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ABSTRACT

The Gracefield pluton is composed of two distinct
syenite intrusions:; both of which appear to have been
intruded late in the Grenville tectonic and metamorphic
history. They both exhibit a well developed concentric
mineralogical zoning. They have shonkinitic cores which
grade laterally into alkali syenite. The larger (earlier)
intrusive is locally transitional to nepheline syenite

along the south margin.

The temperature of mineral equilibration of the
nepheline-bearing syenite was determined to be 730°C. The
temperature of the magma at the time of intrusion was
somewhat higher. If the oxygen fugacity during the crysta-
1lization history of the early intrusive was close to that
of the QFM buffer, the fugacity of water was between 302
and 1950 bars. The silica activity in the magma was low

during crystallization.

The two intrusives are mineralogically, chemically,
and texturally similar. They also appear to have had similar
crystallization histories. It is highly probable that the
temperature of intrusion, oxygen and water fugacities, and
silica activity in the later intrusive, were in the same

range as those in the early intrusive.




Il

The mineralogical zoning in the intrusives is due to
the operaticn of convection cells during the early parts

of their crystallization histories.

Shortly after emplacement of a largely liquid magma.,
salite, apatite, and minor amounts of magnetite and ilmenite
started crystallizing along the walls of the magma chamber,
These crystals were then concentrated in the lower part of
the magma chamber by slow moving convection cells. This
resulted in an alkalic magma in the upper part of the
chamber, and a crystal mush in the lower part. After
convection ceased, crystallization of the feldspars,
barkevikite, biotite, most of the magnetite, and nepheline

and calcite commenced in the larger intrusive.
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CHAPTER I

INTRODUCTION

Location and physiography of the study area

The study area lies approximately 60 miles northwest
of Ottawa, and 4 miles north of Gracefield, Quebec (Figure
1) and'covers approximately 8 square miles. The ares is
included in the following 1/50,000 N,T.S. sheets: 31K/1E
and 31J/4W . It has been glaciated and has low to moderate
relief (450 feet). The topography, reflects to a conside-
rable degree, the character of the underlying bedrock.
Generally the syenitic rocks stand out above the surrounding
marbles and gneisses, and are better exposed. However, in
the northern part of the study area, there are numerous

swamps, and the syenitic rocks are poorly exposed.

Purpose of the investigation

The object of this work is to study the petrology of
the syenite pluton in this area in order to determine:
1) its position in the Grenville metamorphic
‘ and tectonic history.
2) whether the syenite pluton in question is a
| single differentiated intrusive or a composite
intrusion.

3) the crystallization history of these rocks.
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Figure 1 Index map showing the location of the study area



Previous work

The earliest geological reconnaissance was made by
Lewis R, Ord and Henry G. Veﬁnor in 1876, and a description
accompanied by a 1 inch to 4 miles map was published in the
Geological Survey of Canada’s Report for 1876-1877 (Vennor
1978). The area was later included in R.W. Ells geological
report and 1 inch to 4 miles map (Ells 1907).

Aubert de la Rue (1956), described the geology of the
eastern half of the area presently being studied, in his

report on the "Trente-et-un Miles Lake Area'.

Wynne-Edwards et al.(1966), in a large mapping survey
included the study area as part of a much larger area

extending to the east and north.

Bourne (1970), described the geology of the western
half of the study area in his report on the "Cayamant Lake

Area'.
Baer (1974, personal communication), in a compilation
and mapping study also included the study area as part of a

larger area extending to the east, west, and north.

Geological setting of the study area

based on previous data

The study area lies in a north-south trending belt of
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marbles and gneisses (Figure 2). In the western part of the
region the rocks consist mainly of undivided paragneisses
and biotite gneisses with minor interbeds of marble, and
biotite-garnet-s1llimanite-feldspar gneiss (Bourne 1970, and

Baer 1974, personal communication).

In the central and eastern parts of the region, the
rocks consist mainly of marble with a few lenticular bodies
of quartzite and biotite gneiss, which have been intruded by
several syenite, gabbro, and mangerite plutons (Aubert de 1la

Rue 1953, 1956, and Wynne-Edwards et al. 1966).

The region is characterized by northeast plunging
folds. Axial plane foliations generally strike north-
northeast, and dip moderately to the southeast. Most of the
rocks in the region have been more-or-less affected by high-

grade metamorphism (Wynne—Edwards.gE.g;. 1966).
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Equipment and methods émployed during the investigation

Field work in the study area was carried out during
the 1972 and 1973 spring seasﬁns. The area is readily
accessible by automobile along several secondary roads
branching out from route 11, and by ground traverses between

the numerous logging roads in the area.

The optical properties of the minerals were determined
using a Zeiss polarizing microscope. 2V angles were measured
using a Zeiss polarizing microscope with a universal stage

attachment.

Modal analyses were made with a Swift point counter
attached to a Zeiss polarizing microscope. In order to
determine the minimum number of points required, modal
analyses of two representative specimens of both syenites T
and IT were calculated using 1000, 1200, and 1400 points. The
results are listed in Table I. All of the modal analyses used
in the construction of the isopleth maps were calculated
using 1Lk00-2300 points, depending on the area of the thin

section.

Chemical analyses of rocks of syenites I and II were
made with the following instruments and methods. Iron,
magnesium, calcium, potassium, sodium, and aluminium were
determined by means of atomic absorption using a Techtron

spectrophotometer. Titanium and silicon were determined
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TABIE T

MODAL ANALYSES OF SELECTED SPECIMENS OF

SYENITE I

SYENITES I AND IT

number of points
counted

1000 1200 1400

1000

1200

-
1400

mineral specimen MD-121 specimen MD-113
microperthite 82.5% 80.7% B80.5%[27.9% 26.6% - 26.%F
biotite 10.1% 9.6% 9.8%| 6.9% 7.8% 8.0%
barkevikite 3.,1% 3.8¢% 3.8412.04 11.1% 10.6%
apatite & epidote 1.9% 2.49 2.3% | 6.1% 7.1% 7.4%
magnetite & ilmenite] 2.4% 3.0% 3.06 7.5% B.%% 8.6%
calcite ——-- 0.5% . 0.7%| 0.26  0.9%  0.9%
salite — ——— -——- 139,4% 38,29 38,0%
total 100.0 100.0 100.0{100.0 100.0  100.0]
SYENITE II
number of points 1000 1200 1400 |1000 1200 1400

counted

mineral specimen MD-65 specimen MD-50

microperthite 6U.0%6 62.8% 62.95{62.4% 61.%3% 61.0%
biotite 9.2% 9.8% 9.6%[11.%% 11.8% 12.0%
barkevikite 0.%% 0.6% 0.9%|~e== 0.2% 0.7%
apatite & epidote. L, 2g L6  4.8%| 3.8% 4 g L.5%
magnetite & ilmenite| 9.8% 10.6% 10.4%| 7.9% 7.9% 8.1%
salite 12.%  11.1%  20.7%|14.66  1h.4g  1h.1%
sphene 0.2% 0.5% 0.7%|==w= ——— ————
total 100,0 100,0 100,0]100.0 100.0 100.0
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colorimetrically, using a Unicam SP 600 spectrophotometer.
The Fe+2 content was determined using the titration method

developed by Jen (1973). The P,O. and CO, contents were

275 2
calculated from modal analyses, and the remaining volatiles

determined by the loss on ignition method (L.0.I.).

Several gralns of barkevikite, salite, biotite,
micropefthite, nepheline, magnetite, and ilmenite were
analysed for their major constituents using an Acton(Cameco)
electron microprobe. The instrument is housed in the Geology
Department, MeG111 University. Natural mineral standards
were used and.the data were reduced using the program of

Rucklidge and Gasparrini (1969).

Each mineral analysis represents the average of 10
spot analyses taken on the same grain. In the case of salite,
barkevikite, and biotite, the analyses were taken so as to
provide traverses across the crystals. In the case of micrb-
perthites, a broad beam was used to determine as closely

as possible the bulk composition of the grains.

The cohponents in the pyroxene were calculated by
the University of Oélo proceedure, based on a method
suggested by Essene and Fyfe (1957). The amphibole and
biotite formulae were calculated on the basis of 46 and Lk
positive charges respectively. The partitioning of Fe+2

and Fe'*'3 in the magnetites is based on the following formula:



8(Fe+2,Mg)(Fe+3,Ti)204. The magnetite formulae were
calculated assuming 32 oxygens and 24 cations total.

Similarly, the partitioning of Fe'® ana Fe'? in ilmenite

2 petd g

is based on the following formula: Fe 1-x

ox Ti1.x 03,
The ilmenite formulae were calculated assuming 6 oxygens
and U4 cations total. The low cation totals reported in
Table VII are due to the fact that not all of the cations
analysed were reported by the data reduction program. The
alkali feldspar and nepheline formulae were calculated on
the basis of 32 oxygens. Modified C,I.P.W., norms were

calculated using a computer program, developed by Pierre

Lapointe, at the University of Ottawa.
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CHAPTER IT

GEOLOGY OF THE STUDY AREA

The rocks of the study area consist of a sequence of

marbles and paragneisses, which have been intruded by the

Gracefield syenite pluton.

In the northern, western, and southern parts, the country
rocks consist mainly of calcitic marbles with a few lenticular
bodies of feldspathic quartzite and biotite-feldspar gneiss,
whereas in the eastern part of the area, they consist mainly
of paragneisses* (Figure 3). The syenite pluton is roughly
oval in shape, and is composed of two distinct syenite
intrusions. The earliest intrusive, will be referred to in
the text, as syenite I, and the later one as syenite II

(Figure 3),

The foliation of the surrounding metasedimentary rocks
generally strikes north-northeast, and dips moderately to the
east except near the syenite pluton, where it tends to
parallel the contact between the pluton and the adjacent
country rocks. Along the western contact of the pluton,
the foliation in the country rocks dips shallowly to
moderately inward toward the pluton, whereas along the eastern
contact the foliation dips away from the pluton (Figure 3).
*terminology of Bourne (1970)

11
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All the rocks in the study area except those of the
syenite pluton have been subjected to regional high grade
metamorphism. The rocks of the Gracefield pluton do not

appear to have been highly metamorphosed.

Biotite-feldspar gneiss

In the northwest part of the study area, there is a
lenticular body of gneissic rocks (Figure 3). Bourne (1970),
mapped these rocks as hornblende gneisses. They are dark
grey, fine grained, and composed of 75% K-feldspar, 22%
biotite, 3% plagioclase, and trace amounts of diopsidic

pyroxene, sphené, and opaques.

In the northern part of this unit, there is a zone of
mixed rocks (Figure 3). 1In the eastern part of this zone,
the rocks consist of a massive, medium to coarse grained,
K-feldspar rich syenite which contains a few thin contorted:
bands of fine grained gneissic rocks. These rocks grade
westwardly into thinly bedded gneisses which contain a few
small sill/dyke-like bodies of syenite.

These rocks are described in this section rather than
in the section under syenite I, because the relict bands of
gneissic rocks are structurally continous with, and mineral-
ogically similar to the gneissic rocks southwest of the zone

of mixed rocks (Figure 3). Several of these relict bands
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have been partially assimilated, and there has been segregation

of mafic and felsic minerals (Plate 1).

Marble

These rocks are generally medium to coarse grained, and
composed mainly of twinned calcite with minor amounts of
phlogopite, graphite, apatite, sphene, tremolite, and forsterite.
Foliation is poorly developed, and defined by thin discontinous
zones in which phlogopite and graphite flakes have a parallel
alignment. However, in some outcrops the foliation is defined

by thin zones, which are rich in apatite and sphene.

