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ABSTRACT

An occurrence of spessartine-rich (15-25 mole Vo) alman-
dine garnet within a late-stage, polyphase granitic intru-
sion (18-20 km2) of the 37GMa-old South Mountain
batholith, Nova Scotia, is described. Carnet occurs as
euhedral to subhedral single grains or spherical quartz-
garnet clots and is most abundant near contact zones, along
fractures, and in late pegmatites, The gamet has an
antipathetic relationship with biotite. Mineral chemistry of
the major silicate phases of the host granitoids reflect re-
equilibration witi a fluid phase. For example, plagioclase
compositions range from magmatic values (An11_17) to
tlose characteristic of a lower ternperature metasomatic ori-
gin (Ano-s), biotite is anomalously enriched in Fe with
Fe/(Fe+Mg) values of 0.85, and muscovite is character-
ized by lower wt.|7o Ti, Fe and Mg than is typical of mag-
matic muscovite. The petrographic and chemical data are
interpreted to reflect a widespread interaction ofhydrother-
mal fluids ia'ith the host granitoid that resulted in the post-
magmatic gowth of garnet. The development of the gar-
net, inferred to have occurred at temperatures in excess of
500'C based on two-feldspar geothermometry and textural
relationships with sillimanile, cannot have occurred without
contributions of Al, Fe, Mg and Mn from surrounding
metasedimentary rocks. This occrurence of metasomatic
garnet, of composition similar to that considered typical
ofmagmatic garnets, again raises the problem ofinterpret-
ing what is of primary magmatic origin in granitoid rocks.

Keywords: South Mountain batholith, peraluminous
granite, metasomatism, garnet, Nova Scotia.

Sonaualng

Nous ddcrivons un exemple de grenat almandin i teneur
importante en spessartine (15-25V0, en fraction molaire)
dans un granite polyphasd tardif (18-20 km2; du batholite
de South Mountain (370 Ma), en Nouvelle-Ecosse. Le gre-
nat se trouve soit en cristaux uniques idiomorphes ou sub-
idiomorphes, soit en amas sph6riques avec du quartz, prbs
des zones de contact, principalement, mais aussi le long de
fissures, ou dans des pegmatites tardives. Le grenat d6fi-
nit une relation d'incomoatibilit6 avec la biotite. La com-
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position chimique des silicates principaux du granite est r6gie
par un 6pisode de r6-6quilibrage avec une phase fluide. A
titre d'exemples, la composition du plagioclase varie entre
la composition magmatique (Anrr-rr) et celle caract€risti-
que d'un m€tasomatisme de basse temp€rature (Ans-5); la
biotite est anormalement enrichie en fer, et le rapport
Fel(Fe+Mg) atteint 0.85; enfin, la muscovite est appau-
vrie en Ti, Fe et Mg compar6e i une muscovite magmati-
que typique. Les donn6es p€trographiques et chimiques indi-
queraient une interaction r6pandue du granite avec une
phase fluide introduisant les 6l6ments Al, Fe, Mg et Mn,
qui sont lessiv6s des roches mdtas€dimentaires encaissan-
tes. C'est ce fluide qui est responsable de la croissance post-
magmatique du grenat d une tempdrature supdrieure i
500oC, liaquelle est definie par la coedstanCe des deux felds-
paths et les relations texturales avec la sillimanite. Cet exem-
ple de grenat m€tasomatique, qui possdde une composition
consid€r6e comme typique de celle d'un grenat magmati-
que, illustre bien le problBme de trouver les composants
d'origine primaire dans une roche granitique.

(Traduit par la R€daction)

Mots-clds: batholite de South Mountain, granite hypera-
lumineux, m€tasomatisme, gf,enat, Nouvelle-Ecosse.

INTRoDUCTIoN

Garnet in felsic igneous rocks can have multifari-
ous origins (e.9., Pattison et al. 1982, Miller & Stod-
dard 1981, Allan & Clarke 1981, Hamer & Moyes
1982), which have been reviewed by Clarke (1981),
who suggested (p. 10) that only ('...a very thorough
textural and chemical investigation will permit clear
discrimination'among these competing models".
Most authors have discussed the origin of garnet in
felsic igneous rocks under two general subdivisions,
either xenocrystic or phenocrystic/magmatic,
although a metamorphic origin has been alluded to
for some occurrences in metavolcanic rocks (e.gt ,
Ryan 1984).

The purpose of this communication is to describe
an occurrence of spessartine-rich aknandine garnet
occurring in the South Mountain batholith (SMB)
of Nova Scotia, for which a metasomatic origin is
suggested. Although Allan & Clarke (1981) recently
discussed the occurrence and origin of three types
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of garnet in the SMB, the type to be dscribed herein
was not mentioned.

The SMB is a post-tectonic, peraluminous
granodiorite-monzogranite-leucocratic mon-
zogranite complex of 10,000 km2 outcropping in the
Meguma Zone of the Appalachian Orogen (McKen-
zie & Clarke 1975). The batholith has been dated by
the Rb-Sr technique at372-361Ma (Clarke & Hd-
liday 1980) and Reynolds et al. (L981) have reported
an average age of 366t 4 Ma based on 23 K-Ar and
fu-Ar dates. The general petrological features are
discussed by McKenzie & Clarke (1975), and more
recently Clarke &Muecke (1985) and Clarke & Chat-
terjee (1985) who have presented comprehensive

accounts ofthe geological, geophysical and isotopic
features of the SMB.

