probably is that these rocks
roached equilibrium at a different temperature and
pragsure than nest charnokitic rocks.

Tuis point is elaborated on in the discussion
of the variatlon of the distribution coefficients for

rosxisting pyroxenes with tamperature and pressure.

37
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Figure 6: Average KD(Mg—Fe) curve for the Somerset Island rocks.

R e



As in the previous discuasion, an axchange
equilibrium for minor slements occapyinz the x position
in pyroxenaes can also be written. According to Kretz
(1963), the exchanzoe equilibrium of *n betwean ortiw-
pyroxene of the simplified formmla (Mg, Fe, 3n) 540,
and calecic pyroxene of aimplified foraula (i, Pa, Mu)

3351205 is written as follows:

orthopyroxene (sa) asloic pyroxone (as)
srthepyrox ne (ss) salcic pyroxena (ss)
(2, Pe) 510, + ¥nCaSiq04

The snercvy terus of this exchange squilibrium
must oaqual zero at a specified temperature and pressura.
These enersy tarmg arsg

RTlnXHnSiQS r “‘gniig 2

RTIAX (e, Pa)CaSiavg © u%ﬁg,?e)ﬁiﬁ3

NP . . s G L mNias ve s
nBivy ¢ G(hg,?g)ba&izué - ’(ng,re)bzoj—ann5a51366s AGy
—aTlaN(yg, pa)uivy  ~ Mlug,Pe)oicy

3] Y E

re>



The sum of these terms equated to sero yields

Kp(vn-Mg,Fe) = XnSio; 1 - XiynCasi 04

1-Xinsio, Xincasi ;0
= expd AG + uE
b

L RT

Since AG, contains the terns G(Mg,Fo)Ca51206

and G(xg Fe)}Si0a andug contains the terms u%Mg,Fa)SiO3
. + B
‘“dufMg,Fa)CaSigoé’ the terms ( AG, ¥ ub) is dependent
on the Mz:Pe ratio in both phases. Consequently
KD(Hn-Mg,Pe) must be dependent on the Mg:Pe ratio in
both phases, but since these ratios are interrelated by

the equation:

Kp(rg-Fe) = X1gSi0g 1 - XmgCasiyOg
1-Yygsio,  HsCaSizds
= eXp. AG, + uﬁ

kT
The Mz:Fe ratio im only one wineral foras an
independent variable.
The values obtained for the distribution co-
efficient in the different specimens from Somerset
Island show very little deviaticon from the mean dig-

tribution coefficient Kyyn.ve,Mg) = 1.1656 of these



same rocks (fig. 7). Therefore, it can ha said that
squilibrium was agtablishad between orthopyroxene and
caleic pyroxens in ralacion O manganesa.

™T™e distribution of manzanase in all charno-
ckitie rocks is mors erratic than those under study im
ehis thesis (fig. %), but a definiste trend is nuticoable,
and a mean value for distribucion scoafficienl was obtain=
ad at Ny = 1.2233.

Sinee the deviation from tha mean distribution

{3

vafficient is not very large, aven whan 3 larago number
of spocimens from varlous sdurcas Are considered, it

can be said that n does occapy the bivalsnt position and
aithatitutes Pfor Mz and/or bivalend Pe.

The influencs of variztions in the mole fraction
of Ma in either orthopyroxsae or calcic pyroxens on tha
valae of Kjiep,) A8 Outlined by trasz (1v63), is Aot
avrarent wiisn coasideriag all atudied pyroxenc pairs or
when conaiderinz Che pyroxenc pairs ¢rom Someraet Island.

The reason for not dstesting this dorendenco may
Le doe to sha influence of tha manganese 1ole fraction
bains; vory small, or to analytical error; vhe iikelinhood
of bash raxsons ape very il s latcter becanse of vhe

amnll quantisies of ' iavolved.

45



When the mean distribution coofficient for Ma
in mevamorphic rocks, Kﬂ(ﬁn-ﬂg,?e) = 31,3253, is eompared
te the mean value oboained froa KNnown ignedis rocks
Kp(ap-sg-fe) = 1:013 as acudied by Kretz (1903), &
assuaption uhat the rond of tie value af the Xp(mn-Mg,Fe)
tonds Lowards unity witd increasing vosperatura can be
nada.

since the diatribution ooafficient of aanganose
in zecamorphic and izneocus rocks is greavaer thanp unity,.
wo can nove uhat Lhe values of Kn(ﬁn) decreass with ia-
~reasing temperature, thad is Lhat this displacement ig
in Lha opposite direction o ¢he displaceasat of the
digiributlon soefficient of magnasium over the sane

Lekporaturo incervale.

da
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DISTRIBUTION OF CALCIUM

The distribution of calcium between orthopyroxene

and calcic pyroxene cannot be considered in an exchange
equilibrium since calcium does not substitute for a
bivalent ion of the x position in calcic pyroxene, but
occupies a position of its own forming the simplified
formula (x,y) CaSij0q of calcic pyroxens.