In one locality, near the western contact of the pluton,
the marbles have been altered to calc-silicate rocks, which
are composed mainly of diopsidic pyroxene and minor amounts
of calcite. Deformation twins, bent twins, and mortar textures

in calcite, were observed in several thin sections.

Paragneiss

These rocks are light grey in color, fine to medium
grained, and composed of 80-95% K-feldspar, 4-15% biotite
and minor amounts of plagioclase, garnet, sphene, magnetite,
and nepheline in one locality. Bourne (1970), reported
sillimanite in rocks of this unit, but none was observed in
the thin sections examined. In all the thin sections examined,

these rocks exhibit mortar textures (Plate 2).



Feldspathic quartzite

In the southwest part of the thesis area, there is what
appears to be a lenticular body of quartzo-feldspathic rocks
(Figure 3). Bourne (1970), mapped these rocks as meta-arkoses.,
They are grey to greyish pink in color, and fine to medium
grained. These rocks are composed of 85-95% quartz, 5-15%
K~feldspar and plagioclase, and minor amounts of biotite,
opaques, and sphene. Close to the'syenite pluton these

rocks exhibit mortar textures.

Distribution and relationships

between syenites I and II

Syenite I makes up most of the Gracefield pluton and has
an area of approximately 3 square miles (Figure 3). Syenite II
is a pear shaped body, which is approximately 1 square mile
in area, and occupies the southern part of the pluton
(Figure 3). Except for the southeastern part, where it is
in contact with marble, syenite II is completely enclosed

by syenite I (Figure 3).

During the field work, several dykes of syenite II
cutting across the rocks of syenite I were observed. These
dykes vary in width from 10 to 20 feet, and seem to form
a pattern radiating out from syenite II (Figure 3). Also,
in one locality there is a sharp intrusive contact between

the two syenites. At this same locality, there are partially

15
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resorbed angular fragments of syenite I in syenite II.
Elsewhere, in the vicinity of syenite II, the rocks of
syenite I are highly fractured. These observations indicate
that syenite II is the younger of the two, and that it has

intruded syenite I,

Syenite I-

These rocks are holocrystallihe, and hypidiomorphic.
They are medium to coarse grained, and there does not appear
to be any variation in grain size across the intrusion The
color is light pink except in the central part of the intru-
sion where it is greenish black and near the contact with

syenite II, where it is light grey.

The mineralogical composition of syenite I is quite
variable. It is composed of 0-38% salite, 0-40% barkevikite,
2-30% biotite, 26-85% microperthite, 0-2% plagioclase,
tr.-9% apatite, tr.-3.5% calcite, tr.-8.5% magnetite and

ilmenite, and trace amounts of sphene, epidote, and zircon.

The central part of the intrusive is rich in mafic and
poor in felsic minerals, and corresponds to shonkinite.
The rocks close to the borders of the intrusisn are rich in
felsic and poor ip mafic minerals, and correspond to alkaline
syenites. There appears to be a complete gradation between

these two rocks types. The alkali syenite is locally transitional
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to nepheline syenite (Figure 3), which is composed of 9-15%
biotite, 67-70% microperthite, 11-21% nepheline, 1-2%
magnetite and ilmenite, and trace amounts of sphene, calcite,

epidote, and zircon.

In one locality, on the western shore of Castor Blanc
Lake, a dyke of quartz syenite cuts marble (Figure 3). This

dyke is tentatively correlated with syenite TI.

Syenite I contains several calc-silicate inclusions
along its margins, and near syenite II (Figure 3). They
are generally quite large, and may have diameters of seve-
ral hundred feet. They are composed of 13-59% diopsidic
pyroxene, 2-26% hornblende, 0-30% biotite, 16-40% K-feldspar,
tr.-6.7% magnetite, tr.-3% calcite, and trace amounts

of sphene.

A primary foliation interpreted as igneous was
observed in the nepheline-bearing rocks. The primary
follation is parallel to the borders of the intrusion
(Figure 3), and is defined by tablets of K-feldspar which
have a parallel orientation. Horizontal or nearly horizontal
primary igneous lineations defined by K-feldspar laths,

were observed and measured in several localities (Figure 3).

In several places along the margins of the intrusion, .

the rocks exhibit mortar texture. This texture consists of
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relict, spindle-shaped fragments of rock composed of
microperthite, barkevikite, salite, magnetite, and biotite
in a fine grained matrix of recrystallized K-feldspar,
plagioclase, and biotite (Plate 3). These spindle-shaped
fragments define horizontal or nearly horizontal lineations
(Figure 3). 1In several places this texture is only
incipiently developed along grain boundaries, and does not

define lineation.

Syenite IT

These rocks are also holocrystalline and hypidiomorphic.
They are greenish brown in color, and are variable in grain
size. They are fine grained at the margins of the intrusion,
and progressively become medium grained in the central part

of the intrusicn.

Syenite II is composed of 0-31% salite, 0-13% barkevikite,
3-19% biotite, U40-80% microperthite, 2-11% magnetite and
ilmenite, 2-6.5% apatite, 0-8% plagioclase, 0-1.5% calcite,

and trace amounts of sphene, epidote, and zircon.

Generally, the rocks in the central part of syenite II
are richer in mafic and poorer in felsic minerals than the
rocks near the margins of the intrusion. However, this trend

is not as regular or as well defined as the trend in syenite I.
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The dykes of syenite II which cut across the rocks of
syenite I, are composed approximately of 1449 salite, 15%
biotite, 60% microperthite, 7% magnetite and ilmenite,

3% apatite, and trace amounts of plagioclase.
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Shape of the Gracefield pluton

From surficial geological mapping, the Gracefield pluton
is roughly oval in shape. Foliations in the country rocks
near the southern, western, and northern contacts of the
pluton, dip inwards, toward the pluton. Along the eastern

contact, the foliations dip away from the pluton (Figure 3).

The aeromagnetic map of the area (map 225G, Department
of Mines and Technical Surveys, Ottawa) shows that the
pluton has a positive magnetic anomaly. Superimposing the
two maps reveals that the western contact of the pluton
corresponds quite closely with the 1500 gamma contour,
However, the magnetic anomaly extends considerably farther
east than the eastern contact of the pluton (Figure by,

The foliation pattern, and the shape of the magnetic
anomaly, suggest that the pluton has the shape of an

inclined pipe, plunging eastwardly.

Position of the Gracefield pluton in the

Grenville tectonic and metamorphic history

Several lines of evidence seem to suggest that syenites
I and IT were intruded late in the Grenville metamorphic
and tectonic history. These are:
1) the foliation in the surrounding country rocks is well
developed, and does not penetrate into the pluton (Figure 3).
2) relict igneous textures such as large, well fcrmed, singly

twinned K-feldspar crystals are common.
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Figure U4 Diagram showing the relationship between the
Gracefield pluton and its aeromagnetic
anomaly. Isomagnetic lines taken from
Aeromagnetic Map 225G, Department of Mines

and Technical Surveys, Ottawa.
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3) in the northwest part of the study area, syenite I

k)

5)

6)

contains several partially assimilated bands of gneissic
rocks (Figure 3).

the age of the similar Kensington syenite, which is
approximately 25 miles north of the study area was
determined by the K-Ar method to be 884 m.y. by Doig

and Barton (1968). However, this is a minimum age, and
may represent the date of waniné metamorphism,

that the magma intruded gneisses and marbles without
producing a noticeable thermal aureole, and that there
are no chilling effects in syenite I. This suggests,

that the magmé was not very different in temperature

from that of the host rocks at the time of intrusion.

in the study area, there are two north-south trending
zones in which the rocks exhibit mortar textures.

These zones are mainly confined to the paragneiss, and
feldspathic quartzite units, but they also extend across
the northeastern and southwestern parts of the Gracefield
pluton (Figufe 3). Although there is generally some
recrystallization, these textures are usually developed
in relatively cold rocks, during the late stages of
deformation (Spry, 1969). In this case, during deformation,
the relatively brittle and competent syenitic, quartzitic,
and gneissic rocks appear to have deformed cataclastically,
whereas the relatively incompetent marbles appear to have

deformed plastically.
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CHAPTER III

MINERALOGY AND TEXTURES OF SYENITES I AND ITI

Salite

Optical properties., The clinopyroxenes in syenites I
and II have similar optical properties. They correspond to
those of salite, but there is some overlap with those of
titanaugife. They are optically positive, have 2Vz angles
between 55-60°,and extinction angles between 36° and 42°,
In thin section they are very pale green and weakly pleochroic
with X=pale green, Y=pale greyish green, and Z=brownish green,
Some salites are zoned optically, with Z~c(core) 42°,
dispersion stronély inclined about Y(ZvAc>ZrAc), and Zac(rim)

350, dispersion weakly inclined about Y.

Chemistry. Several clinopyroxene grains from the central
and marginal parts of syenites I and II were analysed for the
major elements using an electron microprobe. The results are'

presented in Table IT.

Examination of these results does not reveal any major
difference in Chemistry between the clinopyroxenes of
syenites I and II. Most are aluminous titanian salites. One
specimen (MD-113) contains an appreciable amount of calcium
Tschermak’s molecule (CaAlIBiAﬂ'O6) and as such is better
classified as a titanian fassaite. For convenience, all

pyroxenes in these syenites will be termed salites.



TABLE II

CHEMICAL COMPOSITION OF SALITES OF SYENITES I AND IX

intrusive SYENITE I SYENITE II
specimen no MD-113 MD-22 1&2 MD-30 182 MD-62
location center margin center margin
oxides oxides oxides oxldes oxides
's10, h9.34 52.50 50.68 51.54 50,26 51,61
T10, 1.77 0.79  1.47 0.93 1.16 0.83
A1,04 6.85 Lhs1 6.8 5.04 5.08 @ 3.8
FeO* 7.04 9.08 9.57 8.07 9.3 8.77
Ca0 21.52 21.33 21.12 21.33 20.46 20.71
MgO 12.46 11.01  9.96 12,06 11.98 11,70
Na,0 1,34 1,75 1.80 0.76  0.96 1.43
K50 e e | el 0.0h 0.01
total 100.13  100.95 101.42 | 99.73 99.27  9B.88
Fe0/Mgd(wt) 0.63 0.82  0.96 0.67 0.77 0.75
*all iron reported as FeO
FORMULAE BASED ON 4,00 CATTIONS
MD-113 MD-22(1) MD-22(2) MD-30(1) MD-30(2) MD-62
st 1,802 1.933 1.853 1.933 1.886 1.939
v ge.oo }2.00 }2.00 }2.00 ;2 00 }2.00
Al7" 0,198 0.057 0.137 0.077 0.114 0,051
a't 0.097 0.129 0.159 0.145 0.111 0.108
Ti o.oug% 0.021 0.041 0.0262 0.033 0.023
1.06 1.03 1.04 1.09 1.11 1.06
Fe 0.239 0.280 0.294 0.252 0.292 0.276
Mg 0.678} 0.60h 0.546 0.671 0.6705 0.655
Ce o.aaé 0.842 0.832 0.852 0.823 0,834
Na  0.095(0.94 0.12L4}0.97 0.128}0.95 0.055}0.91 0.07010.89 0.104}0.94
L el SRR B o.ooe) -----
END MEMBERS IN MOLECULAR PERCENT
B B By Bo 2
CaTiA1,0. 4,85 2,17 4,06 2.70 3.27 2.34
caalfsin] og 10,07  2.27  5.53 2.61 k.87  1.44
NaAlS1,0  --ee- 10.52 10.36 5.68 6.19 9.34
nare's1,0,  9.47 172 247 —meee 0.99  1.12
Ca 51,0 34,56  39.50 26.80 41.38 37.06 39.78
Fegzsieo6 7.21  13.85 13.48 13.00 14,13 13.22
ME,S1,0¢ 33.8%  29.95 27.29 34.64 33,50 32,75

24
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Table II also reveals that there are smallvariations in
the chemical compositions of salites within the two syenite
bodies. The Fe0/MgO(wt) is moderate (0.63) in salite from the
central part of syenite I, and higher (0.82,0.96) in salites
from the marginal rocks of the intrusion. In syenite II this
ratio does not vary significantly. The AlQOB content is
higher in salites from the central parts of syenite II, than
in salites from the borders of the Intrusion; whereas in
syenite I, it does not appear to vary significantly. The other
elements do not appear to vary significantly within salites
from the two intrusions. The analysed salites were not
optically zoned; several microprobe traverses across the grains

did not reveal chemical zoning.