The study area is 30 km northwest of Halifax,
between Pockwock and Big Indian Lakes (Fig. 1) in
an area previously shown to be underlain
predominantly by biotite granodiorite (Keppie 199).
However, recent mapping of this terrane (Corey
1980 has shown that the area consists of a
granodiorite-monzogranite complex [IUGS classifi-
cation of Streckeisen (1976) used thoughoutl with
lesser amounts of late-stage microgranite plugs'
dykes and pegnatites. This complex, referred to as
the Big Indian Polyphase Intrusive @IPI) body, was
infiltrated by late-stage fluids that promoted the
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Frc. 1. Location and generalized geological map of the study area. Location of sam-
ples examined in this study are indicated.
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development of numerous secondary mins1ft,
including the peraluminous mineral assemblage mus-
covite, garnet, andalusite and sillimanite (Corey
1987). This locality represents the first reported
occurrence of sillimnnils in the SMB, the details of
which will be discussed elsewhere (M. Corey, in
prep.).

Gnolocrcar SeruNc

The BIPI complex, located near tle northern mar-
gin of the SMB @ig. l), intruded an earlier granodi-
orite phase of the batholith, itself bounded to the
north and east by metasedimentary rocks of the
Cambro-Ordovician Meguma Group. The granodi-
orite is medium- to coarse-grained, K-feldspar
megacrystic and biotite-rich, and is characterized by
the presence of abundant metasedimentary xenoliths
(Meguma Group lithologies) that are variable in size
(< 5 cm to > 20 m) and degree of assimilation.
Occurring south of the BIPI complex is a medium-
to coarse-grained, variably K-feldspar megacrystic,
biotite-muscovite + cordierite monzogranite unit
currently referred to as the Sandy Lake mon-
zogranite. Although indicated 3s 4 single unit in
Figure l, it consists of several phases.

The BIPI complex (Fig. I, Table 1) consists of
strongly peraluminous, biotite-muscovite-garnet +
cordierite ganitoid rocls (Fig. 2) outcropping over
an areal extent of 18-20 km2. Significaff amounts
of polymetallic W-Cu t Mo and U-Cu vein miner-
alization is present where local zons of intense shear-
ing and hydrothermal alteration occur. Numerous
roof pendants of the granodiorite occur in the BIPI
complex, but metasedimentary xenoliths are nota-
bly lacking.

The BIPI complex has been tentatively divided into
four phases that are mineralogically similar, but tex-
turally variable Clable.l). These subdivisions include,
in decreasing order ofabundance: (i) coarse-grained,
equigranular to seriate, slightly K-feldspar megacrys-
tic, two-mica monzogranite, (ii) fine- to medium-
grained, equigranular, two-mica monzogranite to
leucocratic (< 590 biotite) monzogranite, (iii) very
fine-grained, saccharoidal monzogranite-
syenogranite (herein referred to as a microgranite),
and (rv) quartz-feldspar porphyry. These phases dis-
play intimate spatial relationships and sharp, irregu-
lar contacts. Field relationships indicate that the
coarse-grained monzogranite represents the earliest
intrusive phase, but the temporal relationships of the
other units remain unresolved. Pegmatitic segxega-
tions and aplitic dykes are found associated with al
the phases, indicating that locally the melts'were
water-saturated.

The mineralogy of the different magmatic units
is similar (Table l), consisting predominantly of
quartz, K-feldspar and plagioclase + biotite +
garnet + cordierite + muscovite. Garnet (Frgs. 2,
3) occurs most commonly as 0.1 to I cm, rounded
to subrounded, reddish crystal aggregates. Euhedral
grains, 0.1 to 0.5 cm across, are less co[lmon.
Although the garnet grains are disseminated through-
out the rocks, they also occur concentrated along
fractures (Figs. 2c, d) which have selvedges enriched
in atkali feldspar. Garnet also occurs as an acces-
sory phase in quartz-orthoclase-albite-muscovite-
fourmaline pegmatites which cut the monzogranite.
The presence of garnet is the.most reliable field
criterion for distinguishing rocks of the BIPI com-
plex from the other intrusive phases in the region.

The BIPI complex exhibits various types of alter-
ation (e.g., albitization, hematitization, chloritiza-
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tion, biotitization, tourmalinbation, silicification
and greisenization), but tle alteration is confined to
the central part of the BIPI complex where miner-
alization occurs (Fig. l). The alteration is most
intense within late shear zones where the primary
mineralogy of the granites has been modified to the
assemblage andalusite, sillimanite, cordierite, garnet,
muscovite, biotite and tourmaline. Textural relation-
ships indicate a complex hydrothermal origin for
these minerals that involved several generations of
superimposed alteration events (Corey 1987). From
a paragenetic viewpoint, the garnet predates all of
the alteration stages.

PETRocRApHy oF THE ANALyzEo SeMpr-es

Three garnet-bearing samples from the
southeastern part of the BIPI complex @ig. l) were
selected for detailed analysis of the major silicate
minerals: (l) muscovite-biotite monzogranite (NS-
46-2), Q) muscovite leucogranite dyke (NS46-1) that
cuts the aforementioned monzogranite, and (3)
muscovite-biotite microgranite (NS-48-1,2,3). The
first two samples are from the same large outcrop,
whereas the third was collected a few hundred meters
from it. All of the phases are garnet-bearing.