The presence of calcium in orthopyroxene can be
explained as the solution of unit cells of calcic
pyroxene in the gtructure of orthopyroxene.

Similarly the deviation of calcic pyroxene from
ideality can be explained by the solution of unit cells
of orthopyroxene in calcic pyroxene. The relationship
is similar to the subsolidus exsolution curve of the
albite-potassium feldspar system.

Wwith this sort of relationship, the solution
of calicic pyroxene in orthopyroxene and orthopyroxene
in calcic pyroxene is determined by a solubility
function which is dependent on temperature and pressure.

The best representation of calcium distribution
is on the subsolidus exsolution surface for coexisting

pyroxenes in the system CaS5i03 =~ Mgsio0; - FeSiO3. The

g]

study of this typs © clement distribution is beyond

the scops of this thesis.



DISTRIPUTIIN OF TRIVALENT IRON ARD TITANLUM

The distribution of trivalent iron (Fo*3) and

sicanina (Ti) in relacionsiip Lo the bivaleat slomnonts,
is apparantly srratic, chough no physical svidease for

equilibriun is evident in rocks of sumerset Lsland and

none is raported for zhe rocks £rom the othar locasions
rofsrrod o in this study.

fie variatiom in values for hy(g.-d - 4, Fe)
and for Ky(piMe,ra) { ippondix C) can be exylainad by:

1) Convaminacion of uiie saaplas by iroa or
iron-titaniun oxides.

1) iligh sxror ia analyvicai aetivwds bsoause
o7 the amali guantities of crivalonc iroa aad Litanium or,

3) o oxchange equilibrius beias asiablished
Leowean aigmanis i Tad bivalens sosizica and Lthoso in
Lo urLvalont poaition.

L5 miss be aocwad here Laal Lao vxidadion Suale
sf Li in pyrozenoy is noL KAdwa. Tan pouBibiliivy GE
sunvaminavion 18 high, 8ince alli cho rogk sposiuens
souudiad in chis chesis coatain aagnacive and poserbly
iLnenita. AS L0 aRAlYLICAL error, chis Jograes of variability
in the valuas obuained for Kg(?arj - ﬁg,?o) ant {or
wpn{Di-tg,Fe) Fapr sxcaedy Lhai possible Guo L zasiyoicaid

BITOP .



The third pessibilicy mast be conaidered,
nacange of the different oxidation atate, 1t is not
possible co write an exchanze equilibrium where Fed
is exchanmad with a bivaleni alement without induciag
sn uns:able situaction wibth regard to elactrons. I? Ti
is assumed &2 be trivaloni, in tho considerad coexisting
pyroxanes, an axcuanze agquilibrium can hn wrilien belween
Foild and TiV3, &vidence for this 18 the apparent egaile
ibriun in rezard So Tho distribusion coofficiand,

Ya(ry 3 = Fa’l) of speclmens froam sp2eilic loracions,
essecially those from bengal (sen and Revae, 1963).

wgsauning that Litanian ig srivaleal in pyroxenssd,
an  exchange agquitibriam involving only the z pogitlion

' FRPU
can e wriituoeni

archopyroxene (ss) calciciyroxana (s9)
Far3x(§i,8i)}3 - w1“3xcgle,ﬁi)205
= Ti73x(AL1,51)0; - fo ’JxC.::.%‘.l,:wi) 104
artnoggroxoue (s3) calaicpyroxene (m3)

whare x is the bivalent pogition.
Pallawins cha prosadure outlined previously, the
gum of the anerzy terms involved in the equation mist

equal zars at eguilibrlum.
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in cihis exchange dus Lo wigh possibilivy sf contamination
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A
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fa Lhe natupal distribution of riv3 and Fo' %,
we can see on Pipmre 9 that earcain groups have an
avparaai Lianid, capnoizlly the four specinens nantionad
jroviously. IF we consider the specimens Eron Somairsel

Island, excluding i1 and 7125, for which only votal
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irom was determined and specimen #36 because of its
extreme deviation from values cbtained for the other
rooks in the area, we get a reasomable distribution
thav might iadicate equilibrium conditioas sslative to
trivelont iroa and titanium (figure 9).

Amoag fastors other than temperaturs and
total pressure possibly iafluenciag the distributica
 coefficient of Tit3 to Fe*d, are the presence of other
trivaleat elements such as Al*3, Cr*3, and the influence
of oxygen pressure or other volatiles. Purther work 19
warranted along these lines but is beyond the seope of
this study.