Textures. In syepites I and II, salite occurs as small
subhedral to anhedr;i:mwhich display a variety of textures.
In the central part of syenite,I and in the southern part of
syenite II salite occurs in cumulus like aggregates.
Barkevikite, microperthite, magnetite, and ilmenite occur
Interstitially between salite crystals, and often include
them (Plates 4 and 5). In the marginal rocks of syenite I,and
in most of syenite II, salite occurs as small anhedral,
interstitial crystals between the larger microperthite
crystals (Plate 6). In most of the thin sections examined,
salite grains were partially or completely rimmed by

barkevikite and biotite grains (Plate 7).



In both, syenites I and II, salite grains commonly
display exsolution of magnetite along cleavage planes
(Plate 8). 1In most of the thin sections examined, salite

grains were fresh and unaltered. However, in a few places

along the margins of syenite I and near syenite II, salite .

grains are altered to uralite (Plate 9).

26
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Barkevikite

Optical properties. Amphiboles in syenites I and 11,
have optical properties which correspond to those of
barkevikite. They are optically negative, have 2Vz angles
between 40° and 50°, and extinction angles(Z.c) between
6° and 11°. The dispersion formula is r>v. In most thin
sections they are yellow-brown and strongly pleochroic
with X = pale yellow, Y = reddish brown, Z = dark brown.

The amphibole in the extreme north-eastern part of syenite I

has optical properties which correspond to those of hornblende.

Chemistry. 'Electron microprobe analyses of barkevikites
from rocks in the marginal and central parts of syenite I,
and from the marginal rocks of syenite II, are presented in
Table III. They contain less than 0.5 Ti atom per formula
unit, and are very similar to those presented by Deer, Howie,

and Zussman (1953, pp 329-330).

Barkevikites from rocks in the central part of syenite I
are richer in Tiog, A1203, and Nazo than barkevikites from
rocks in the marginal parts of the same body. The Sioe,

Ca0, and KQO contents are approximately the same in
barkevikites from rocks in both parts of the intrusicn.
Barkevikites from the marginal rocks of syenite II, are
compositionally similar to those from the marginal rocks
of syenite I, but they have lower Fe0O contents.The Siog,

Al2 %7 Cao, Naeo, Mg0O, and K20 contents are approximately



TABLE IIX
CHEMICAL COMPOSITION OF BARKEVIKITES OF SYENITES I AND IT

intrusive SYENITE I SYENITE II
specimen no MD-113 MD-22 MD-62
location ceﬂter margin margin
oxides ' oxides oxides ~ oxides
s10, hi.ob 41,22 41,35
T1i0, k.10 2.39 2.27
A1203 13.70 12,07 11.66
Fe0O* 12,10 15.68 14,72
ca0 11.28 11.05 11.43
MgO 12.70 11.00 11.45
Na20 2.85 2.39 2.34
X,0 2.30 2.2 1.96
total 100.07 98.22 97.18~
FeO/MgO(wt) 0.95 1.42 1.29

* all iron reported as Fe0

FORMULAE BASED ON 46 POSITIVE CHARGES

s1 5.981) 6.21% 6.262
8.00 8.00 8.00

aly 2,019, 1.787 1.738

avt 0.33h 0.357 0.3%)

71 0.li4g 0.271 0.259
5.02 5.08 5.05

Mg 2.759 2,472 2.585

Fet2 1.475 1.977} 1.864

Ca 1.761 1.785) 1.855
" 2,00 2,00 2,00

Na’ 0.239 0.215 0.145

PRt o.567§ o.u83% o.5u2}
0.99 0.95 0.92

K 0.428 0.465 0.379
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the same.

The FeO/Mg0 ratio in barkevikite is (0.95 wt) in the
central part, and considerably higher (1.42 wt) in the
marginal rocks of syenite I. This ratio is also high (1.29)

from the marginal parts of syenite II.

Textures., In syenites I and II, barkevikite crystals
are usually associated with salite, biotite, magnetite,
1lmenite, and apatite. The crystals are fresh, have variable

grain size, and do not exhibit any exsolution features.

In the central part of syenite I, and southern parts
of syenite II, barkevikite occurs mainly as large inter-
cumulus like crystals. It normally encloses several grains
of salite, apatite, K-feldspar, magnetite, and ilmenite.
Less commonly it is found as small blebs within salite
crystals (Plates 4 and 5). Also, in a few thin sections
they are interstitial between larger microperthite grains

(Plate 6).

In the marginal rocks of syenites I and II, barkevikite
generally occurs as partial rims around, and as small blebs
within salite grains (Plate 7)..In most thin sections,
barkevikite grains are partially rimmed with ragged
biotite crystals (Plate 7).



L rreryp——.
S eaa e Vel

30

Biotite

Optical properties. There are no differences in the
optical properties of biotites in syenites I and II. They
are optically negative, have 2Vx angles of about 50, and
extinction angles (Z.a) between 3° and 5°. The biotite
flakes are black in hand specimen, and yellowish brown in
thin section. They are strongly pleochroic, with X = pale

yellow, Y = reddish brown, and Z = reddish brown.

Chemistry. Several microprobe analyses of biotites

are presented in Table IV.

In syenite II, tﬁe FeO/Mg0 ratios in biotites decrease

from the center to the borders of the intrusicn. Conversely,
in syenite I, the Fe0/MgO ratios in biotites are low in the
central part, and progressively increase toward the borders
of the intrusion. There is also a decrease in the Tiog,
and an increase in the A1203 contents in biotites from the

center to the margins of the intrusion.

Textures. 1In both syenites I and II, there appears
to be two modes of occurrence of biotite. One of these
modes, consists of small ragged crystals, which form partial
rims around, and small patches within barkevikite, salite,
magnetite, and ilmenite (Plates 7T and 10). They also occur
as small, discreet flakes between microperthite crystals

(Plate 11).
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TABLE 1V
CHEMICAL COMPOSITIONS OF BIOTITES OF SYENITES I AND II
intrusive SYENITE I SYENITE II
specimen no MD-113 MD--22 MD- 844 MD- 30 MD-62
location center intermediate margin center margin
oxides oxides oxides oxides . oxides oxides
510, 36.89 38.38 36.37 38.37 38.03
TiO2 6.65 3.80 4. .57 L7y L, 39
A1203 W h2 13.37 18.25 15.91 13.05
FcO* 11,40 13,28 17.82 15.20 12,72
Ca0  oeee- - 0.10  eeeen | aoooo o_l_.
Mgo 16.90 16.22 9.75 14,76 16.42
N820 0.68 0.17 0.18 0.22 0.13
K,0 9.84 8.93 9.47 8.50 9.09
total 96.77 ou .86 96.56 95.67 93.82
FeO/Mgo(wt) 0.67 0.82 1.82 1,03 0.77
* all iron reported as Fe0
*'FORMULAE BASED ON 44 POSITIVE CHARGES

MD-113  Mp-22 MD-84A  ° MD-30 MD-62

Si  5.378 5.728) 5.424) 5,673 5.701
7.86 8.08 8.63 8.10 8.01

Al 2,477 2.351f 3.208§ 2.1&24} 2.306}
Ti 0.729 0.U426 0.512 0.527 0.495
Fe 1.38915,80 l.670£5.70 2.22374,90 1.879}5.66 1.595/5.76
Mg 3.677 3.607 2.167 3.252 3.668
Ca ~wm--- 0.003y W —caaa mmem=3 e
Na  0.019}2.02 o,ous}l.?s 0.05211.85 0,06231.67 0,035!1.85
K . 1.829 1.699 1.801£ 1.6o3§ 1.737
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The second habit of biotite is as large thick sheets,
consisting either of a single large crystal, or several
small sheets which have parallel orientations (Plates 12
and 13). They vary in width from a few millimeters to
several (4-5) centimeters, and cut across the other minerals
which make up the rocks of syenites I and II; thereby
imparting a cumulus-like texture to the rocks (Plate L4).

Legris (1972), observed similar textures in a syenite

pluton near Renfrew, Ontario.

These large flakes of biotite have random orientations
(Plate 13), and afe very common in the rocks of syenite IT,
and in the rocks of syenite T adjacent to syenite II. Farther

away from syenite II, they are encountered less frequently.

Whether or not these two modes of occurrence represent
two generations of biotite is not known, and further work

is required to resolve this question,
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Microperthite

Microperthites in syenites I and II are complex.
Single crystals exhibiting both replacement and exsolution
perthites are common. 1In crystals of replacement perthite
the host mineral is orthoclase; whereas in crystals of
exsolution perthite, the host mineral is usually microcline
but can be orthoclase. X-ray diffraction studies on several
grains of fine-grained microperthité did not yield distinctive
orthoclase or microcline patterns but transitions between

the two patterns, suggesting " intermediate microcline".

Optical propérties. Orthoclase and microcline are
optically negative, and have 2Vx angles which vary between
40° and 500, and between 70° andg 90°, respectively. They

both have low birefringences and low, negative relief.

The plagioclase blebs in the replacement microperthites
are optically negative, have low positive to negative
relief, and have 2Vx angles which vary between 84° anq 88°.
They are often twinned according to the albite law, and the
maximum symmetrical extinction angles with respect to the
fast ray are 11° " to 130. These data correspond to anorthite
contents of approximately 28-30% consistent with the chemical
compositions of MD-30 and MD-62. In exsolution perthites,
the exsolved plagioclase has g lower R.I. than that of
Canadg Balsam, but higner than that of the host mineral.
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This suggests that it may be albitic in composition. The
exsolution blebs are too small to determine their other

optical properties.

Chemistry. The electron microprobe analyses of micro-
perthites from syenites I and IT, in Table Vv, represent the
bulk compositions of the crystals., Examination of Table V
reveals that there are major differences in chemistry between
microperthites of the two intrusions. In syenite I, the

percentages of K20 are much greater than those of Na 0,

2
and there are only trace amounts of Ca0; whereas, in
syenite II, the N&EO contents are greater than the K20

contents, and there are considerable amounts of Ca0. The

A1203 content is also higher in microperthites from syenite IT.

The high Ca0 and A1203 contents in the microperthites
from syenite II, are probably due to the fact, that the

analysed grains were probably replacement microperthites

-which were morphologically similar to exsolution microperthites.

