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ABsrRAcr

The autochthon of the Whipple Mountains de-
tachment terrain (California) contains two genera-
tions of peraluminous intrusive bodies. each one
coeval with a distinct metamorphic event. Garnet-
biotite granodiorite and two-mica adamellite plutons
were generated during an early ductile metamor-
phism. Subsequent Late Cretaceous mylonitization
was synchronous with the intrusion and formation
of a sheeted sill complex. Peraluminous sills, which
contain two-mica tonalite and garnet-two-mica
granodiorite, form a maior central portion of the
compositionally zoned sill complex. The structurally
uppermost and lowermost sills, composed of biotite
granodiorite and hornblende-biotite guartz diorite.
respectively, are metaluminous. The primary white
mica in the peraluminous rocks contains 19.5-32.5%
of a titaniferous ferriceladonite end-member. K( Mgo 

"Ti,,.: ) Fe3 + (Si3.oAlo.4) Oro( OH ) u. Chemographic anal-
ysis shows that these'celadonitic muscovites are con-
sistent with shallow levels of intrusion: a depth of
9.6-11.5 km is calculated. Shallow depth is also
suggested by the Mn-rich composition of garnet,
vhich contains 42.647.4 mole Vo almandine. the
remainder being comprised primarily of subequal
proportions of spessartine and grossular. Biotite
compositions indicate crystallization under fairly
oxidizing conditions (Ni-NiO to MnG-MnsOr
buffer curves), an inference consistent with the
abundance of magnetite and the near-absence of il-
menite. These peraluminous intrusive rocks are thus
set apart from S-type granitoid rocks. The compo-
sition of the magmas that generated the older and
younger peraluminous suites is only weakly alumina-
saturated when compared with $type granitoid
rocks of other orogenic belts; this is due to a high
content of Na and Ca. not to low Al. The marked
similarity of melts coeval with the metamorphic
events is indicative of crustal anatexis involving ex-
ceedingly similar source materials. Although frac-
tional crystallization was dominated by plagioclase.
the removal of hornblende or allanite (or both) per-
formed a major rote in increasing the peraluminous
nature of one intrusive bodv.

Keyv'ords: two-mica granite. Cordilleran metamor-
phism. Whipple Mountains, California. muscovite,
biotite, garnet, mylonitization.
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Sovvetnr

Le conrplexe autochthone des montagnes Whipple
(Californie) contient deux g6n6rations de roches
intrusives hyperalumineuses. chacune associ6e i un
6v6nement m6tamorphique distinct. Les massifs de
granodiorite )r grenat et biotite et d'adamellite ir
biotite et muscovite ont 616 mis en place pendant
un premier 6pisode de m6tamorphisme, ir caractdre
ductile. Une mylonitisation au Cr6tac6 sup6rieur a
accompagn6 l'intrusion d'un complexe feuillet€ de
sills. La plus grande partie centrale du complexe
zon6 contient des sills de composition hyperalu-
mineuse, qui comprennent: tonalite ir biotite el mus-
covite et granodiorite ir grenat. biotite et muscovite.
Les sills sup6rieur et inf6rieur. compos6s respective-
ment de granodiorite ir biotite et diorite quartzifEre
i hornblende et biotite. sont de composition m6ta-
aluminduse. Le mica blanc primaire dans ces ro-
ches hyperalumineuses contient de 19.5 d 32.5Vo d'un
p6le c6ladonitique ferrifdre et titanifdre, K(Mgn.*Tin.,)
Fe8* (Sig."Alo.r)Oto( OH )r. Daprbs une analvse ch6-
mographique. ces muscovites c6ladonitiques sont
conrpatibles avec une mise-en-place ir faible profon-
deur: le calcul donne 9.6 - ll.5 km. Citte profon-
deur est aussi indiqu6e par la composition manga-
n6sifdre du grenat, qui contient de 42.6 d 47.4Vo
(molaire) d'almandin €t. en proportions ir peu prEs
6gales, tes p6les spessartine et grossulaire. [-a
composition des biotites indique une cristallisation
en milieu relativement oxydant. prds des tampons
Ni-NiO et MnO-Mn,,O', ce qui expliquerait l'a'
bondance de magn6tite et I'absence quasi-totale
d'ilm6nite. Ces roches se distinguent donc des
roches granitoides de type S. La composition du
magma dans les deux associations n'est que l6gd-
rement satur6e en AlrO, en comparaison des ro-
ches granitoides de type S provenant d'autres cein-
tures orog6niques; ceci serait I'expression d'une
haute teneur en Na et Ca plut6t que d'une d6fi-
cience en Al. La grande ressemblance des magmas
form€s lors des deux 6pisodes m6tamorphiques 16-
sulterait d'une anatexie de cro0te i caract€re uni-
forme. Quoique le plagioclase ait 6t6 le produit
dominant de la cristallisation fractionn6e de ces
magmas, la s6paration de la hornblende ou de
I'allanite (ou des deux) a iou€ un r6le important
dans le ddveloppement du caractdre hvperalumi-
neux d'ttn des massifs' 