DISTRIBUTION COBPPICIENT WITH REFERENCE TO

TRIVALENR? IRON (Pe™3) AND TRIVALENT TITANIUM (21%3)

Saaple ~JADLE 2
o. X_pet3 Xfi-re*3 EKn(ri-Po*?) Souree
2 (8) ©.1659  0.3508  0.5934
3(34) 0.0951 0.1470  0.6091  Somerset Ialsad,
4 (36) 0.6230  0.1295 11.1091%
5 (56) 0.0435  0.1022  0.3902 J.P. Giguers, 1966
6 (94) 0.1277  0.3157 _Q.5107

Average = 0.533

#Exoluded from Average

33 0.1075  0.1368  0.198
24 0.1270  0.1363  0.750
25 0.1253  ©.1102  0.348 Madras, India
36 0.1157  0.1371  0.576 Howie, 1955
27 0.1087  0.1235  0.337
28 0.1637  0.1265 _0.34

Average = 0.406
19 971300 0.1266  0.113 -
30 0.413 0.3185  0.123 2?;?':.§i§"
31 3.500 0.1312  0.498 Australia
a2 0.1422  0.1708  0.613 pinns, 1962
33 0.1432  0.1592  0.713
34 0.1377  0.1401 _0,837

Average = 0.482




No. xTi-Fe+3 xTi-Fe+3 KD(Ti-Fe+3) Source

42 0.1250 0.1202 0.7419

43 0.1064 0.1168 0.599% Fennsylvania and
Delaware, U.S5.A.

44 0.1153 0.0764 1.5746

45 0.0935 0.1322 0.9532

46 0.1194 0.2045 0.5271

47 0.0504 0.1408 0.3231 Clavan et al, 1954
Norton ¥ Clavam, 1959

48 0.1355 0.2105 0.5876

Averaze = 0.775

52 0.0643 0.1612 0.3573

53 0.1453 02392 0.4177 pengal, India

54 0.1417 0.2302 0.4239

55 0.1752 0.3512 0.3¢ Sen and Rege, 1966

Average = 0.399




| 5 Pk LS 2 K § 3.

®.__Excluded from average

o.e b

s

0.4

[

0-l 0-2 o)

VC
i

Somerset Island, N.W.T.; Giguere, 1967.

o

4  Bengal, India; Sen and Rege, 1966.

x Madras, India; Howie, 1955.

© Penn and Del-U.S.A.; Norton and Clavan, 1959, Clavan et al,
+ Broken Hiil, N. S. Wales, Aus.; Binns, 1062. 1954,
Figure 9: Position of listed analyses for T3 and average line

for Kp(Ti-Fe™3)
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In the expresaions

. H C
Kp(ug-ro) * Xug . 1 - Xy
c
1-Yyg Xy
8
¥ @Oxp AG a + uﬁ
RY

“g, which is a sum of ths four excess partial free
enargy teras (page 35 ) sust initially be expected to
depend on the mole fractions of Mg and Fo. Wwe ind
that ‘D(Mguro) varies only a very small amcunt as a
function of Igg, or x:g (Pig. 4). Therczfore, the
variation in B is so small that the following
simplified expressions for temperature and preasure
dependence can be used. These expressions were

daveloped by Krets (1963).

Tomperaturst B
oLy mgere) T 1 A fi/.f.). A a0
3(1/1) R d(1/T) 3(1/T)
s AR, ¢ ;,E
R

where hﬁ i= defined as aﬂﬁla(lfT)




Similarly the pressure dependence may also

be written:

= B

mw

oF RT oP oP

whore vf is defined 3@ 3“%/ dP.

In tho preceding discusaions the very small
variation of Pg (or its squivalant expresssd by
activity coeffiolents) was taken to indicate that for
sll practical purposes, within the range of T,F, and
mole fractioa under consideration both pyroxene phases
can be treated as being close to jdeal mixture. Xf they
are treated as such, the four terss comprising P§
vanish, and the expressions for temperature and proaaure
dependence are simplified by the disappearance of h and

B
Y. e

8

Kretz (1963) outlined the relationahip of
loKn(ug-Fe) ve.1/7 (Figure 10) from the information
prosented in Tabla (3). Using this diagram and a
similar function on 1“‘D(ngva) vs. F a thres dimensional

diagran can be construcied with ths aves 1/7.P, and

1“KD(M;-P0) ad & function of 1/T and P.

M



Lines of equal 1nKp(Mg.pe) Can then be projscted
on a base formed of the axes of P and 1/7 (Pigure 13
1nKp(Mg) lines). The resultant diagram shiws lines of
equal 1aKp(ryg.pe) o8 8 two dimensional pressure-
temperature diagras., Since anD(M.bPo) is a near liasar
funotion of P and of 1/T the spaciag of the equal
1aKD(th',) will be remular and almost straight. With
this diagran for aay givea ‘D(Mgu?e) we can have a
variety of P. and T. possibilities along a line of
equal Kp(1gFe)*

If a similar diagram utilising the axes 1“‘n(ua-u¢,re)
P and 1/T is constructed using the data for manzanese in
the same rooks as used for deriving the magmesium
functien (table 3), a plane describing the 1nKp(mn-Mg,Pe)
ag a function of P and 1/T is dsrived.

Since the concentration of Mn is small in
naturally ecourring pyroxene pairs and the influenca
of MgiPe ratio on the distribution coefficient of
manganesc is not detectable, the function of 1aKp (i)
ve. 1/0 and lnKpgy,y V8o P will be near linear functions.
Thersfore, lnKp(Mp) 88 a function of P snd 1/7 will be
a nearly flat plans in the cartesian system, 1nKj(yn)»
e, L/7.