(l) The biotite-muscovite-gornet monzogranite (l
in Table l) is medium- to coarse-grained, hypidio-
morphic granular. Quartz occurs as subhedral grains
and displays variably developed undulatory extinc-
tion. Plagioclase (average An2q, weakly zoned) is
euhedral to subhedral; where saussuritized the alter-
ation is concentrically zoned about the core of the
feldspar. Abundant coarse secondary muscovite I
chlorite clots replaced some plagioclase cores. K-
feldspar (monoclinic variety as determined from
XRD study) occurs as subhedral to euhedral
megacrysts up to a few cm long and is slightly per-
thitic. Biotite is subhedral to euhedral, has an orange-
brown color where freshest, and contains variable
amounts of zircon and apatite. Adjacent to the dyke,
biotite is variably chloritized, or is absent, but a few
chlorite grains attest to its earlier presence. Musco-
vite occurs in a variety of textures, the most com-
mon being isolated grains or aggregates ofsubhedral
to rarely euhedral habit that appear to overgrow
adjacant quartz and feldspar @igs. 4a, c). Less com-
monly, muscovite occurs as rosettes between other

silicates or within them (e.9., plagioclase: Fig. 4b),
and also as a mantle surrounding garnet. Garnet (l-7
mm), of red to orange-red color, occurs as euhedral
grains that are dominantly inclusion-free and clearly
cross-cut the other minerals, indicating a late-stage
growth. Although randomly distributed throughout
the rock, the garnet is notably enriched (up to 40q0)
where the monzogranite is cut by either leucogranite
dykes (Fig. 2e) or microgranite (Figs. 2a, b). Inclu-
sions (< l-290) include muscovite occurring along
fractures, and titanite and epidote, both of which
occur as single, euhedral to subhedral grains or
aggregarcs.

Q) The muscovite-gamet leucocratic dyke is fine-
grained (av. grain size < I mm), hypidiomorphic,
equigranular, and contains up to several percent gax-
net (Figs. 2e,3j). The rock shows abundant textural
evidence of re-equilibration, including recrystalliza-
tion of minerals (e.9., quartz), abundant fluid-
inclusion trails in qvartz, and development of seri-
ate or sacchroidal to allotriomorphic texture. Quartz
is subhedral to euhedral, free of mineral inclusions,
and occurs either as a separate phase or intergrown
with garnet (Figs. 39, h, i). Inthe latter case quartz
is similar intexture and grain size to those grains that
surround garnet. Plagioclase, invariably albitic,
occurs as euhedral to subhedral grains either as a dis-
crete, isolated phase, or as replacements of K-
feldspar. In these replacements, much of the
plagioclase displays chessboard-type texture, a fea-
ture commonly observed in alkali-metasomatized
granites (e.9., Martin & Bowden l98l). K-feldspar,
dominantly tle orthoclase variety, is subhedral to
anhedral and contains variable amounts of exsolved
albite. Inversion to a triclinic phase is only on a very
minor scale, with individual grains showing develop-
ment of discrete domains of grid-twinned microcline
with the bulk of the grain characterized by a mot-
tled birefringence indic.Ative of intermediate
microcline tcf. Fig. 4b of dernf el a/. 1984). Mus-
covite, generally < l-2 vol.9o and inclusion free,
occurs as subhedral to ragged, anhedral grains of
variable grain size (< 5 mm), which may be isolated
or show an obvious replacement texture. Garnet
occurs as subrounded clots I to > l0 mm across and
is invariably intergrown with anhedral quartz
(Figs. 39, h, i). The garnet grains that form the mar-
ginal portions to these clusters have an idiomorphic
outline (Fig. 3g). All the garnet grains are inclusion-

FIc. 2. Specimens of garnetifoous granites in the BIPI complex: (2a) Two-mica garnet monzogranite phase (top of
photo) in contact with the mioogranite. Note the concentration of garnet at the contact (scale is in cm); (2b) a slabbed
section illustrating the contact shown in (2a). The garnet grains (G) in the microgranite are characterized by their
subhedral outlines and quartz inclusions; (2c) sample of the microgranite containing garnet grains aligued along
a fracture extending the length of the sample (lower right to upper left); (2d) enlargement of the garnet-bearing part
of (2c) showiug the subhedral forms of the garnet and symplectic textures; (2e) contact betw€en monzogranite and
leucocratic dyke-rock. Note the concentration of garnet at the contact (small, dark, euhedral gains), and coarse,
subhedral earnet with symplectic textures in tie bottom of the photograph.
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Ftc' 3. Plane-polarized light photomicrographs (except for rock photo in 3i) of gar-
ner in granites ofthe BIPI complex, (3a,b,c,d): garnet-quartz intergrowihs iithe
microgranite. The garnet grains generally have pseudo-euhedral to Jubhedral out-
lines, are intergrorm only with quartz,'and are mantled with narrow setveages
of muscovite (scale bar = l.J nm in all photos). (3e) Enlargement of the gariet
ilFigure 3a showing the muscovite mantle (scale liar 0.5 m;). (3f) Enlare[nent
of the garnet in Figure 3b, showing the muscovite mantle and euhedral t ault or
the garnet (scale bar 0.5 mm). (3g,h,i) Garnet clots, in the leucocratic dyke-rock,
consisting of clusters of anhedral garnet intergrown with quartz. rne gar;a attai;
good. crystal-forms oaly at the rnargins of the clots (e.g., fig. 39; icale bar 1.5
mm in g and h and 0.5 gq in i). (3j) Sample of thd miaograniie showing the
inverse modal relationship between garnet (found in the leucocratic part oi the
rock only) and biotite (area outlined by dashed line).
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free, the only exception b€ing trace amounts of chlo-
rite, chloritized biotite, and euhedral to subhedral
titanite. Marginal to the monzogranite, small (2 mm)
euhedral grains of garnet occur (Fig. 2e), similar in
texture to those found in the monzogranite itself.