raduit par la R6daction)
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Mots-clls: granite ir deux micas, m6tanrorphisme
de la Cordilldre, muscovite, biotile, grenqt. mylo-
nitisation, montagnes Whipple, Californie.

INTRoDUcTIoN

The polymetamorphic complex comprising
the autochthon of the Whipple Mountains and
adjacent ranges in southeastern California is
representative of similar complexes existing
southeastward across Arizona and into Sonora,
Mexico (Fig. 1). They are part of a belt of
Cordilleran Mesozoic to Tertiary metamorphic
complexes that trend south from British Colum-
bia (Davis & Coney 1979). The complexes in
the southern group, including that of the Whip-
ple Mountains, share several similarities: (1)
a low-angle mylonitic foliation containing a ubi-
quitous northeast-trending mineral lineation,
(2) spatial association of metamorphism with
the intrusion of synkinematic and late-kinematic
granites that are commonly peraluminous in com-
position (Keith et al, 1.980, Haxel er al. 1980),
(3) upward termination of the complexes at a
Miocene low-angle detachment fault and asso-
ciated zone of brecciation and chloritic altera-
tion, (4) late doming of the ranges, exposing the
detachment fault around the periphery and the
metamorphic complex in the core of the range.

The subject of this paper is the evolution of
peraluminous and associated metaluminous gran-
itic magmas coeval with two metamorphic events
in the autochthon of the Whipple Mountains.
The younger event, mylonitic in nature, is Late
Cretaceous in age (Davis et al. 1980, Martin
et al. 1980, R.L. Armstrong, in prep.). In
contrast, the earlier event was more ductile and,
although perhaps Precambrian, it may be Juras-
sic to mid-Cretaceous, based on ( 1 ) ages of
similar ductile metamorphism in this region
(see summary in DeWitt 1980) and (2) strik-
ing compositional similarity between this and
the subsequent intrusive episode, which was
synkinematic with the later mylonitization.

Geoloctcal SerrlNc

A detailed description of the Whipple Moun-
tains and adjacent ranges has been reported by
Davis et al. ( 1980) and Anderson et al.
(1979a). Dividing this and adjacent ranges into
upper and lower plates is a through-going low-
angle detachment fault that juxtaposes strik-
ingly different lithologic assemblages. Kine-
matic indicators suggest the northeasterly trans-
port of an upper plate (Davis er a/. 1980) com-
posed largely of Precambrian crystalline units
overlain unconformably by Tertiary volcanic and

Ftc. l. Generalized geological map of the Whipple Mountains, southeastern California (from Davis el al.
1 9 8 0 ) .
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sedimentary rocks. The crystalline lthologies in-
clude red, potassic, iron-enriched Precambrian
granitic units that are intrusive into an older
Precambrian metamorphic complex (Podruski
1979, Anderson et al. 1979b, Krass 198O). Al-
though Jurassic resetting of K-Ar dates (bio-
tite, hornblende) in the upper plate is wide-
spread (D. Krummenacher, pers. comm. 1980),
the effects of the Late Cretaceous metambr-
phism common to the lower plate are conspi-
cuously absent.