Within syenite I, there are slight differences in
chemistry between microperthites from the central and
marginal parts of the intrusiocn (Table V). In the central
part of the intrusive, they are richer in Ca0 and A1203,
and poorer in K20 and Si02. In syenite II, microperthites in
the central part of the intrusion, are slightly richer in

Ca0 and A1203, and poorer in Na,O.

2
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CHEMICAL COMPOSITION OF MICROPERTHITES FROM SYENTTES I AND II

intrusive SYENITE I SYENITE II
specimen no MD-11% MD-22 MD-84A | MD-30 MD-62
location center inéermediate margin| center margin
oxides oxides oxides oxldes | oxides oxlides
510, 61.94 63.08 65.81 62.57 62.73
T10, 0.10 0.03 0.02 0.08 0.02
A1,04 19.85 18.51 19.19 21.72 20,92
reo” 0.10 0.08  0.03 | 0.13 0.09
Ca0 0.76 . 0.14 0.13 3.22 2.22
Na,0 3.36 2.10 3.01 6.28 7.04
K50 10.66 "13.16 12,34 5.39 h.61
total 96.56 97.12 100.53 | 99.39 97.61
*all iron reported as FeQ
FORMULAE BASED ON 32.00 OXYGENS

MD-113 MD-22 MD-84a MD-30 MD-62
St 11.655 11.905 11.930 11,344 21.492
Al 359 L.o76 L. 060 4,554 4. h73
Ti 0.014 0.003 0.002 0.011 0.001
Fet?  0.015 0,012 0.004 0.020  0.013
Ca 0.153 0.027 0.025 0.625 0.435
Na 1.226 0.767 1.057 2.207 2.499
K 2.558 3.169 2.852 1.246 1.077

6lt.99 79.94 72.49 30.55 26.84 or

31.13 19.37 26.86 54,11 62.32 Ab mole %

3.87 0.68 0.63 15.33 10.84 An
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Textures. In the.Gracefield pluton, textures exhibited
by microperthite grains are varied and complex, due to the
presence of both replacement and exsolution microperthites.
Microperthite crystals range in size from a few millimeters
to two centimeters, and are generally larger in syenite I
than in syenite II. There does not appear to be any variation
in grain size across syenite I, but in the marginal rocks of
syenite II, microperthite grains are smaller than in other
parts of the intrusion. In most thin sections, these crystals
are relatively fresh, but in a few localities along the
borders of syenite I, and near syenite II, they are

considerably altered to sericite.

Except for a small area in the central part of syenite I,
replacement perthites are found in all parts of the Gracefield
pluton. They consist of irregularly shaped relict plagioclase
patches enclosed by orthoclase. 1In syenite I, bplagioclase

relicts rarely exceed 1-2 millimeters in diameter, and make

- up 1-20% of the microperthite whereas, in syenite II, they

are as large as 4 millimeters, and make up 10-50% of the
microperthite grains (Plates 14 and 15).

The shépes and distribution of relict plagioclase grains
within the host minerals are variable, They occur as:
a) large centrally located crysﬁals, which have ragged and
deeply embayed margins, and which are surrounded by

orthoclase microperthite (Plate 15).



b) numerous small irregularly shaped patches scattered
throughout the host mineral -(Plates 14 and 16).

c) relatively large patches along the margins of the
microperthite grains (Plates 16 and 17).

d) parallel strings and rods scattered throughout the
host crystal (Plate 18).

In the last three cases the relict plagioclase patches or

strings are commonly in optical confinuity.

Exsolution microperthites are found in all parts of the

Gracefield pluton. They consist of thin films of plagioclase

set in a K-feldspér host. The plagioclase films are less
than a millimeter in width, and are perpendicular to the 010
cleavage in the host crystal, and have parallel orientations
(Plates 14, 15, and 17). In most crystals they are present

in approximately the same proportions as the K-feldspar host.

As previously mentioned, it is not unusual to find
various combinations of replacement and exsolution micro-
perthites in single crystals (Plate 14, 16, and 17).
K-feldspar crystals which do not contain any relict, or
exsolved plagioclase are rare. Those which contain small
amounts of plagioclase, often contain very small, randomly
oriented rutile needles, which were identified optically.
Legris (1972), observed the same phenomena in feldspars

from a syenite intrusion near Renfrew, Ontario.
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In the central part of syenite I, and the southern
part of syenite II,large crystals of microperthite enclose
grains of salite, apatite, (Plate 19), barkevikite,
magnetite, and ilmenite. 1In other parts of the Gracefield
pPluton, microperthite grains form the framework of the
rocks, the interstices of which are filled with smaller
grains of microperthite, salite, barkevikite, biotite,
magnetite, and ilmenite (Plates 6,.10, and 11).
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Nepheline

Optical properties. It 1s.uniaxia1 negative, has low
negative relief, is length fast, and has parallel extinction.
It has a low birefringence(0.0035), and is colorless in thin

section.

Chemistry. Several nepheline crystals were analysed
for the major elements using an electron microprobe. The
results are presented in Table VI; along with the recalculated

molecular percentages of their various components.

Textures. Nepheline is found only in the marginal rocks
of syenite I (Figure 3), where it normally occurs as small
subhedral crystals containing numerous cracks. It is commonly
associated with small crystals of microperthite, biotite,
and ore minerals, which fill the interstices between much
larger microperthite crystals (Plate 20). It also occurs as
small rounded inclusions in large microperthite grains. The
nepheline inclusions are normally surrounded by a thin rim

of albitic plagioclase (Plate 21).



TABLE VI

CHEMICAL COMPOSITIONS OF NEPHELINES FROM SYENITE I

specimen no . MD-8hA-1 MD-84A-2
oxides | oxides oxldes
SiO2 41,99 ki .52
T102 0.01 0.02
A1,04 33.96 33.71
FeO* 0.01 0.01
Cad 0.66 0.52
MgO - 0,04 0.01
Na,0 16.28 16.20
K50 5.43 5.86
total 98.38 97.88

*all iron reported as FeO

FORMULAE BASED ON 32.00 OXYGENS

si 8.191 8.167
T4 0.001 0.001
AL 7,732 7.737
Fet? 0.001 0.001
ca 0.137 0.109
Ve ~ o.011 0.002
Na 6.159 6.177
X 1.350 1.470

END MEMBERS IN MOLECULAR PERCENT

Nepheline 73.26 73%.10
Kalsilite 16.13 17.46
Quartz 8.96 8.13
Anorthite 1.63 1.28



Ore minerals

Optical properties. In syenites I and IT, the ore
minerals consist mainly of magnetite, and minor amounts of
1lmenite, which in syenite II contains lamellae of titano-
hematite. Magnetite is isotropic and has a low reflectance.
Ilmenite has a lower reflectance than magnetite, and is
anisotropic. Under crossed polars in reflected light, the
colors vary from greenish grey to brownish grey, The lamellae
of titanohematite, have a higher reflectance than ilmenite,
and are also anisotropic. In reflected light, the colors

vary from black to whitish grev.

Chemistry. Severagl microprobe analyses of coexisting
magnetite and ilmenite are presented in Table VII.
Examination of these analyses does not reveal any signi-
ficant differences in the chemical composition of magnetites
from syenites I and II. A study of the ilmenite analyses
reveals that those in syenite I, are richer in Tiog, and
slightly poorer in MgO, than those in syenite II. The

exsolved lamellae in ilmenites in syenite II, correspond

chemically to titanohematite (Table VIT),

Textures. In the Gracefield pluton, magnetite and
ilmenite are usually closely associated with salite,barkevi-
kite, and biotite. In the central part of syenite I, and in
the southern part of syenite II, small irregular grains of

of magnetite and ilmenite fill the interstices between these




TABLE VII

Lo

CHEMICAL COMPOSITIONS OF ORE MINERALS FROM SYENITES I AND II

MAGNETITE

intrusive SYENITE I SYENITE IX
Bpecimen no MD-113 MD-22-1 MD-84A 182 MD- 30 MD-62
location center ;nargin margin center margin
Fe, 0, 65.78 64.91 65.84 67.69 66.77 66.83
Fe0 30.48 30.10 30.53 31.38 30.96 30.98
Mgo 0.14 0.11 0.02 —-e-- 0.11 0.03
Ti0, 0.05 0.06 0,10 =cnee 0.05 0,05
total 95.45 95.18 95.49 99.26 97.89 97.89

FORMULAE BASED ON 32.00 OXYGENS AND 24.00 CATIONS

MD-113 MD-22-1 MD-84-1 MD-84A-2 4D-30 MD-62
Fe+315'821é5.8315'82?15.8u 15.83?}5.86 15.82g15.86 15'82615.8u 15.8&3}5.86
TL  0.012 0.014 0.023 0.043 0.012 0.01
Mg 0.055 0.053 .008) —eaao 0.051 .
Fet? 8.160% 8.165(8 6.170{8'1 8.159%8'16 8.163 8.172%8'18

ILMENITE TITANOHEMATITE

intrusive SYENITE I SYENITE II SYENITE TII
specimen no MD-113 MD-84A MD-30 MD-62 MD-30
location center margin center margin centerxr
oxides oxidec oxides oxlides oxides oxides
Fe,04 2.86 2.21 9.29 7.93 85.72
FeO ho.48 41.15 37.66 3747 | aeen
Mg0 0.95 0.28 0.76 1,16 2.04
T10, 52.50 53.64 48,85 48,60 11.99
total 95.80 97.28 96.56 95.16 99.75
FORMULAE BASED ON 6.00 OXYGENS AND 4,00 CATIONS

MD-113 MD-6l4A MD-30 MD-62
ret> 0.109 0.083 0.356 0.308
Ti 2.037 2,051 1.980 1.905
Mg 0,007 0.021 0.058 0.090
Fe*? 1,747 1.749 1.621 1.634
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minerals, and sometimes occur as inclusions within the
minerals (Plates 4,5,7,10, and 19). Elsewhere, small anhedral
grains are distributed along grain boundaries of other

minerals (Plates 11 and 12).

Ilmenite grains commonly have partial rims of sphene
and calcite, and in syenite II, contain exsolution lamellae

of titanohematite.
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Agatite

Optical properties, It is uniaxial negative, has
moderate-positive relief, and has a birefringence of approxi-
mately 0.005. In hand specimen it is greyish white, and in

thin section it is colorless.

Textures. In the central, northwestern, and southwestern
parts of syenite I, and in a few areas in syenite II,
apatite occurs as large to small subhedral to anhedral
crystals which are closely associated with salite, barkevi-
kite, biotite, and ore minerals. It occurs interstitially
between these minerals and as inclusions within them (Plates
4,5,9, and 10). Elsewhere in the pluton, apatite crystals are
generally smaller, but otherwise have similar modes of

occurrence as those described above.

Calcite
Optical properties. It is uniaxial negative, has
moderate positive to low negative relief, and high bire-

fringence. It alsoc has well developed{ldil}cleavage planes.

Textures. In the Gracefield pluton, calcite occurs as
small, irregularly shaped interstitial crystals, and as a
very fine-grained alteration product of plagioclase in

microperthites.
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Sghene

Optical properties. It is optically positive, and has
2Vz angles of approximately 300. Z~Cc angles are approxi-
mately 38°. It has very high-positive relief, and bire-
fringence. It is faintly pleochroic in some cases with X=

vyellow, and Z=yellowish brown.

Textures. Sphene usually occurs as small rounded
crystals which are invariably associated with ilmenite and
calcite crystals. In many thin sections they form partial rims

around, and penetrate into ilmenite grains.