(3) The biotite-muscovite-garnet microgranite (3
in Table l) is fine-erained, hypidiomorphic to xeno-
morphic, equigranular. Quartz, of subhedral to
anhedral habit, is generally inclusion-free except
where it occurs intergrown with or adjacent to gar-
net, in which case it may contain rutile needles.
Plagioclase, of albitic composition, is finely twinned,

euhedral to subhdral, slightly zoned, inclusion-free,
and rarely shows undulatory extinction and bent twin
lamellae. K-feldspar, of subhedral to anhedral habit,
is generally perthitic (film, string, vein varieties) and
although grid-twinned microcline is locally deve-
loped, orthoclase and intermediate microcline are
most cornmon. Biotile is present as ragged, subhedral
to anhedral, medium to light brown and brownish
green grains; the color variation reflects different
degrees of chloritization or replacement by musco-
vite. The freshest biotite occurs in areas not contain-
ing garnet, and the two minerals display a strong

Frc. 4. Photomicrographs of muscovite erains in gxanitoid rocks of the BIPI com-
plex. Note the generally subhedral habit, but ragged margins, as outlined in black.
(zla) Muscovite surrounded by altered plagioclase grains in the monzogranite (plane-
polarized lighq scale bar 1.5 mm). (4b) Muscovite roseltes replaced the core of
a saussuritized plagioclase grain in the monzogranite (crossed Nicols; scale bar
1.5 mm). (4c) Muscovite grain of secondary origin in monzogranite (crossed Nicols;
scale bar 1.5 mm). (4d) Muscovite replacement of biotite in tle microgranite (plane-
polarized lighq scale bar 0.5 mm).
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antipathetic relationship. Muscovite occurs in several
textural forms: (i) as isolated, subhedral grains, (ii)
as grains that replaced biotite (Fig. 4d), in which case
the muscovite has abundant rutile inclusions, (iii) as
a mantle around garnet (Figs. 3e,f), and (iv) as fine-

grained, acicular aggregates along microfractures
intimately associated with areas of intense alteration
and minor shearing. In this last instance biotite is
intensely altered, and chlorite is present in addition
to andalusite and sillimanite. Garnet occurs as small
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Frc. 5. Feldspar compositions in granites of the BIpI complex plotted in tle An-Ab-Or ternary diagram and two-feldspar
geothermometer diagam. In the latter figuri, isotherms are shown for the sanidine (solid lines; Stormer 1975) and
microcline (dashed lines; Whitney & Stormer l9?7) plagioclase exchange equilibria.
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(0.5-1 mm) to medium (5-6 mm), subhedral to
anhedral, pale to dark red grains in bleached parts
of the granite (i.e., arus in which biotite is scarce
to absent: see Fig. 3j). The garnet (Figs. 3a,b,c,d)
contains variable amounts (0-30 vol.9o) of quartz
intergrowths, but is itself inclusion-free. In this way
the garnet resembles that found in the dyke-rock
previously described. Other mineral phases include
minor chlorite, zircon, andalusite and sillimanite.
The sillimanite and andalusite display complex tex-
tural relationships with biotite, which they replaced,
and muscovite.

In summarizing, the salient aspects of the petro-
graphic features of the three garnet-bearing samples
are: (i) the pervasive development of albite, (ii) the
highly variable textural and structural states of the
alkali feldspars, (iii) the late-stage overgrowths of
muscovite which replaced garnet, feldspars and bio-
tite, (iv) the highly irregular morphology of garnet
which occurs as euhedral grains in the monzogranite
and margins of the dyke-rock, but as anhedral
clusters with quartz intergrowths elsewhere. Textures
indicate that garnet developed late: it overgtew most
of the silicate phases, and (v) garnet and biotite show
an antipathetic relationship.

Mnnran CHEMISTRY

Mineral compositions (plagioclase, K-feldspar,
biotite, muscovite, garnet) were measured using a
three-spectrometer JEOL JXA-50A automated elec-
tron microprobe with Krisel programming; natural
silicate minerals were used as standards. Normal
operating conditions were as follows: accelerating
voltage 15 kY, sample current 0.02 pA, and a beam
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diameter of 2 pm (15 pm for feldspar analysis). The
data were corrected on-line by the Bence & Albee
(1968) method, and the precision and accuracy were
monitored by analyzing well+haracterized standards.

Plagioclase compositions (representative values
given in Table 2; data plotted in Fig. 5) vary from
Anll-r7 in the monzogranite to Ans-5 in the dyke-
rock and microgranite, with a small amount of zon-
ing present.

Compositions of K-feldspars coexisting with
plagioclase (Iable 3) vvels delelmined for the dyke-
rock and microgranite and range from Orrz to Oret
(Fig. 5). The broad spectrum in compositions
presumably reflects the variable extents of re-
equilibration and exsolution that occurred during
subsolidus sesling. No data were obtained for the

Fs+Mn

Fe /(Fe+ Mg )

Frc. 6. Analyses of biotite from the microgranite of the BIPI complex plotted in:
(i) the ivAl versas Fe/@e+Mg) diagram, with Clarke's (1981) freld for biotites
in peraluminous granites, and data for biotite from different localities in the SMB
(Chatterjee & Strong 1985); and (ii) Foster's (1960) trioctahedral diagram.
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monzogranite at this particular locality, but bulk
compositions of K-feldspar separates from otler
monzogranites of the SMB have a narrow range,
from 0166 to 016 (Kontak, unpubl. data).

The compositions of coexisting feldspars are sen-
sitive to temp€rature and thus have the potential to
be used as a geothermometer, although there are
inherent problems with the method @arsons &
Brown 1984). However, we note that there are major
differences between the temperatures obtained for

@ 4. @ttt@ @ &@E a a@ G4-3 the different rock types when the data are plotted
on the two-feldspar geothermometer diaemm (Fig. 5)
irrespective of the structural state of the alkali feld-
spar used in the calibration. The feldspars in the
monzogranite have retained compositions which
approach magmatic conditions (i.e., 6@-650oC to
8moc, depending on the model curve), although the
presence of albitic plagioclase (An2-6), as indicated
from some of the analyses in this sample @ig. 5),
reflects some later re-equilibration at lower temper-
atures. In contrast, the feldspar data for the dyke-
rock and microgranite (shown together in Fig. 5)
record much lower temperatures (ca. 350 to 5@oC,
both for sanidine and microcline curves). These lower
temperatures are consistent with petrographic obser-
vations in which muscovite replaced andalusite, and
microcline occurs at the expense of orthoclase.