$imoe the coefficient of distribution of Hn

approaches unity from a direction opposlta to that of
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Mg, the lines of equal 1aKp(Mn) projected onto the same
P vs. 1/T base will be of opposite slops to those of
1oKp(pgePe) (¢igure 13, lines labelled Inkp(un)) . It i8
assumed that Kp(ug-re) 304 Kp(Mn-Ng,Pe) reached equili-
brium at the same temperaturs snd pressure within the
same rock or group of rocks from s particular region.

If this assumption is correat, the projection eato the
common P va. 1/T base of the tie line joiniag the

value for 1nKp(mg) and laKp(pq) i the samo rock or
group of rooks will be a point which will be the
equilibrius T and P for both Kp(ymg-Fe) and Kp(un-Mg,Pe),
that is the tie lime must be parallel to the common

lnxn(m_n" '.) axis.
with this new diagram, if the values for

Kp(ug-Pe) a0d Kp(rn-Mg,Fe) are known a value for
temperature (°C) and preasure in atmospheres (Atm.) or
depth in kilometres (ka.) (Turner and Verhoogen, 1960),
can be derived.

The valuss on this diagraa ars tentative and
the actual position and shape of the projected 1nk,
planes can be exporimentslly determinea.

on figure 12 are plotted varicus rooks or
gZroups of rocks (Axs A2y Ag) including thoss used by

Krets and the author for positioRing o2 the equal



Xp lines. It may be noted that other points which
represented published analyais of cosxisting pyroxenes
and those studied in this thesis all fall well within
the temperature snd pressurs range expocted for
granulites.

It must be pointed out that all rocks studied
are assumed to be &t equilibriun so for this reason
contact metamorphic rocks were avoided because they

poasibly have not reached equilibrius.
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Ays Howie, 1955, Madras, India.

Az Muir and Tilley, 19575 Kilsuea, Hawaii.

A3y Brown, 1987; Skasrgeard Complex, Greenland.

#C; Norton and Clavas, 1959, Penn. and Del., U.S.A.
nannot Danno et al 1964, Lutsow-Holm Bay. Antartica.
SRt Sen and Rege, 1966, Bengsl, India.

ninns: Binas 1962, Brokea Hill, ¥.3. Walea, Australia.
K,: EKrank, 1951) (uebec.

3.G.v Cigaere, 1967; Somersst Island, ¥.¥.T.
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ABSOLUTE TEMPERATURE (T), AND PRESSURE (P). MODIFIED FROM KRETZ, 1963.



CONCLUSIOND

(1) The distribution coefficient for Mg-Fe
oxchangs in coexisting pyroxezos Wis found to differ
from ideality aand indications :re shat orthopyroxense
is the phase behaving non~ideally. This conclusion is
differenc from that reached by Hueller (1961) and
Krets (1963).

(2) Tho distribmtion coefficlient of manganase
batwsen cooxisting pyroxens approached idoality with
incraaming temperature and decreaainyg preaa3ure.

(3) Inconclusive ovidamce {ndicated that a
poasible exchange equilibriun for trivalent ivon oould
be eatablishod with titanium 1¢ titanium is assumed co
be in the trivalent state in pyroxenes. No apparent
exchange equilibrium is eatablished batwesen trivalent
slements and bivalent alements.

(4) <Caloius wes found mot to be involvad ia an
oxchange equilibrium with other bivelent alesents.

(5) A tentative geothermomstor hased on Krota!
(1963) work was satablished and provides information as
o the temreraturs and pressure at which rocks containing
eooxisting pyroxsnd reached equilibriam. This geo-
thermomosar can be appiled provided Lhs digtribution
cosfficiants for magassium Xy(ug.Fs) and for mangannso

Kp(sn~Mg,Pec) 37 known.
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The range and possible temperatures and pressures
for gosxisting pyrozemea in granulitic rocks is approx-
imately established, using this geothermoneter, botween
680° C at pressurs of 3200 Atm, for rock analyses pube
1ished by Norton and Ciavan 1959, and of 750° C with
P = 3,000 Atm. for rocks studied by Krank 1951,

Rosks atudiad by the author give a teatative

value of 7%5° C with a ecorrespoading presasuro of 3,050 Atm.
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Rook samples were initially broken to +3 to = 5/8
mosh fraction using a nico Jaw Crusher, the fimer grained
portion being rejocted to aveid contamination. Final
orialing was offected by a Sioo Retary 'ill with ceramic
ilaces, feliowad by a sessening Lo oboain four frastions,
60 mewh, =50 to 170 mesh, ~170 to +250 mesh aad -250
acgh, of which the gecvad and third fractiocns were ye-
cained for ths separation of pyroxenes.