Enidote

Optical properties. It is biaxial negative, with 2Vx
angles of approximately 80°. It also has a high positive
relief, and a birefringence of approximately 0.045, Tt

is colorless in thin section.

Textures., Epidote occurs as plagioclase-epidote

symplectites around biotite grains.
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CHAPTER IV

DISTRIBUTION OF MINERALS IN SYENITES I AND II

Modal analyses of 84 specimens from syenites I and II,
were made in order to determine the distribution of essential
and accessory minerals within the two intrusives. The sample

localities are shown in Figure 5.

The data were used to make isopleth maps for salite,
barkevikite, biotite, microperthite, magnetite(plus minor
amounts of ilmenite), apatite, and calcite. Although the
results for syenites I and II are shown on the same isopleth
map, values in syenite II were ignored while contouring
values 1in syenite I, and vice versa, because they are two

separate, and distinct intrusions,.

Salite

Generally, in syenite I, concentrations of salite are
high in the central part of the intrusion, and decrease
gradually toward the margins of the body, where they are
present in trace amounts or absent altogether (Figure 6).
However, theré:Eeveral exceptions to this general rule; for

example, in several places, the marginal rocks contain high

concentrations of salite (Figure 6).

In syenite II, the concentration of salite is high in
the southeast part of the intrusion and gradually decreases

towards the margins of the body (Figure 6).



b7

151 N 6233
———— 150, D
‘117 120
141 152,
\
121, 153A }
|
.113 122, |
!
.116 !
A
«89 !
/
/
/
!
+123 !
/
22 126 125 /
[ . /
21 , 127 /
//
a4 N
. *19 /
47\\45 //
] 717 16 /
. . /
4
{ .81 87
*74D *
\/,——-—/
62
o/
63 /

/’Approximate Geological

Contact
Specimen Location
0 .5 kilometers
R
.5 miles

Flgure 5 Locations of specimens of syenites

I and IT



SALITE

- Approximate geological
e contact

/10/lsopleth in volume percent
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b Specimen location
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Figure 6 Isopleth map showing the distribution

of salite in syenites I and II.
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Barkevikite

Concentrations of barkevikite are high in the central
part of syenite I, and gradually decrease toward the borders
of the intrusion, where they are absent or present in trace
amounts (Figure 7). However, in the marginal rocks of the
northeastern and southern parts of the body, high concentra-

tions of barkevikite are present (Figure 7).

Barkevikite is present in relatively high concentrations

in the marginal rocks of syenite II, but only as trace amounts

in rocks in the central part of the intrusion (Figure 7).

Biotite

The distribution pattern of biotite in syenite I is more
complex than the patterns of salite and barkevikite. In
addition to having a high concentration of biotite in the
central part of the body, there are several areas in the
northern part of syenite I, and between syenite II and the
borders of syenite I, where there are high concentrations of

biotite (Figure 8).

The distribution pattern of biotite in syenite ITI,
consists of irregularly shaped areas of relatively high bio-
tite concentrations in the northexn and central parts of the
intrusion, with several intervening_troughs of low biotite

concentrations (Figure 8).
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- Figure 7 X¥sopleth map showing the distribution

of barkevikite in syenites I and II.
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BIOTITE
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Figure 8 Isopleth map showing the distribution
of biotite in syenites I and II.
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Microperthite

In the north central part pf syenite I, the proportions
of microperthite are low and gradually increase toward the
margins of the intrusion. These marginal highs, extend
southward on both sides of syenite II, and form narrow
irregular zones, in which the proportions of microperthite
are high (Figure 9). However, in the northeastern,
southwestern, and southern parts of syenite I, the marginal

rocks have low proportions of microperthite (Figure 9).

The proportions of microperthite in syenite II are
generally lower, but there are irregular shaped areas in the
northeast and southwest parts of the intrusion, in which the

proportions of microperthite are high (Figure 9).

Ore minerals (magnetite and ilmenite)

The concentrations of ore minerals are highest in the
central part of syenite I and progressively decrease toward
the borders of the intrusion. In addition, there are several
small areas in the eastern, western and southern parts of
syenite I where there are high concentrations of ore minerals

(Figure 10).

The ore mineral content of syenite II is generally
higher than that of syenite I, with the highest concentfations
over large areas in the southern and northern parts of the

intrusien (Figure 10).
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///Approximate geological
contact
/10/ Isopleth in volume percent
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Figure 9 Isopleth map showing the distribution

of microperthite in syenites I and IT.



ORE MINERALS
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- contact
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Figure 10 Isopleth map showing the distribution

of ore minerals in syenites I and II.
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Agatite

The proportions of apatite are high over a large irre-
gularly shaped area in the central part of syenite I and
gradually taper off toward the borders of the intrusion.
However, close to the contact with syenite II, and along the
borders of syenite I, there are several areas where these

rocks contain high proportions of apatite (Figure 11).

The proportions of apatite in syenite II, are moderately
high over most of the intrusisn, and there are several small
isolated areas, most of them near the margins of syenite II,

where the rocks contain high proportions of apatite (Figure 11).

Calcite

The distribution pattern of calcite in syenite I is
irregular and complex. In the northern part of the intrusion,
there are two irregularly shaped areas of relatively high
calcite concentrations which grade laterally into a trough of
relatively low calcite concentration between the two, and
into rocks near the margins of the intrusion which contain
minor amounts of calcite (Figure 12). Immediately north of
syenite II, the trough of low calcite concentration bifurcates
and extends southwards on both sides of syenite II. The
southward extensions of this trough enclose small areas which

have relatively high concentrations of calcite (Figure 12).

In syenite II, calcite is present in minor amounts (<1%)
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Figure 11 Isopleth map showing the distribution

of apatite in syenites I and ITI.
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CALCITE
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Figure 12 Isopleth map showing the distribution

of calcite in syenites I and TI.
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over most of the intrusive. However, in the northwestern part
of the intrusive, specimens MD-91, MD-97, and MD-10l1l contain

somewhat greater amounts ( 3%) (Figure 12).

Other minerals

Plagioclase occurs throughout the rocks of syenites T
and IT as small relicts in microperthite crystals. In syenite
IT, and in the marginal rocks of syenite I, they constitute
up to 10% of the mode. It also occurs as small rims around

nepheline grains.

Nepheline occurs in only two localities (Figure 3),
where it makes up 11-21% of the mode.

Sphene and epidote are present in minor amounts in
syenites T and II and do not appear to have any regular

distribution pattern.



CHAPTER V

CHEMISTRY OF SYENITES I AND II
Eleven specimens from syenites I and II were analysed for
major elements. In syenite I, specimens were chosen so as to
provide an east-west section across the body, whereas in
syenite II, the specimens were chosen so as to provide both,
east-west, and north-south sectioris across the intrusion

(Figure 13).

These analyses along with their norms are presented in
Tables VIITI and IX. A comparison of the average compositions
of the two syenites shows that in Syenite I, the p2rcentages
of T102, Fe203, FeO, MgO, CaoO, P205, and L.0.I, are lower,
and the percentages of Sioe, A1203: K20, Naeo, and CO, are

2
generally higher than those in syenite II,

The oxide contents of syenites I and II, are shown in
Figures 14 and 15. Examination of Figure 14 reveals that in

syenite I, the Fe,0., FeO, Mg0O, Ca0O, and P,0. contents are
273 275

low at the margins of the body, and increase toward the

central part of the inﬁrusion:and vice versa for the 3102,

A1203, K2O, and Na20 contentg. The TiO2 content does not show

any systematic variation across the body.

A study of Figure 15 shows that in syenite II, along the
north-south section, the 5102, A1203, Kéo, and Na20 contents
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TABLE ViII

CHEMICAL COMPOSITION OF ROCKS FROM SYENITE I

specimen 103 97 89 113 141 12) average %error of
oxides Zoxides %oxides Foxides Foxides Zcxides Foxides Foxides STZ:::c
510, hg.u7 s52.85 47.63 40.70 55.59 lLg.oh hg.2h * o
T10, 0.12 0.50 0.16 0.38 0.03 0,34 0.25 5
Alao} 23.56 22,12 17.13 16.53 16.24 24.68 21,58 s
Fe,0, 3.61 3.43 2,92 9.59  ‘2.59 2.34 4,08 5
FeO 1.62 2.00 3.52 4,54 1.59 1.37 o Yo
Mgo .76 2,72 5.26 4,90 2.06 1,39 2.88 *o
Ca0 2.31 2,16 9.29 10.64 12,01 2.63 7.8 3
X,0 8.65 6.50 6.46 5.61 6.40  B.02 6.93 Fy4
Na,0 k 5.73 4,90 3.75 2,73 2.80 5.92 b26 ¥ a0
P,0g 0.97 - 1.18 3.75 3.01 0.00 0.97 1.64
L.0.I. 1,01 1.13 1.26 0.58 0.21 1.09 0.88
co, 0.00 1.h4o 0.00 0.48 1.73 0.30 0.65
total 98.81 100.89 100.13 99.69 101.25 100.92 101.97
Fe,0,/Fe0 2.20 1.70 0.82 2.10 1.69 1.70 1.67
Fe0/Mg0 0.94 0.73 0.66 0.92 0.77 0.98 0.85

NORMS (wtg% )
Corundum 2.89 7.02 cmmem cmde aeeeo 4,50 --aa-
Orthoclase 51.12  38.4) 38,17 33.15 37.82 47.39 40.95
Alblite 3.78 35,88 5.87 0.76  20.76 8.62 7.34
Anorthite 5.12 —ccen 10.83 16.28 12.84 4.81 19.19
Leucite = = aean. | mmmme e cmeis cmce emmee ccen
Nepheline 2l 22 3.02 14,01 12.10 1.59 22.47 15.55
Hematite 0.17  ~=-ee eeens 0.26 wemee ccinn amaa-
Wollastonite —--oc  acee- 4,49 3.75 6.13  eme- 0.63
Enstatite co-ee ceeeo 3.18 3.2h 5.13 =---- 0.50
Ferrosilite eeee=  co-ae 0.92  ~--we 0.22  ----- 0.05
Forsterite 3.07 h,715 6.95 6.28  ---o- 2.43 k.60
Fayalite =  ----- 0,01 2,21 cemee eeeeo 0.02 0.50
Magnetite 4,87 4,97 4,23 13.53 3.75 3.39 5.92
Tlmenite 0.23 0.95 0.30 0.72 0.65 0.65 0.u47
Apatite 2.30  2.80 8.88 8.68 0.50 2.30 3.88
Calcite ----- 1,08 --o- 1.09 3.93 0.68 1.48

total 97.85 98,90 100.05 100,04 101.57 97.25 101.17



TABLE IX

-CHEMICAL COMPOSITION OF ROCKS FROM SYENITE II

specimen 60 27 4 30 79 73 average Yerror of
oxides Foxides Foxides Yoxides Foxides Foxides Yoxides Eﬁgggﬁc
$10, - 43,10 43.79 48.88 4k.62 hi,36 nwy.35 *o
T10, 0.96 0.68 0.3 0.70 0.32 0.61 I
A1,0, 19.07  16.61 20.64 21.31 12.95 18.11 ts
Fe,0, 5.57 9.43 4,98 560 9.83 7.08 ¥
FeO Ls1  6.20 3.55 361 6.08 4,75 Fo
Mg0 3.71.  2.68 340 3,28 5,18 3,65 *o
ca0 8.14 8.8 8.12  7.49 14,35 9,39 ¥ 3
K,0 5.34  7.35 428  5.16 4.38 5,30 oy
Na,0 b.hg 2,57 3.6  3.95 2.49 3,30 * 39
Py0g 2.36 1.77  2.19 1.6 1.89 1.96
L.0.1. 2.39  0.89 1.25 1.55  2.21  1.65
co, 0.00  0.00  0.00 0.00 0.00 0.00
total 99.54 100.73 100.89 93.86 100.99 100.23
Fe203/Fco 1.26 1.54 1.40 1.55 1.61 1.4k
Fe0/Mg0 1.18 2.27 1.04 1.10 1,17 1.30