Biotite compositions (Iable 4) were obtained only
for one sample of the microgranite phase (sampie
NS48-3). These pale orange-brown grains are
predominantly annite-siderophyllite, with a narrow
range in Fe/(Fe+Mg) values (0.850 to 0.871), ivAl
contents between 1.288 to 1.382 (based on 1l oxy-
gen atoms per formula unit), and low absolute abun-
dances of Ti (1.4 wt.9o TiO), Mg (2.5 wr.9o MgO)
and Mn (0.3-0.4 wt.9o MnO). The biotite is slightly
more Fe-rich than the field outlined by Clarke (1981;
Fig. 6) for biotite in peraluminous rocks, and cor-
responds to the Fe-rich region in Foster,s (1960) tri-
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octahedral plot (Fig. O. Compared with biotire dara
obtained for various phases of the SMB (Allan &
Clarle 1981, Chatterjee & Strong 1985, Chatterjee
et al. 1985) and adjacent Musquodoboit batholith
(MB) (MacDonald lg82), the biotite in NS48_3 is
generally more evolved (Le., Fe-rich).

The white micas approach end-member muscovite

SPESSARTINE-RICH GARNET

in composition (Iable 5) with Fe (0.9 to 1.9 wt.qo
FeO) the most abundant "impurity"r expressed as
a celadonitic component (Fig. 7). Additional con-
stituents include minor amounts of Na (0.16 to 0.68
wt.7o Na2O) and Mg (0.18 to 0.7 wt.9o MgO), and
traces ofTi, Cr and Ca. Although several different
textural varieties of muscovite are recognized, no
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Al  lo  2o  Fe+Mg+Mn

Frc. 7. Compositions of muscovite in the BIpI complex plotted in the ternary dia-
gxam Al-Si-(Fe+Mn+Mg). Note that the data from Mllet Brook, Long Lake,
and East Kemptville (from Chatterjee & Strong 1985) also fall on or about the
muscovite-celadonite join.
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Frc. 8. Compositions of muscovite in the BIpI complex plotted in the

Na,/(Na + Ca + K) ver.ras @e + Mg)/(Fe + Mg + Mn + Ti + dAl) diagram showing
the compositional ranges (indicated by the lines) for the different textural varie-
ties of muscovite. The results of this study are compared to muscovite composi-
tions from peraluminous granitoid rocks as compiled by Clarke (1981) and shown
in the inset diagram.
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compositional differences were noted in terms of
major-element chemistry Gig. 8). Howwer, a fairly
large range in the alkali ratio was found; the mus-
covite that mantles garnet tends to have the lowest
Na/(Na + Ca + K) values (analyses 45 and 8 in Table
5). In the same diagram, the data are compared to
Clarke's (1981) field for "primary" muscovite in per-
aluminous granites. The muscovite in this study is
notably depleted in Fe+Mg. The data are also plot-
ted in terms of the cationic proportions of Mg-Ti-
Na (Fig. 9), a diagram used by Miller el al. (1981)
to distinguish between primary and secondary mus-
covite in granites. Although relatively depleted in Ti
compared to the field defined for primary musco-
vite, the muscovite analyzed in this study is
anomalously enriched in the paragonitic (Na) com-
ponent compared to both the primary and secondary
muscovite compositions of Miller el a/. (1981). This
relative enrichment is due to the anomalously low
absolute abundances of Ti and Mg compared to the
examples studied by those authors. For example,
according to their calculations, most examples of plu-
tonic muscovite have 0.2 to 0.5 Fe + Mg cations per
formula unit (11 orygen atoms). This compares witl
0.07 to 0.16 for the muscovite in this study.

Garnet was analyzed from the three ganitic rocks
(representative core and rim compositions are in
Table 6), with the data plotted in terms of their major
end-member components (Fig. l0) and wt.Yo CaO
and MnO yersas FeO @ig. ll). In these diagrams

two populations are distinguished, one for garnet
from the microgtanite, and a second for garnet from
the monzogranite and dyke-rock.

Garnet from the microgranite (NS-48-1,2,3) varies
in composition mainly with respect to its almandine-
spessartine components (Almrt Spesgr to Aln*
Spessl5), pyrope being fairly constant at 2-3
mol.9o. This variation is correlated with changes in
composition from core to rim; five of the six grains
analyzed have normal zoning profiles (i.e., a Mn-
rich core), as indicated in Figure l1 and Table 6. The
sixth grain has an inegular zoning profile. Other
chemical characteristics of garnet includes low Ca
(constant between 0.1 and 0.2 wl.alo CaO), and
negligible contents of Na, Ti and Cr.

Garnet in the monzogranite and dyke-rock forms
a separate field in the chemical plots, reflecting a rela-
tive enrichment in Mg and Ca, although it is also
possible to distinguish two subgroups using these
data. In general, garnet compositions range from
Alm* Spess4 Pys to Almr6 Spessr6 Py6 Gig. 10)
with between 0.25 and 0.5 wt.Vo CaO, 7.8 to 10.5
wt.9o MnO, and 30.0 to 33.05 wt.9o FeO. When con-
sidered separately, the garnet in the dyke-rock
(NS4G1) intergrown with qgartz lacks zoning and
is relatively enriched in Ca and Mn, and depleted in
Fe comparedto garnet inthe monzogranite (NS4C2)
only a few cm away. In contrast, the garnet of the
monzogranite is zoned from core to rim, with the
higher Mn contents generally along the margin,
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opposite to that noted in garnet from the
microgranite.