Magnetive, which w8 pressnt inm all sanplos, was
removad using a hand magnet and a Fraaz Lsodynamic
spparatoy at low amperags. A primary ssparation 1lats
mafic and salioc minsrals was affected with the magnetic
aeparator. separation of a two=jyroxens soncentrate from
other mafic minerals, mostly biotite and hornbleads, in-
volved ons of two prosedures. (1) Biotite-fres and
wiotite poor ssaples (Nos. 1, 5, 94, 135) were mixed
witis the heavy liguids browofors (2.8, = 1.3) to remove
all remaining 8alic minsrals, and ma#hylene iodide
(5,C, = 3.3) 4o romova sornblenda. (3) Jamples sontaining
niovice (Wose 34y 3% 54) wera first sroated in an eluv-
clavor {(Fross, 1939) uaing a sligiaudy acid water solution
(1 =1 congentrated HCLJS litrea water) to floal Giwo
bivtite and bho remaining salie sinerals. The slignt

acidlty was neceslary to reduce the surface elactrostatic
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chargs =2 the =ica plates which taadad to ball together
with other minsrals. A astronger acid aolution was
ivoided to vreveat the leaching of matallic ionsé from
Lis pyroxenes. Final separation was attained on vhe
Prans Isodynamic Separators

A surface coating of iron oxide was present an
some of she amineral grains of tae pyroxend coacentirates
(3, XC, 34C, 3bH, 94%, 1358, 125C). Tbis "Iron Stainf
<4a8 rosoved withoui Lie isasching of irom from the
syroxeses, usiag a special procedure based on a method
Jeveloyed by D. E. Coffin (1963) of the Canada Depariment
of agriculiurs, for tae extragtion of frss iron and
nematite from soils. This amathod, whioch L8 applicable to
all silivates excopt the clay mineral aponcronite, is oute
lined below.

Add 30 millilicres of a citrate vuffer (0.15 ¥ with
respact te sodius citrate and U.05 i o oitric acid) to a
sampls of pyroxens (0.5 gram oF loss) ln 4 15 millilitre
Legt-cubs. add C.5 gram sodiua sydrosulphite {sodium
dicnionita). Stopper and shake msohanically in a weier
bach as >v® € for 30 minutes oF for 10 miautes after the
gample appsarad cloan. Filter off tho resaliant liquid,

and dry chs miasrsal Songeniraio.



73

The concentrates wers submitted to Bdward L.F, Heroy
of the Grant Institute of Geology, University of Edianburgh,
for quantitative analysis of the oxides, Cad, Fed, Fo,0;,
Mn0, Ti0Z.
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APPENDIX B

ROCK DESCRIPTIONS
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Specimen #43 (plate 1)

Name! Orthopwroxono-gnrnatobiot1te-plagioolase-sapphirino

gneiss.

Taxture:s This is & porphyroblastic granular rock with a

weak foliation defined by biotite. The por-

phyroblasts are poikilitic garnets.
Mineral Description |
1) Orthopyroxenet (31.7%)%  2vy = 60°
Pleochroisa: & = light green
¥ = plak
x = reddish pink
2) Garnet: (15.6%) This wineral is poikilitic with
inclusions of orthopyroxens,

biotite and sapphirine.

3} piotite: (16.5%)

4) Plagioclase: (25.57) 2Vq approximately 90°
2,010 = 80°
3.001 = 14°

Ango 3 Oligoclase

5) Sapphirine (8.8%) 2V, ™ 40°
Yleochroism: X = pink
y = blue
z = sapphiroe blue
X-Ray diffiaction dats on Table l.

This mineral appears to be an alteration of orthopyroxend.

1. Modal analysis Lased on 1000 points.
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6) Chlorite: (tr)
7} Caleic pyroxene!

(tr)

81
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The XI-Ray photographs were taken under the
following conditions:
A) A 90 ma camera was used.
B) Radiation was Cu K, with a ¥i filter.
C) A very small sample was used which resulted in a
ftgpotty photograph®.
D) No corrsction was made for film shrinkage.
E) First lines are missing due to fogging of the film

from long exposure.

A
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X~RAY DIFPRACTION DATA - SAPFHIRINE
Table 1
From Hudson and Wilsgon, 1966

Fiskernaes (ueirading Strangeways Somerset Island
(Greenland) W. Austraiia C. Australia E, Stanwelle
Fletcher Lakel

& 1/ 4 /iy o 1/1; ok X/1y

7.9 40 7.78 30
7.30 30 7.30 .20
6.10 10
5.38 40 5.38 20
4.59 40 4.59 30
4,10 10 4,13 10
4,05 50 4.06 30
3.85 10 3.87 10
3.56 20 3.61 50 3.60 20
3.50 10 3.48 5
3.43 20
3.39 20 3.34 5
3.26 10  3.27 50 3.272 40
3,159 20 3.175 10
3.07 10  3.090 40 3.094 20
2,97 70  3.002 80 1,996 65 3.936 120
2.83 40  2.841 80 2.842 65 3.857 &0
2.75 &0 3.767 &S 2.764 20