NORMS (wt%)
Corundum = ccere aeea- 0.80 cmeen adcan aeaal
Orthoclase 31.56  26.59 25.29 30,49  6.35 31.32
Albite 2.03  ce--- 25,03 7,11 aeeao. 3.35
Anorthite 16.11  12.08 25.98 25.27 11.17 18.95
Leucite cm-m- © 13,21 emeee meee 15,31 c-ee-
Nepheltine 19.48 11,78  2.09 14,16 11,41 13.3)1
Hematite wcacee cocee cdcin mdmce cmeee cemee
Wollastonite 3.70  B8.48 —evo- 0.57 19.90  6.19
Enstatite 2.76 L7 <) S —— 0.46 12.90 4,63
Ferrosilite 0.57 1.99  ceee- 0.05  2.52 0.95
Forsterite 4. 54 0.60 5.93 5.40  oea-o 3.13
Fayalite 1.03 0,23 1.31 0,62  mme-- 0.71
Magnetite 8.08 13.67 7T.22 8.12 14.25 10.27
Ilmenite 1,82 1.29  0.82 1.33 0.61  1.16
Apatite 5.59 4,19 5.19 3,81 4,48 L.64
Calcite cmcen aomil dmcie mcmen mmemem ceeen

total 97.27 99.93 100.c4 97.39 98.91 98.60
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are low in the marginal rocks, and increase toward the center
of the intrusion. The opposite is true for the Fe203, FeO,
and Ca0 contents. The TiO2 content is low in the southern
part of the intrusion and gradually increases northward; and
vice versa for the MgO content. The P205 content does not

vary along this section.

Along the east-west section the Fg203, Fe0, MgO, Cao,
' K20, Naeo, and P205 contents do not show any significant

variations. For 8102, and A1203, the pattern is similar to
that along the north-south section. The TiO. is low in the

2
central part of syenite II, and increases toward the margins.

A comparison of Figuresll4 and 15 reveals that the rocks
of syenites I and II, are differentiated along opposite
trends. The explanation for these opposing trends lies in
the fact that in syenite II, the pyroxene-rich rock (Plate 5)
1s not centrally located as in syenite I (see location of
specimen 73, Figure 13), If in Figure 15 the location of
spécimens 30 and 73‘were interchanged, the differentiation

trends would be similar to those in syenite I.



CHAPTER VI

DISCUSSION

Estimates of temperature, f0,, fH,O, and a8102 during the

crystallization of syenites I and IT

Petrographic examination of specimens from syenite I
reveals that there are several assemblages which are
favorable for determining the temperature, the oxygen and
© water fugacities, and the silica activities at the time of

crystallization.

Several grains of nepheline and microperthite in contact
with each other, from specimen MD-84A(Table V), were analysed
using an electron microprobe. Using the geothermometer
proposed by Perchuk and Ryabchikov (1968), this assemblage
yields temperatures of crystallization of approximately

750°-800°¢.

This geothermometer was refined by Powell and Powell
(1975). Using the refined method, this assemblage yields
temperatures of crystallization of approximately 730°C.
Temperatures obtailned using the latter method are probably
more accurate because values of excess silica are taken into
consideration. As will be seen in a subsequent section,
nepheline does not appear to have crystallized very early in
the crystallization sequence. Therefore it is probable that
the temperature of the magma was somewhat higher than TBOOC

at the time of intrusion.
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Several grains of magnetite and ilmenite were analysed
in order to determine the oxygen fugacity, and temperature of
crystallization, using the method proposed by Buddington and
Lindsley(1964). Since the magnetite contains only trace
amounts of T102, and the ilmenite is not of the ferrian type,

these parameters could not be determined using this method.

Wones and Eugster (1965) in their study on the stability
of biotite, derived an expression relating the fugacity of
water, the fugacity of oxygen, temperature of crystallization,
and mole fraction of annite in biotite, in assemblages
containing magnetite, biotite, and sanidine. This expression

was modified by Wones (1972). The modified expression is as

follows:
o feldspar
Log fH,0 = TLO9/T +U4.25 + 1/2 log £f0, + 3logX - log aKA151308
tite
- log gmagne
FEBOu

+2/Fe+2

where, X equals the Fe + Mg ratio in biotite, fH20 equals

the fugacity of water, fO2 equals the fugacity of oxygen,

afeldspar equals thé activity of K-feldspar in feldspar,
KAlSiéO

gmagne ite equals the activity of Fe,0,, in magnetite, and
FGBOM B!

T equals absolute temperature.

This assemblage is present in specimen MD-84A, and
throughout most of syenite I. The activity of KA181308 in the
microperthite was calculated from the microprobe analysis

(see Table V) using the activity coefficients of Luth, Fenn,
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and Martin (1970).

The magnetite in specimen MDu8hA contains less than
1 mole % ulvospinel component. Since the magnetite occurs
as discreet grains, and not as intergrowths with ilmenite
or sphene, it is unlikely that it initially contained
apprecilably more titanium. Accordingly, the activity of

pure magnetite (1.0) was used in the calculations.

Since data on the Fe+3 content in biotite from this
specimen is not available , a number of values (0.7 and

*2 | Mg ratio. The first

0.6) were assumed for the Fe*2/Fe
value was calculated from the biotite analysis in Table IV:
assuming that there is no ferric iron in the biotite. The
second ratio was calculated assuming that there is approxi-
mately 2 percent Fe"'3 in the biotite. Nash and Wilkinson
(1970) in their study of similar rocks, reported similar
values of Fe+3 in biotite. It is also assumed that there

is no fluorine in the biotite.

A range of values (-14.6 to -17.4) for log fO, were
obtained by usiﬁg the temperature of 730°C, from the
nepheline~feldspar geothermometer, and using it in
conjunction with Figure 4, p 315, of Buddington and
Lindsley (1964),

‘The results of these calculations are shown in Table X.
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Examination of this table shows that there is a large range
in fH,0 values. Buddington and Lindsley (1964), Morse (1967),
Nash and Wilkinson (1970) in their studies of syenitic rocks,
determined that the oxygen fugacity was very close to that of
the QFM buffer during crystallization.

At 73000, the value of the log f02 on the QFM buffer is
-16.5, Assuming that the oxygen fugacity was close to that of
‘the QFM buffer, then values of log fHQO calculated using
values of log f02 greater than -16 and less than ~-17 can be
discarded. This narrows down the range of fH,O0 from 302 to

2
1950 bars.

The presence of calcite as a late primary phase in
syenite I is indicative of a fairly high 002 fugacity. This
in turn suggests that the total pressure was probably
considerably greater than the fugacity of water, probably in
the kilobars range. It also suggests that the fHQO:fCO2
ratio decreased with time. The absence of chilled margins,

and contact metamorphic effects, also suggests that syenite I

was emplaced at appreciable depths in the crust.

The silica activity in the nepheline-bearing syenite
at the time of crystallization is defined by the following

reaction:

1/2 Nepheline + 510,855 - 1/0 pign albite
For this expression we can use the following:
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o] y Perthite
Log aS10, = Gr /2.303(RT) + 1/2 log & 1bite " 1/2 log
Nepheline
*NaA1S10),

where, a8102 equals the activity df silica, Gr° equals the

Perthite
free energy change of the standard state reaction, aAlbite

equals the activity of albite in perthite, agzgggiéze equals

the activity of NaAlSiOu in nepheline, and T equals the

absolute temperature.

. Substituting the appropriate values in the above expression

Log aSi0, = -3988/2.303(1.9872) (730+273) +1/2 log 0.7 - log 0.73
Log aSi0, = -0.88

This value is slightly lower than that of the albite-nepheline

buffer at the same temperature.

Data for the standard state reaction was obtained from
Robie and Waldbaum (1968). The activity of albite in the
microperthite was calculated from a microprobe analysis (see
Table V, specimen MD-84A) using the activity coefficients of
Luth, Fenn, and Martin (1970). The activity of NaAlS10), in
the nepheline was calculated from microprobe analyses (see
Table VI). Values for the temperature were obtained from the

nepheline -~ feldspar geothermometer.

According to Carmichael et al, (1974, pp 274-275), the
amount of aluminium and titanium in pyroxene 1is dependent on
the silica activity in the melt; the lower the silica activity
in the melt, the higher the aluminium and titanium contents

in the pyroxene. The high aluminium and titanium contents in
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salites from syenite I, inaicate that the silica activity in
the melt at the time of salite crystallization was low. Like-
wise, the presence of nepheline indicates that the silica
activity was low, at the time of nepheline crystallization.
As wlll be seen in a subsequent section, salite and nepheline
appear to have crystallized as early and late phases
respectively. This suggests that the silica activity in the
~melt was low throughout the crystallization history of

syenite I.

However, the presence of a quartz syenite dyke on the
western shore of Castor Blanc Lake (Figure 3), argues against
this hypothesis. A possible explanation for this
contradiction, is that the syenite dyke in question, has been
contaminated by the assimilation of siliceous rocks. An
alternate possibility, is that a quartz-bearing phase was
present in the uppermost part of the magma chamber, and has
since been removed by erosion. The author prefers the first

possibllity.

The absence of nepheline in syenite II precludes the use
of the nepheline - feldspar geothermometer for this phase of
the pluton. However, due to the close textural and mineralo-
gical similarities between syenites I and II, it is highly
probable that its temperature at thé time of intrusion was
similar to that of syenite I. The oxygen and water fugacities

were probably also in the same range as in syenite I.
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Crystallization history of syenite I

The ore minerals in syenite i occur as very small
inclusions in the other minerals which make up syenite I, and
as lrregular shaped interstitial grains (Plates L,7,10, and
19). The latter mode of occurrence accounts for most of the
magnetite in syenite I. This suggests that most of the
~magnetite crystallized fairly late in the crystallization
history of syenite I. Additional evidence in support of this
hypothesis, lies in the fact that the magnetite in syenite I
has very low titanium contents(see Table VII). If during the
crystallization of syenite I, the oxygen fugacity was close
to that of the QFM buffer: magnetite could not have

crystallized early at high temperatures.

Since ilmenite and magnetite occur as discreet grains,
the paragenetic relationship between the two minerals is not
known. The fact, that ilmenite occurs mainly as an
interstitial mineral, suggests that it also may have crystal-
Yized fairly late in the crystallization history of
syenite I. However, it is also possible that it crystallized
fairly early, and that with advancing crystallization was
squeezed into the interstitial spaces between the other

minerals.

The high concentrations of magnetite in the central part

of syenite I, are probably due to concentration of iron in



the interstitial liquid. What caused it to crystallize late
is a matter of conjecture: perhaps a change to more oxidizing
conditions in the residual liquid. This could be accomplished
by having the oxygen fugacity fall less rapidly with tempera-
ture toward the end of crystallization. This process also
provides an explanation for the exsolved magnetite lamellae

observed in salite.