With reference to the fields outlined by Clarke
(1981) and Miller & Stoddard (1981) for plutonic gar-
net (Fig. l0), thesegarnet compositions conformto

tlose considered indicative of magmatic conditions.
Compared to previously published compositions of
"magmatic garnet" in the SMB and MB, these sam-
ples are intermediate in composition between Mac-
Donald's (1982) very spessartine-rich (28-43 mol.Vo)

Eorl
K.mptvll lo

+ M g N o -

Ftc. 9. Compositions of muscovite in the BIPI complex plotted in the ternary dia-
gram Ti-Mg-Na. The fields for primary and secondary muscovite are from Miller
et al. (1981), and data for the East Kemptville, Long Lake and Millet Brook areas
are from Chatterjee & Strong (1985).

Frc. 10. Compositions of garnet in the BIPI complex plotted in terms of end-member
components Atnandine-Spessartine-Pyrope. The compositional fields for gar-
nets of magmatic origin are after Clarke (1981) and Miller & Stoddard (1981).
For sample NS-4GI there is no compositional difference between analysis for the
margin and core areas of garnet intergrown with the quartz.
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garnet found in aplites, and that which occurs in
monzogranites and leucogranites and was analyzed
by Allan & Clarke (1981) (on average 6.X and6.9l
wt.9o MnO, respectively).

D$cussroN

Previous discussions concerning the origin of
garnet in plutonic rocks of granitic composition have
been presented by Miller & Stoddard (1981) and
Clarke (1981); the experimental work of Green (197)
and Clemens & Wall (1981) is relevant, as well as
the topological examination of the granite system by
Abbott & Clarke (1979).In all of these papers the
role of Mn is emphasized, its effect being to stabi-
lize garnet to lower pressures and temperatures
because Mn is preferentially concentrated in garnet
relative to the other silicate minerals. Suggested ori-
gins for garnet based primarily on textural evidence,
excluding the cases of texturally obvious xenocrys-
tic phases, include the following: (i) the biotite +
liquid * garnet + muscovite reaction of Miller &
Stoddard (1981) resulting from a relative increase in
the Mn content of the melt due to magmatic differen-
tiation [may also include liquid-state diffusion
processes (Hildreth 1979)1. (ii) The liquid - biotite
+ garnet or liquid + biotite * garnet reactions of

Allan & Clarke (1981) proposed for garnet of the
SMB.

Another criterion often discussed in determining
the origin of garnet is the type of zoning observed.
For example, since the advent of electron-microprobe
analysis, it has been possible to determine zoning
pro{iles in garnet (e.9., Hollister 196Q. As a result
of studies of occurrences of metamorphic garnet, it
is generally considered that normal zoning profiles
reflect prograde metamorphic conditions, and
reverse profiles reflect retrograde conditions. (e.9.,
Anderson & Olimpio 1977, Woodsworth 1977). By
analogy, it has been assumed that reverse 2gning,
reflecting falling temperatures, should be characteris-
tic of magmatic garnet (e.9., Allan & Clarke 1981),
although normal zoning is also found in garnet con-
sidered to be of magmatic origin (MacDonald 1979,
1982, Andenon & Rowley l98l). Thus, it seems that
zoning profiles in garnet should not be considered
diagnostic of any particular mode of origin.

From the above discussion, the textural and chem-
ical features ofthe phases coexisting with garnet seem
to be of critical importance in determining its ori-
gin. Therefore, we emphasize the following textural
and chemical features present in the garnet-bearing
granites of the BIPI complex which must be consi-
dered before discussing the origin of the garnet.
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Texturol evidence ond di$rtbufion of gornet

The granitic rocks of the BIPI complex have
undergone considerable postmagmatic textural
modification. For example, we have discussed the
different textural varieties of muscovite, quartz,
alkali feldspar and garnet; in many cases processes
other than those of magmatic origin are considered
responsible (e.9., muscovite mantling garnet). Corey
(1987) has demonstrated that several distinct episodes
of hydrothermal alteration within the BIPI complex
have resulted in a variery of mineral assemblages,
most of which post-date garnet formation. However,
important to this discussion is the spatial and tem-
poral relationships of garnet.

Garnet is pervasively developed, but some occur-
rence$ are most important in terms of deciphering
its genesis. We emphasize the presence of garnet con-
centrated along intrusive contacts and fractures and
occurring within pegmatites. Garnet may be concen-
lrated up to 30-50 volq0 abng contact zones. These
extreme cases occur most frequently where dykes or
the microgranite phase cut earlier monzogranite.
Important also is the heterogeneous distribution of
garnet, notably in the microgranite where there is a
strong antipathetic relationship with biotite. Garnet-
rich areas lack biotite, and many show enrichment
in albite or alkali feldspar compared to biotite-
bearing parts of the rock. Thus, there is a tendency
for garnet to be developed along certain structural
features and with some late-stage rocks (e.g., peg-
matites).

Garnet textures, as previously discussed, cor-
respond to two distinct types, yiu. small euhedral
grains, and larger anhedral clots with quartz inclu-
sions. Both varieties occur in the microgranite and
dyke-rocks, but only the euhedral variety is observed
in the monzo€ranite. The texture of the garnet-
quartz clots is anomalous in being considerably
coarser than the rest ofthe rock. Had the garnet crys-
tallized at the same time as the rest of the mineral
phases, all might be expected to be of similar size.