.68 10 2.700 49 2,700 10

4

1.0uK, radiation with ¥i Filter



FTETEY R AN

53 25 LR

84

Fiskernaes (uairading Strangevays Somerset Island
(Greenland) W. Australia C. Australia E. Stanwell--

Fletcher Lake
I & I/i; ak  I/iy 4% I/5
.86 30 2.574 60 1.579 30

2.52 10 2,535 29

2.515 5
2.486 10
.44 60 3.453 100 2.453 100 2,485 100
2,38 10 3.339 40 2.391 5 2,305 is
3.35 30 3.350 80 2.348 60
3.392 10
3.347 10 3.247 5
3.31 10 2.210 10 2.215 5
2.159 10 2,146 S
3.12 20 2.130 60 3.129 30
2.085 5
2,06 20 2,071 40 3.070 40
2.027 70 2.027 20

2.01 100 2,017 990 2,019 20
1,975 10

1.95 10 1.953 20

1.89 20 i.397 60 1.897 30

1,82 10 1,824 20 1.323 10
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Piskernses (uairaidiag Strangeways Sossirset Island
(Greenland) W, Australia C. Australia E. Stanwell-
Fletcher Lake

dA /1y 4} 1/1; 4% 1/1; & /1,
1757 10 1.767 30 1.763 10
117 10 1.713 S
1,702 10 1,707 10
1.692 10  1.690 5
1.664 20  1.663 S
1.632 10 1.635 320  1.637 S
1.6233 20  1.633 10
1.594 10  1.597 30  1.595 5
1.574 20 1,578 30  1.579 10
1,549 50 1,555 S0 1.552 10
1.538 40  1.543 50  1.543 35
1.532 5  1.530 5 1.53 35

1,516 5
1.488 10 1.487 10 1.494 35
1.463 5

1,438 90 1.439 90 1.441 80 1.452 80
1,420 60 1.422 90 1.422 70 1.432 80

o
<
(4.9
€

1.408 30 1.411 14430

1.382 10 1,389 5
1.375 5

1,355 & 1.359 30 1,358 1o

1,347 30 1.348 10



Fhotomicrograph of sapphirine-bearing rock.
Tne sapphirine is the dark blue mineral
asgoclated with orthopyroxene, biotite,
ylagioclase and garnev. Magnification 50X
Ordinary light.
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Specimen #) (nlates 2.8 3)
Namet Hormblende-calcic pyroxene-orthopyroxens-guarti-
plagioclass;.
fexturet The rock is a weakly foliated, medium-grained
allotriomorphic gramulitic rock.

Yineral DPescription
1) Quertzs (25.85) All grains are strained.

2) Hornmblende: (2.8%) 2V = 60°
Dispersion Wr,
Pleochroism 3 = bluish green
y = brownish green
x = very light brown
3) Orthopyroxeme?: (7.4%) 2V, = 53°
Pleoochroism =z = green
y = pink
x = pink
4) Caloic pyroxene: (11.8%) 2V, = 54°
x = green
y = slightly yellow green
g = light green
§) Biotite:r (tr) The biotite is atrongly pleochroic, 1..
genorally surrounded by opaques Or other

mnafics.

1. Modal analysis based om 500 poinia.
2. The 2V of orchopyroxens and calcic pyroxene in apecimens
1,R,34.26.56,94,125 wers determined by universal stage.



asTie six

T3 el

6) Plagioclased:s (50.0%) 2v, = 70°, 2.010 = 65°.

2-00) = 31°.
Composition: Angs = Andesine.

A polysynthetic albite twin is present.
A second twin law is also prénenb.

88

3. Plagioclase optical properties in all speacimsns wers

determined on a fiat stage. Compasivicn was datarmined
by measurements in a section perpsndicular ¢o the acute

or obtnse bisectrix figure.

Af



Photomicro;raph of specimen 1
showing orthopyroxene in physical
contact with calcic pyroxene.
Under plane light.

Scale 1 cm %= 0.96 mm,

Photomicrograph of specimen 1
showing the mineral association
within the rock. Plain light.
Magnification 8x.

)
O
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Specime lates

Name: Clinopyroxene-orthopyroxene—quartz-plagioclase

gneiss.

Texture: The texture is porphyroblastic~granular with
metacrysts of quartz. The groundmass has
granoblastic texture with grains of feldspar,
hyperasthene and augite.

Mineral Description

1) Apatites (tr)l ?Thia occurs as randonm grains in the

felsic minerals.

2) Quartz: (28;2%) Quartz occurs in long stringers.

3) Plagloclase: (64.0%) The albite twinning shows

undular extinction.
Extinction: 2z.010 = 68°
z,001 = 25°
Composition: Angg = Andesine
Note: There is an alteration of plagioclase to
gericite.

4) Calcic pyroxene: (0.5%) This mineral occurs as

random, irregularly shaped grains

+ion with orthopyroxene

and magnetite.