Salite occurs as inclusions in microperthite,
barkevikite, biotite, and ore minerals, in the central part
of syenite I (Plates 4,10, and 19). These textures indicate
that they crystallized prior to the minerals enclosing them.
In the marginal rocké they occur as interstitial grains
(Plate 6). This suggests, that they crystallized later than
the assoclated rock-forming minerals and probably later than

salite in the central part of the intrusive.

The Fe0/Mg0 ratios in salite from syenite I lend
additional support to this hypothesis. This ratio is higher
in salites in the mérginal rocks, than in salites in rocks
from the central part of the intrusive (see Table II). This
could be achieved by the early crystallization of large
amounts of Mg-rich salite, thereby increasing the Fe/Mg ratio
in the melt. Salite crystallizing at a later date would be

richer in iron.

The high titanium and aluminium contents in all of the
salites analysed, indicate that the silica activity in the

TU
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melt did not increase appfeciably during the crystallization
of salite,

Apatite occurs as inclusions in salite, ore minerals,
barkevikite, biotite, and microperthite, and interstitially
between these minerals (Plates 4,9,10, and 19). These
textures indicate that apatite started crystallizing early,

' and continued to do so throughout much.of the crystaliization
history of syenite I. However, as with ilmenite, it is
possible that much of the interstitial apatite crystallized
early, and was subsequently squeezed into interstitial spaces

as a result of advancing crystallization.

The intimate association of salite and apatite in the
central part of syenite I, suggests, that they crystallized
at the same time. Also, the high concentrations of these
minerals in the central part of the intrusive suggests that
they were concentrated there by the same process or

mechanism.,

On the basis of textural evidence; crystallization of
early, salite, apatite, and possibly ilmenite, appears to
have been followed by the crystallization of the feldspars.
Crystals of microperthite containing irregular patches of
calcic oligoclase (Plate 1U4) are common throughout most of
syenite I. Textures such as this suggésts that plagioclase

crystallized prior to the alkali feldspar; and was subse-



quently almost completeiy replaced by the alkali feldspar.
This was followed by the exsolution of albitic plagioclase

from the alkali feldspar at lower temperatures,

Inclusions of salite, apatite, and ore minerals in
barkevikite, and biotite (Plates 4, 10, and 19), indicate
that barkevikite and biotite formed later than these mine-
rals. Reaction rims of barkevikite and biotite around
salite grains (Plate 7) indicate that salite was no longer
in equilibrium with the melt. They probably formed in
response to increasing volatile content, increasing K20

activity, and/or decreasing temperatures in the magma..

The Fe+2/Fe+2 + Mg ratio of barkevikite and biotite
in salite-bearing rocks reflects to a considerable degree
that of the salite in the rocks (Figure 164, specimens
MD-113, and MD-22)° This is what would be expected if they
were derived from the salite. In rocks in which there is
no salite, the biptite composition reflects the composition
bf the residual magma, and is richer in iron (Figure 164,

specimen MD-84),

The absence of biotite or barkevikite rims around
salite inclusions in microperthite (Plates 10 and 19),
suggests that they started to crystallize later than the

¥ Figure 15 is not a true phase diagram or equilibrium
diagram, but merely a compositional diagram. In addition,
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the dotted lines do not represent tie lines in the normal sense.
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microperthite. Textures in the marginal rocks of syenite I
(Plate 11) suggest that biotite and barkevikite crystallized

at the same time or later than the microperthite.

Nepheline was observed in rocks from two localities
along the margins of syenite T (Figure 3). In these rocks
nepheline occurs interstitially along with microperthite,
biotite, and ore minerals, between much larger microperthite
‘crystals (Plate 20). It also forms small inclusions in
large microperthite grains (Plate 21). These textures
indicate that nepheline crystallization extended over

a time range.

It is suggested that crystallization of substantial
amounts of salite, and alkali feldspar, prior to the
crystallization of nepheline and alkali feldspar in the
marginal rocks, is responsible for the low silica activity
in the remaining magma. Nepheline probably formed in

response to decreasing silica activity in the remaining magma.

Rims of albite were observed around nepheline
inclusions in microberthite {Plate 21), but not around
interstitial nepheline grains. This suggests that the
early nepheline may have crystallized at high temperatures,
and accomodated excess silica which was later exsolved as

albite rims. Later nepheline may have crystallized at lower



temperatures and contained less excess silica in solution.
It therefore retained its excess silica even at low

temperatures (Hegarth 1976, persohal communication),

Calcite occurs as irregular shaped interstitial crystals
between the other minerals in syenite I, On this basis it is
interpreted as a late stage primary mineral. It is unlikely
that it is hydrothermal or deuteric in origin, as the
surrounding minerals show no sign of hydrothermal or deuteric
alteration. Its presence in these rocks is indicative of high

CO2 pressures during the late stages of crystallization,

The sequence of crystallization in syenite I outlined
in the preceeding pages, is summarized graphically in

Figure 17.
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Figure 17 Schematic diagram showing the

crystallization history of syenite I.



Crystallization history of syenite II

Syenites I and II appear to have had very similar
crystallization histories. However,'there are some
differences in the crystallization histories of the two
intrusives. Syenite II is considerably smaller than syenite I,
and there are variations in grain size across the body. The
rocks range from medium grained in the central part, to fine
grained at the margins of the intrusive. This indicates that
syenite II was intruded into relatively cold rocks, and
probably cooled relatively quickly. Also, the rocks of
syenite II contain numerous small cracks and fissures, which
may be due to shrinkage during cooling and consolidation.
The rocks of syenite:I adjacent to syenite II, also contain

numerous small cracks and fissures; which are possibly due

to the forceful intrusion of syenite II.

The chemistry of biotite and barkevikite rims around
salite grains refects the composition of the salite 1in the
same manner as in syenite I (Figure 16B, specimen MD-62).
Alsd plotted in Figure 16B, is the composition of one of the
large biotite flakes (specimen MD-30) which occurs along
cracks and fissuresA in syenite II, and in the rocks of
syenite I near syenite II (Plates 12 and. 13). As can be seen
in Figure 16B, these large biotite flakes do not reflect the

composition of the salite in the same rock. The higher iron
content in these biotites suggests that they crystallized
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later than those which occuf as rims around salite and
barkevikite grains. Their compositions probably reflect the
composition of the late stage liquia; Their mode of
occurrence also suggests that they crystallized very late in
the crystallization history of syenite II; possibly along
shrinkage cracks, Their presence in the rocks of syenite I,
adjacent to syenite II, indicates that some of the volatiles

escaped from the magma chamber along cracks and fissures,

The absence of calcite 1n most of syenite II, may be due
to loss of Co2 from the system along these cracks; or to
initially low CO2 fugacity. Escape of volatiles from the
magma chamber also provides an explanation for the alteration
of salite grains in the rocks of syenite I which are adjacent

to syenite II (Plate 9).

Nepheline is also absent from syenite II.This is probably

due to a relatively high silica activity in the melt
thrqughout the crystallization history of syenite II. The
high silica activity in the melt, is probably due to the fact
that less alkali feldspar crystallized from the melt in
syenite II, than in syenite I (Figure 9).

Another difference between syenites I and II, is that
in syenite II, the replacement of plagioclase by alkali

feldspar is not as complete as in syenite I. In syenite II,

82
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the irregular plagioclase pafches in alkall feldspar are
larger than in syenite I (compare Plates 14, 18, and
15, 16, 17). This is probably due to the more rapid cooling

and consolidation of syenite II.

The crystallization history of syenite II is summarized

graphically in Figure 18.
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crystallization history of syenite II.
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Intrusion model of syenites'I and IT

Any intrusion model proposed for syenites I and II
must explain: '
A) the distribution patterns of the minerals in the two
intrusives,
B) the cumulus-like textures observed in the central part
of syenite I, and the southern part of syenite II,
Q) the difference in chemistry between the two intrusives, and
D) the primary horizontal lineations, and vertical foliation

in syenite I.

The well ordered concentric mineralogical zoning
in syenite I, suggests that some process of crystal
fractionation was operative during the crystallization of the

body.

Bhattacharji (1966) has suggested a process of flowage
differentiation whereby the early crystallizing phases
migrated to the center of the conduit up which the magma was
traQelling. This process could give rise to the observed
geometry of syenite I. However, this process requires that
some of the phases crystallize prior to emplacement. There is

no evidence in support of this hypothesis.

Philpotts (1968) has suggested an interesting model to
explain the distribution of rock types in Mt. Johnson, Quebec.

Mt. Johnson is a vertical plug which has a younger olivine



essexite core, grading latefally to an older pulaskite margin.
Throughout the intrusive there is a well developed primary
foliation. In the olivine essexite'there is also well

developed primary layering parallel to the foliation.

According to Philpotts, the magma was intruded into
relatively cold rocks. The resulting high horizontal tempera-
ture gradients would initiate vertical convection; the hot
magma rising in the center, and the relatively cooler magma

sinking along the walls of the pipe.

During crystallization,Philpotts postulated that the
magma may have separated into two immiscible liquids, one of
olivine essexite composition and the other of pulaskite
composition. The latter having a lower density would accu-
mulate at the top of the magma reservoir. This would be
accompanied by the development of separate convection cells

in each liquid.

Eventually, crystals would begin to stick fo the walls,
and the magma would begin to solidify from the walls inward.
Subsequent intrusion of the lower cells into the upper ones

produced the observed rock distribution and age relationship.

It is suggested that a model similar to Philpotts’s
model was operative during the crystaliization of syenites I

and II.



It is suggested that syénite I was emplaced as a largely
liquid magma: perhaps containing a few suspended crystals of
Mg-rich salite, apatite, and ore minerals (Figure 19A). As
Philpotts (1968) pointed out, heat loss from pipe-1like bodies
occurs mainly along the walls of the pipe, and this heat loss

normally initiates vertical convection.

As previously mentioned, the temperature gradients
between the intrusive and the country rocks, do not appear to
have been very great. This would result in relatively slow

convection cells.

In a convecting system of this type, crystallization
would probably begin along the walls. It is suggested that
Mg-rich salite, apatite, and minor amounts of ore minerals
started crystallizing in these parts of the magma chamber
(Figure 20B). It is postulated, that the early crystals did
not stick to the walls of the magma chamber; but that they
were carried downward by the descending cooler magma. Initialy
the.hotter magma rising in the center would carry these early
formed crystals upward (Figure 19B). Crystallization of large
amounts of Mg-rich salite, apatite, and minor amounts of ore
minerals would result in a more alkalic residual liquid. As
the density contrasts between the early formed crystals and
the residual liquid increased, they would begin to sink at a
faster rate. If the net upward force of the magma convection

was not much greater than the force of gravitational settling
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of the crystals, the net rate of upward movement of these
crystals would be small, and they would not be carried very

far upward (Figure 19C).

Over a period of time, this process would result in a
more alkalic magma in the upper part of the magma chambver,
and a Mg-rich salite, apatite, and iron-rich magma below
it(Figure 19C). Once the fractionation of the initial magma
into a light upper alkalic liquid and a lower crystal mush
was effected, convection is postulated as having stopped
(Figure 19D). The absence of a primary foliation in most of

syenite I supports this hypothesis.

Continued crystallization of apatite, and minor
amounts of ore minerals, was accompanied by the crystalliza-
tion of the plagioclase and potash feldspars, and the more
iron-rich salite, after convection had ceased. Shortly
afterwards, salite became unstable, and reacted with the
residual magma to produce alkali feldspar. This was
followed by the crystallization of most of the magnetite

in the remaining interstitial space.