At least two origins may be postulated for the
garnet-quartz intergrowths: (i) cocrystallization and
(ii) replacement. In the first, the texture is somewhat
analogous to the graphic intergrowth of quartz and
feldspar commonly observed in granitic rocks. The
presence of metasomatic zones about these garnet-
quartz clots, the absence ofbiotite in such areas, and
the generally much coarser texture for the clots than
the rest of the rock indicate a probable postmagmatic
age for their formation. Similarly, one might also
expect to find quartz and feldspar arranged in
graphic intergrowths in the same rocks if this tex-
ture formed during a period of rapid, late-magmatic
crystallization. Thus, if this texture represents
cocrystallization, then we favor at least a late-stage,
postmagmatic time of formation.
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In the second scenario, the intergrowth may have
resulted from replacement of the primary granite
mineralogy by garnet. In this case only quartz
remained, the other constituents having either been
consumed during the garnet-forming reaction or dis-
solved and removed during the process. This type
of texture is not unlike that seen in metamorphic
rocks where porphyroblastic, poikilitic-rich garnet
or cordierite is developed. As in the first case, a late-
stage, postmagmatic origin is suggested.

Although we favor a postmagmatic or subsolidus
origin for the garnet described here, we do note that
a very similar occurrence of garnet in late-Variscan
granites of the Bavarian Forest region was inter-
preted by Propach & Gillessen (1984: see their Fig. 2)
as being magmatic. These authors favored a reac-
tion between early biotite and cordierite to form gar-
net with the reaction having consumed all the avail-
able biotite. It should be noted, however, that the
texture of the garnet-quaftz intergrowth is not
discussed and, despite the high spessartine compo-
nent (ca. 15 mol.9o) of the garnet, the whole-rock
chemistry is characterized by anomalously low
Mn,/(Mn+Fe) ratios.

The timing of garnet development is provided
from textural relationships. Garnet clearly overgrew
earlier magmatic phases, was in turn mantled by
muscovite, and elsewhere in the BIPI complex was
overprinted by later stage alteration (Corey 1987 and
in prep.). As the above textural evidence is inter-
preted to reflect a postmagmatic origin, this addi-
tional constraint suggests a very early time of for-
mation in relation to the other alteration events.

The development of sillimanite and andalusite, in
zones of hyperaluminous alteration (Corey 1987) that
post-date garnet growth, permits an estimate of the
temperatures which attended the alteration event.
Essential to this argument, however, is that the fluid
causing these alteration zones is a single fluid that
causes progressive alteration 5o1 sfoanges chemically
duringthis event. Ifthis assumption is correct, then
a temperature of at least 520C (at P = 3.9 kbars;
Robie & Hemingway 1984) is inferred. As the level
of emplacementjs considered to be less than cq, 12
km, then higldr temperatures would be inferred.
However, sillfmanite ocsurs as the fibrolitic variety
after biotite, and thus temperature estimates must
be viewed cautiously in light of the recent investiga-
tions of the metastable behavior of this phase (Ker-
rick 1987). This temperature is similar to the maxi-
mum temperature inferred from the two-feldspar
geothermometry for the microgranite samples (see
above) and is consistent with the presence of
orthoclase as the dominant alkali feldsparpolymorph
(cl, Bambauer & Bernotat 1982).

Chemical evidence

Minerai chemistry of the major silicate phases
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present indicates marked deviations from magmatic
compositions. The plagioclase in the microgranite
and dyke-rock are invariably albitic (i.e., Anor),
well removed from even the low-temperature end of
the ternary for feldspar equilibria @arsons & Brown
1984). Also, plagioclase (Anrz-rr) of presumably
magmatic origin occurs with later albite (Anr-r) in
the monzogranite, indicating apparent disequilibrium
due to postmagmatic processes.

The composition of the white-mica phases devi-
ate markedly from the fields outlined by Clarke
(1981) and Miller et a/. (1981) for primary musco-
vite occurring in peraluminous granites. Instead, the
compositions are more similar to sesondary white
mica found associated with lithophile-element miner-
alization elsewhere in the SMB. In Figures 7 and 8
we compare the BIPI mica analyses to compositions
of secondary mica obtained by Chatterjee & Strong
(1985) for some of these mineralized greisens. Our
analyses show a much more restricted range in the
Si-Al-@e+Mg+Mn) triangular plot compared to
their data, the reason for this not being readily appar-
ent. However, an increasing celadonitic component
in muscovite is considered to expand its stability field
to higher temperature (Anderson & Rowley l98l);
therefore, the chemical differences indicated may
reflect in part a variety oftemperatures attending the
alteration events. The restricted range in the BIPI
muscovite compositions might be interpreted to
reflect a short temperature interval during which the
micas either crystallized or re-equilibrated. It is also
suggested that the hieh paragonitic component ofthe
muscovite is due to a high activity of Na in the fluids
during alteration.

Biotite compositions, albeit obtained only for the
microgranite, are characterized by hieh Fe/(Fe+Mg)
values and low absolute abundances ofTi. As noted
above, the biotite data fall outside of Clarke's (1981)
field for compositions typical of peraluminous
granites and the Fel(Fe+ Mg) valuei are higher than
generally reported for primary biotite in the SMB.
The low absolute Ti contents maybe due to later
equilibration with a fluid phase that also may have
modified the Fel(Fe + Mg) ratios, which are depen-
dent on/O2. Taner et ol. (1986) and Le Bel (1979)
also have noted low absolute Ti contents of biotite
in alteration zones and have concluded that it reflects
low temperatures of the hydrothermal fluids,
presumably relative to magmatic conditions. Thus,
the chemistry of the biotite may not represent
primary, magmatic compositions.

The garnet grains have been shown to define both
normal (NS-48-1,2,3) and reverse (NS46-2) zoning
profiles, or no apparent zonation at all (NS-46-1).
Although the compositions correspond broadly to
the field defined by Miller & Stoddard (1981) for
magmatic garnet, the compositions of garnet from
two of the samples fall outside of Clarke's (1981)

field for magmati! garnet. In addition, the garnet
compositions define two populations, which is con-
sistent with there being different host rocks.