1. Modal analysis based on 836 points.



5)

6)
7)
8)

91

Pleochroisms:
X = green
y = slightly yellow-green
s = green
2V, = 54°
Orthopyroxenss (3.4%) This mineral has an occurrence
similar to that of sugite 2Vy a ¢4°,

Pleochroism: 2z = green

Magnetite: (3.5%)
piotite: (tr) Biotite is associated wvith magnetite.

Horoblende: (0.7%) This nineral ocours in too small
a quantity in order to determine the
optical propertiss.

9) Hematite: (tr)

10) Chlorite: (¢tr) Minor alteration of biotite.



}late 4: Thotomicrograph of specimen 8
showing orthopyroxene in physical
contact with calcic pyroxene.

. Under plane light. -
| Scale 1 cm = 0,96 mm,
|

Magnification 104x.

T TN S i — ", T

Plate 35 en b
asscclation
izht

within the rock. Plain lizht.
Magnification 8x.
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Spegimen £34 (plates 6.7)

Name: Orthopyroxeas-clinopyroxene-plagioclase gneiss.
Texture: This rock has a granular texture with a very
weak foliation as shown by the elongatiom of
a few grains. The grains are equant.
Mineral Descripticas ‘
1) Orthopyroxenes (17,6%)1 There is a slight chloritic
alteration on a few grainms,
Wy = 55°
Pleochroisa: z = green
x = dark pink
y = lighter pink
2) Caloic Pyroxener (17.6%) 2Vy = 64°
Weak Pleochroism: x = green
z = green

y = slightly
yellow grssn

3) Frlagloclase: (59.2%) Polysynthetic albite twinning

is present.

2V is very large, approaching 90°,

2,001 = 45°

£.010 = 70¢

Composition: Angg = Andesine-Labradorite.

1. Modal analysis based on 631 poiats.



O S I TSR IS

%4

4) Quarts: (4.9%) There is a small amount of quarts and
it occurs in lens-shaped grains with giliform
inclusions which are non-parallsl to the ex-
tinotion of the quarts grains.

5) Hornblende (tr).

6) Magnetite: (3.4%) This is associated with the mafic

minerals.



Flate 5:

Fhnotomicrograph of specimen 34
showinz orthopyroxene in physical
contact with calcic pyroxene.
Under plane light.

Scale 1 cm = 0,96 mm.
Magnification 104x.

Flate

/e

Photomicrograpit of sjpecimen 3d
showing the mineral assoaiatiorn
within the rock. FPlain iizht.
riapnification #x.
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Speciman #16 (rlates 8.9)

Hane: Orthopyroxone-cl1n0pyroxone~p1agioclase gnelas.,

Texturet The rock is graaular with a very weak foliationm,

and has a medium grain size.

Mineral Desoription:

1) Biotite: (tr)} The biotite shows a red-brown to

claar ysllow plecchroisa. 2V, = 50°,

2) Caleic Pyroxene: (16,3%) This minersl occurs as
indopendeqt grains and in association
with orthopyroxene.

W, = 53%
Pleochroism: x = grean
z = green
y = slightly yellow gresen

3) Orthopyroxeme: (11.1%) Vg = 60°.

Thers is some alteration of ortho-
pyroxene to chlorite.
Pleochroism: z = greon

x = pink

y = lighter yellowish pink

4) Apatiter (tr) Tnis minccal SOTUTs in s random dis-

tribution.

§) Magnetite: (3.6%).

1. Modal analyeis based on 736 points.



EEE

6) Plagioclase:

(68.0%) 2V, = 70°,
2,010 = 77°
zA001 = 15°

Anso = Oligoclase

97
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Plate 51 Fhotomicro waph of spacimen 35
showing orthopyroxene in rhysical
sontact with caleic pyroxene.
Ynder plane lignt,.
scala 1 cm = 0,90 mm.
Magnification 104x.

Flate 9: Photomicrograph of specimen 35
showing the mineral association
within the rock. F¥Flain lighe.
Mamification XX,
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Specimen 756 (plates 10, A1)

Name: Biotite-orthopyroxene-clinopyroxene-plagioclase

gneiss.

Texture! This rock has a lepidoblastic to granular texture

with the foliation defined by the orientation of
biotite flakes. Medium grain sige.

Mineral Descrintion:

1)
2)

Blotiter (23.2%)!
Calcic Pyroxener (16.2%) 2vg = 56°.
Pleochroiam: x = green
z = green

y = slight yellow-green

1) Orthopyroxene: (il.5%) 2Vy = 60°.
Plsochroism: £ = green
x = pink
y = lighter ysllow-graen
4) Plagioclase: (47.47) 2,010 = 77°
z.001 = 30°
2Vg = 90°
Comgpositions An‘o = Andesine
5) Apatite: (tr).
6) Magaetite: (0.2%).
1, Modal analysis based on 475 points.
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Plate 10:

Plate 11:

Photomicrograph of spacimen 56
showing orthopyroxene in physical
contact with calecic pyroxene.
Under plane light.

Scale 1 ca = 0,96 mm.
Mgegaification 104x.