Nepheline probably started to crystallize after
sufficient alkali feldspar had crystallize to lower the
silica activity in the residual melt. Calcite crystallized

from the late interstitial liquid.
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In syenite I, thé high concentrations of salite, apatite,
and magnetite in the central‘part of the intrusive gradually
decrease outward: and vice versa for microperthite. This
suggests that the two liquids were not immiscible, and that

some mixing took place between the two liquids.

This model provides a satisfactory explanation for the
high concentrations of Mg-rich salite, apatite, ore minerals,
and low concentrations of microperthite in the central part
of syenite I. It also explains the cumulus-like textures in
these rocks (Plates 4,10, and 19). Along the margins of
syenite I, there are several small areas with high concentra-
tions of salite, and apatite(see Figures 6 and 11). They
may be due to the entrapment of early formed crystals in
irregularities in the walls of the magma chamber (Figure 19D).

The distribution patterns of barkevikite and biotite
follow closely that of salite (Figures 6, 7, and 8). This
is what would he expected if most of these minerals were
derived from the salite. The distribution pattern of primary
calcite is difficult to interpret. It does not coincide very
well with the distribution patterns of the other minerals
(Figures 5,7,8,9,10,11, and 12), Perhaps it reflects the
location of high concentrations of late stage interstitial

liquids.

The circular pattern of horizontal primary lineations,

and the two cases of primary vertical layering in syenite I

90



are somewhat problematidal. Unfortunately, the structural
features are insufficiently distinct to suggest a process by

which they formed, or the dynamics of emplacement of syenite I.
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At some later date,'after syenite I had consolidated)
the process was repeated with the injection of syenite IT

near the margin of syenite I (Figure 19E).

As in syenite I, this model provides a satisfactory
explanation for the location of high concentrations of salite
in the southern part of syenite II (Figure 6), and the
textures observed in these rocks (Plate 5). It also provides
an explanation for the distribution of apatite and ore

minerals in syenite II (Figures 10 and 11).

The distribution pattern of microperthite in syenite II
1s similar to that in syenite I, in that low concentrations
of microperthite occur in salite-rich rocks and vice versa.
However, the patterns of these minerals do not coincide as

closely as in syenite I (Figures 6 and 9).

The distribution pattern of barkevikite in syenite IT
follows that of salite, in the same manner as in syenlte I.
Biotite has two modes of occurrence: as small crystals which
form small rims around salite and barkevikite in the marginal
rocks of syenite.II, and as large sheets along randomly
oriented cracks and fissures. The irregular distribution
pattern of biotite is, in part,due to the fact that these

large flakes were included in the modal analyses.
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Calcite is present in trace amounts only in syenite II.
This may be due to loss of CO2 from the system, or perhaps
the partial pressure of CO2 was initially low.

Syenite IT is richer in iron, calcium, and poorer in
silica, alkalis, and alumina than syenite I. If the two
intrusives were derived from the fractional crystallization
of a common parent magma, syenite IT should be richer in iron,
silica, and alkalis. This discrepancy may be due to the
fractionation of substantial amounts of alkali feldspar in

the parent magma prior to the emplacement of syenite II.
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Parent magma of syeniteé I and IT

The pronounced textural, mineralogical, and chemical
similarities between syenites I‘and IT suggest that they were
derived from a common parent magma. Unfortunately, there is
little evidence to indicate the nature of the pérent magma..
There is no direct evidence to suggest that syenites I and IT
were derived from a granitic magma by assimilation of
calcareous rocks, but the calc silicate inclusions in
syenite I represent possible evidence in support of this hypo-
thesis. It is not known if these rocks were formed, during
the regional metamorphism, prior to the emplacement of
syenite I, or if they are the result of assimilation of

calcareous rocks by syenite I.

Origin of nepheline in the country. rocks

Nepheline was observed in only one locality in the
country rocks (Figure ?). Keeping in mind that the
Gracefield pluton is an easterly plunging pipe-like body, the
nepheline—bearing.gneiss is close to, and above the
ﬁnderground extension of the Gracefield pluton. This suggests
that the nepheline may be metasomatic, and formed as a result
of introduction bf alumina and alkalis from syenites I and II.
Payne (1968)'observed the same phenomena in the country rocks
along the upper border of the Blue Mountain nepheline syenite,

and has suggested a similar origin for the nepheline.
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" CHAPTER VITI

CONCLUSIONS

From field observations, petrographic, chemical,
and mineralogical studies of syenites I and II, several

conclusions can be drawn. They are outlined below:

A) The Gracefield pluton is composed of two distinct
intrusives which are syenitic in composition. They both
appear to have pipe-like forms, which dip eastwardly.

Syenite II is the younger, and has intrusive relationships

with syenite I.

B) Both syenites I and IT appear to have intruded late
in the Grenville metamorphic and tectonic history.

C) If the oxygen fugacity was close to that of the QFM

R AT S

buffer throughout the crystallization of syenite I,
then the fugacity of water was between 302-1950 bars.
The silica activity in the melt appears to have been
low during crystallization of syenite I. Homogenized

feldspar (now exsolution microperthite) equilibrated

with nepheline at 73000. The temperature at the time
of intrusion was probably somewhat higher. Syenite I

appears to have been emplaced at appreciable depths

RS

in the crust, In syenite II the oxygen and water fugacities,
and temperatures of intrusion were probably similar to

those in syenite I.
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D) The crystallization histories of syenites I and II are

E)

very similar. Crystallization appears to have begun

with the crystallization of Mg-rich salite, apatite,

and minor amounts of ore minerals. Continued crystallization
of minor amounts of ore minerals, and apatite was later
accompanied by the crystallization of the feldspars, and
more iron-rich salite. Due to decreasing temperatures and/or
increasing volatile content in the magma, the salite became
unstable and reacted with the melf to form barkevikite and
biotite, while plagioclase reacted with the melt to form
alkall feldspar. This was followed by the crystallization

of magnetite in the remaining interstitial space. In

syenite I, nephéline began to crystallize near the margins
of the Dbody after silica activity had been lowered to a
sufficient degree through precipitation of alkali feldspar.
Calcite crystallized from the late stage liquids in

syenite I. In syenite II, biotite crystallized from late
stage ligqulds on planes that possibly represent shrinkage
cracks.

The distribution patterns of the minerals in syenites I

and II, are due to the operation of convection cells

during their crystallization histories.
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Plate 1

Partial assimilation of gneissic band, and
segregation of felsic and mafic minerals.
Gn = gneiss, AF = alkali feldspar, P =
¢iopsidic pyroxene, S = Syenite.
Plane Light Magnification 0.8X
Specimen MD-170
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Plate 2
Mortar textures in paragneiss.
Mp = microperthite, Pl = plagioclase, Bio =
biotite.
Crossed Polars. Magnification 17X

Specimen MD-13A







Plate 3
Mortar textures in syenite I.
Emp = exsolution microperthite, B = barkevikite,
Om = ore minerals, Sp = sphene, Bio = biotite,

AF

il

alkali feldspar,
Crossed Polars. Magnification 17X

Specimen MD-43
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Plate U4

Cumulus-like salite in syenite I with
intercumulus barkevikite, exsolution
michperthite, ore minerals,

Sa = salite, Emp = exsolution micro-
perthite, Ap = apatite, Om = ore minerals,
B = barkevikite.

Plane Light Magnification 17X

Specimen MD-90
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Plate 5
Cumulus-1like salite in syenite II
with intercumulus barkevikite, ore
minerals, and microperthite.
Sa = salite, B = barkevikite, Emp =
exsolution microperthite, Bio = biotite,
Ap = apatite, Om = ore minerals.
Plane Light Magnification 17X
Specimen MD-73
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Plate 6
Interstitial salite. Sa = salite,
B = barkevikite, Bio = biotite,
Rmp = replacement micropertite,

Crossed Polars Magnification 17X
Specimen MD-98







Plate 7
Salite grain surrounded by a partial
rim of barkevikite and biotite. Sa =
salite, B = barkevikite, Bio = biotite,
Rmp = replacement microperthite, Om = ore
minerals.
Plane Light Magnification 50X
Specimen MD-22







Plate 8

Exsolution of magnetite lamellae along clea-
vage planes in salite, Sa = salite,

Rmp = remplacement microperthite,

Ap = apatite, Om = ore minerals, El1 =
exsolution lamellae of magnetite.

Plane Light Magnification 105X

Specimen MD-99
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Plate 9
Salite grains partially altered to uralite.
Sa = salite, Rmp = replacement microperthite,
Ap = apatite, Bio = biotite,
Om = ore minerals.
Plane Light Magnification 50X
Specimen MD-86







Plate 10

Small biotite crystals occurring as

small patches in salite, and as partial

rims around salite, ore mineral and

barkevikite grains. Sa = salite, B =

barkevikite, Om = ore mineral, Bio = biotite,

Ap = apatite, Emp = exsolution microperthite,
Plane Light Magnification 17X
Specimen MD-113%
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Plate 11
Interstitial biotite crystals. Bio =
biotite, Rmp = replacement microperthite,
Sa = salite, B = barkevikite.
Crossed Polars Magnification 17X

Specimen MD-103







Plate 12

‘Large biotite crystals. Note that all the
biotite in this plate has the same optical
orientation., Bio = biotite, Sa = salite,
Om = ore minerals, Ap = apatite, Rmp =
replacement microperthite.

Plane Light Magnification 17X
Specimen MD-30
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Plate 13

Specimen showing very large biotite

flakes.

Plane Light Magnification 1.2%
Specimen MD-170







Plate 14
Replacement microperthite crystal. The
lighter colored patches labelled Pl are
relict plagioclase. Emp = exsolution
microperthite.

Crossed Polars Magnification 50X
Specimen MD-89
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Plate 15

Badly corroded and deeply embayed plagio-
clase crystal. Pl = plagioclase, Emp =
exsolution microperthite.

Crossed Polars Magnification 50X
Specimen MD-72
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Plate 16

Plagioclase crystal which is partially

replaced by exsolution microperthite, Pl =

plagioclase, Emp = exsolution microperthite.

Crossed Polars Magnification 50x

Specimen MD-64
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Plate 17
Plagioclase crystal which is partially

replaced by exsolution microperthite, Pl =
plagioclase, Emp = exsolution microperthite,
Rmp = replacement microperthite, Om = ore
minerals. |
Crossed Polars Magnification 50X

Specimen MD-66






Plate 18

Replacement microperthite crystal, Plagio-
clase relicts are present as irregular blebs,
strings, and rods scattered throughout the
crystal. Pl = plagioclase, Sag = salite,
Om = ore minerals. Darker colored areas in
the crystal are alkali feldspar,
Crossed Polars Magnification 50%
Specimen MD-96







Plate 19

Intercumulus microperthite crystals

enclosing several salite and apatite

crystals, Emp exsolution microperthite,

Sa salite, B

barkevikite, Ap = apatite,

i

Om = ore minerals.
Plane Light Magnification 17X

Specimen MD-113%







Plate 20

Plate showing the two modes of occurrence
of nepheline (A) as interstitial crystals,
and (B) as inclusions in exsolution micro-
perthite. Ne = nepheline, Emp = exsolutiocon
microperthite, Bio = biotite, Om = ore
minerals,

Crossed Polars Magnification 17X

. Specimen MD-84
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Plate 21

Large exsolution microperthite crystal
containing several grains of nepheline.
Nepheline grains are surrounded by a
small rim of albite. Emp = exsolution
microperthite, Ne = nepheline, Ab = albite,
Bio = biotite

Crossed Polars Magnification 105X

Specimen MD-87
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