That all of the garnet owes its existence to the same
general process is assumed, based on the broadly
similar petrographic and field relationships. This
being the case, then why such a radical difference
in chemistry between the two populations? The most
viable solution lies in the bulk composition of the
host-rock lithologies. The garnet within the mon-
zogranite and dyke-rock represents an environment
enriched in Ca and Mg relative to the microgranite,
precisely the elements garnet is enhanced in.

Origin of the garnet

From the foregoing discussion ofthe petrographic
and chemical features ofthe garnet and associated
silicate minerals, we suggest that garnet formation
occurred as a result of postmagmatic phenomena.
The evidence presented indicates that most of the
silicate-mineral chemistry is not of primary magmatic
nature, and the textural relationships of the phases
also indicate late-stage re-equilibration or growth (or
both). The ubiquitous occurrence ofgarnet through-
out the 18-20 km2 area of the BIPI complex indi-
cates that the nature of t}te processes which caused
the re-equilibration of the host rocks into their
present assemblage was pervasive. Considering the
lack of petrographic evidence to support a magmatic
origin vra the reaction mechanisms of Mller & Stod-
dard (1981) and Allan & Clarke (1981), and the
different chemistries of tle garnet compared to
potential garnet xenocrysts from a Meguma Group
contaminant (Jamieson 197 4), a metasomatic origin
se€ms most reasonable.

Based on the textural and chemical features of the
garnet and associated phases, the following mechan-
ism is suggested. Firstly, the antipathetic relation-
ship between garnet and biotite is consistent with the
latter being a contributor of some of the ferromagne-
sian components. Similarly, the involvement of
plagioclase is suggested by the presence of calcium
within the garnet. We have estimated the approxi-
mate gains and losses that may have occurred dur-
ing transformation of an aliquot of "pristine" bio-
tite monzogranite to a similar volume of rock
consisting of quartz and garnet using representative
mineral compositions. As shown in Figure 12, there
is a net 9o gain of Fe, Mn, Al and Mg, and a net
9o loss of Si, Na, K and Ca. It can be easily imagined
that the latter elements may have contributed to the
development of alkali metasomatism, greisenization
and even formdtion of apatite-rich zones within the
BIPI complex (Corey 1986, 1987), but the source of
the elements involved in the transformation is more
speculative. Three potential sources are considered,
viz.late-stage fluids of dominantly unmodified mag-
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matic origin, and fluids which are in part magmatic
but which have an extraneous component derived
from either the granodioite phase of the BIPI com-
plex or from metasedimentary rocks of the Meguma
Group.

In the fust case, fluids derived from fractionation
of the most evolved phases of the BIPI complex
represent a likely source. Such fluids are considered
to be responsible for extensive metasomatism within
granitic rocks (e.g., Pollard 1983, Pollard & Taylor
1986, Stone & Exley 1986). Although late-stage mag-
matic fluids may contain quantities of Fe, Mg and
Mn in the form of chloride complexes @urnham
1979), the alteration generally associated with such
juvenile fluids is characteristically dominated by
alkali-rich phases. Although some of the elemental
components of concern can be provided by altering
the mafic constituents (e.9., biotite) of the host
granite, there is a deficiency of these elements in the
rocks of interest (see above).

In the second case, the granodiorite is potentially
an excellent reservoir for the elements of interest.
However, if fluids did interact with this unit, they
did not alter it at the present level of exposure. In
fact, it is perplexing why the granodiorite is so fresh
relative to the other granitoid phases.

The final source is represented by the
metasedimentary rocks of the Meguma Group. That
late-stage granites of the SMB have been contami-
nated to a certain degree by the metasedimentary
rocks of the Meguma Group vrc fluid interaction is
supporred by both sulfur (Kubilius & ohmoro 1982)
and oxygen (Kontak & Kerrich, in prep.) isotopic
studies. Thus, we suggest that at some late-magmatic
or early postmagmatic stage extraneous components
(i.e., Fe, Mn, Al, Mg) were introduced yia some
mechanism of fluid interaction with Meguma Group
lithologies.

CoNcI-ustoNs

The widespread development of spessartine-rich
almanrline garnet in a late-stage, polyphase inlrusion
of the SMB is described and a postmagmatic,
metasomatic origin is suggested. The formation of
this phase is considered to have occurred at temper-
atures in excess of 500-550oC and represents the first
stage of several distinct periods of superimposed
alteration types (Corey 1987 and in prep.). The for-
mation of garnet-quartz clots requires the local gain
of Fe, Mg, Al and Mn in excess of what can be
provided by a similar volume of unaltered host rock.
Thus it is proposed that some of this gain was der-
ived from the surrounding Meguma Group
metasedimentary rocks through fluid interaction.

The silicate mineralogy of the host granitoids
reflects t}te interaction of the granite with hydrother-
mal solutions such that very little remains of what
can be referred to as magmatic. Manning & Exley
(1984) and Stone & Exley (1986) have described simi-
lar postmagmatic processes to accounl for the ori-
gin of the lithium-mica granites of the St. Austell
area, southwest England, and several authors have
documented the effects of metasomatism in the
mineralized anorogenic granites of Nigeria (Martin
&Bowden lgSl,lkeet al, 1985, Kinnaird et al. L985).
Thus, occurrence of metasomatism in the BIPI com-
plex is not unique with respect to granitoid petrol-
ogy, but the presence of metasomatic garnet is
unusual and again warrants caution concerning the
interpretation of what is and is not of primary mag-
matic origin in granitoid rocks.
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