Photomicrograph of specimen 56
showing thg mineral asscciation
within the rock, Flain Llizht.
Maemification $x.
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Specimen 94 (plates 12, 11)

Naneot Hornblando-orthopyroxenc-clinopyroxone-plagioﬁlano

gneiss.

Texture: This rock has & granular texture with little
goliation visible in thin section. All grains
are equant and panidiomorphic. Crain sisot
modium,

Migeral Desoripticni

1) Plagicolases (49.9%)1 32V, = 90°.

28,010 = 60°,
2,001 = 40°.
Compositions Amgg = Labradorite.
2) HMagnetite: Ilmenitet (5.5%).
3) Orthopyremeas: (9.08) 2V, = 60°.
| Pleochroisms = = gresn
x = pink
y = a greenish pink
(almost no colour change) (or to
yallowish).

4) Caloic Pyroxenet (23.7%) Prohably augite 2V, = 60°.

Piaachroisms 3 = green
x = green

y = slightly yellow green

1. Modal analysis based on 785 points.



5) Hornblende: (6.2%)
Pleochroisms x = light yellow brown
y= bran
2 = brown
6) Potash Foldspar: (2.7%) It was not possible tou
determine the type. It 1is probably

microcline,



FPlate 12:

Plwotonicro raph of speciasn )
showing orthoyyroxene in hysical
contact witih calele pyroxene.
‘Inder plane light,

ccale 1 em = 0,06 am,
Yamaification 104x.

rlate 13:

Thotomicrograph of specimen 94
showine the mineral associaltion

' 1

n ohee ook, Plain Light,
K

S

Jasaiticacion t.
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Specimgn #135 (plates 14, 15)
Name: Plagloclass-orthopyroxsne-~clinopyroxens gneiss,
Texturs: Granular texture, with a slight proferred
orientation, all grains anhedral. Medium
grain size.
Mineral Deecription:
1) Plagioclases (73.3%) 2v = 90°,
2,010 = 69°,
2.001 = 26°,
Compositiont Angg * Andesine.
Notes The feldapar is altered in part to sericite.
2) Orthopyroxene: {7.7%).
Pleochroism: x = pink
y = ysllow pink
3 = green
2V, = 50°,

3) Caleic pyroxens: (16.6%).-

S1ight Pleochroism:

y = glight yellow-green

x = darker green

g = lighter green

2V, = 589,

. Note: Opthopyroxsne seems tO have grown ATGURR onS
of the grains of eliacpyroxans, though a gide-

by-side relationship is more common.,
1, Modgl anslysis based on 777 points.

4B
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4) Magnetite-ilmenite (magnetic) (2.7%).

5) Apatite (tr).
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Plate 14: Photomicrograph of specimon 125
showiang orthopyroxene in physical
contact with calelic pyroxens.
Under plane light.

Scale 1 ea = 0.96 mn.
Magnification 104x.

B R YA WA 7T T NIRRT

Phetnn‘emgrgnh gf gngoimng 1;5
showing tha mineral agsgociation
within the rock. Plain light.
Magnification 3x.



107

APPENDIX C

PARTIAL PYROXEEE ANALYSES
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PALEOZOIC

? CAMBRIAN

E Dolomite, sandy dolomite, intreformational congiomerate

PROTEROZOIC

Diabose; a) diorite; b)pigeonite gabbro

METAMORPHIC ROCKS

E] Pegmatite
. EI Banded quartz-felispar gneiss -

Migmatites

Gneisses; lHigh content of mafic minerals

minerals

Layered, gneissic quartz diorite

SYMBOLS

Fault

Geological boundary; (assumed, observed)-
Lineament

Area of bedrock outcrop

Foliation; (vertical, inclined)

Antiform with plunge

s;pphirina locality

Drag fold, crenulations ;{with plunge)
Bedding ; (vertical, inclined)

Lake

Mafic gneisses; Intermediate content of mafie

94°39"
72°%9'

72°4}

Stanwel/-Fletcher [ ake

94°39"'

&
B
F4



of/-Flertcher [ake

UNION RIVER, SOMER
. NW-T



94°05'

\
\
g1/
R AR
Q*'i‘
7.

&S Creswell Bay
f\

72°49'

RSET ISLAND,

72°41
94° 05"



94°39'

72°49"

PALEOZOIC

? CAMBRIAN

lj Dolomite, sondy dolomite, introformotional conglomerate

PROTEROZOIC

- Dicbose; a) diorite; b)pigeonite gabbro

METAMORPHIC ROCKS

[ ]

Banded quartz-fel .spar sneiss . ' H

Iiigmatites

Gneisses; iligh content of mafic minerals

Fatfic rneisses: Tntermediate content of mafic
minerals

Layerea, gncissic quartz diorite

Ep

SYMBOLS

Stonwell-Fletcher [ ahk

Fault

N

Geological boundary; {assumed, observed):

Lineament

Area ot bedrock outcrop

Foliation; {vertical, inclined)

Antiform with plunge

Sapphirine locality

Drag fold, crenulations ;{with plunge)

¥

Bedding ;(vertical, inclined)

Lake
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