The lower plate is composed principally of
mylonitic gneisses that have a characteristic low-
angle mylonitic foliation and northeast-trending
lineation, the result of the Late Cretaceous meta-
morphic evenf. The protoliths of the mylonitic
gneisses include ( I ) granitic and commonly
peraluminous sills intruded synkinematically
with mylonitization, (2) older peraluminous
granitoid rocks intruded during an earlier meta-
morphism and (3) the country-rock gneisses.

OF PERALUMINOUS CRANITES

These units do not occur in an upper-plate posi-
tion in this or any nearby range.

DEscmptroN oF LowER-PLere MerevoRPHIc
eup lutnusrvs UNrrs

Country-rock gneisses

The host rocks for both peraluminous in-
trusive suites are amphibolite-grade, banded
quartzofeldspathic gneiss, augen gneiss, ar.nphi-
bolite, garnet-kyanite-biotite-muscovite schist
and, at the deepest levels, a quartz-two-feldspar
biotite schist. Local migmatization within these
units is common. Ongoing field studies suggest
that the above lithologies have experienced an
even earlier, Precambrian (?) metamorphism.
Isotopic studies are in progress to evaluate this
preliminary conclusion, but as this event did not
involve the intrusion of peraluminous melts, it
will not be treated further in this paper.
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Ftc. 2. Simplified geological map of the central Whipple Mountains.
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Older peraluminous plutons

Intrusive into the gneisses and, in turn, cut
by the sills described below are bodies of gar-
net-biotite granodiorite and two-mica adameilite
(Fig. 2). Where the premylonitization fabric has
been preserved, these plutons share the same
steep northeast-striking, southwest-dipping (60-
75') foliation of the country-rock gneisses.

The garnet-biotite granodiorite is strongly to
moderately foliated and is medium- to coarse-
grained and inequigranular to porphyritic, with
development of scattered plagioclase pheno-
crysts. Grey in color, the rock has a range in
color index of 7.0 to 15.5, with biotite as the
dominant mafic phase. Garnet occurs as con-
spicuous crystals (3-6 mm) in intermediate to
more felsic members. Interestingly, hornblende
occurs in minor amounts with biotite in the
more mafic members, whereas muscovite oc-
curs in the more felsic members. As shown be-
low, the plr.tton has a dramatic and svstematic
range in chemistry, changing from metaiuminous
to peraluminous compositions with increasing

MINERALOGIST

silica. The modal composition (Fig. 3) ranges
from tonalite to adamellite, with the majority
falling in the granodiorite field. We interpret
this foliated pluton as synkinematic with the
earlier ductile metamorphism, as it intruded into
the plane of this earlier fabric.

More discordant and plug-like in shape is the
foliated two-mica adamellite (lad, Fig. 4. e,
very similar intrusive body has been mapped by
G.A. Davis above the mylonitic front (see Fig.
6 of Anderson et al. 1979a) in the southwest
region of the range. The rock is medium- to fine-
grained. light grey in color, with subequal pro-
portions of biotite and muscovite, together com-
prising 5.7-10.4a/o of the rock. The rock general-
ly is uniform in composition but ranges from
adamellite (predominant) to granodiorite. Al-
though the pluton shares the steep foliation of
the gneisses (where not mylonitized), it is not
highly recrystallized, and its more discordant
nature relative to the other plutons suggests that
it may be syn- to late-kinematic relative to the
early metamorphism.

Ftc. 3. Modal composition of synkinematic sills and older plutons. Sym-
!ol9^for the synkinematic sills: psd. L porphyritic biotitc granodioiite,
D.qd Q biotite granodiorite, tmgd Ct two-miCa granodiorite, it^ a eur_
net-two-mica granodiorite, tmt a two-mica tonalite and hgd O horn_
blende-biotite quartz diorite. symbols for the older plutons, stsa ogarnet-biotite granodiorite and fad ! two-mica adarnellite. rni ruc3
classification (streckeisen 1976) is used throughout, with a single modifi-
cation: a subdivision of the granite field into two areas, gianite and
adamellite.
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Mylonitization and development ol a sheetetl
sill complex

Throughout much of the lower plate, the
fabric of these older metamorphic rocks is
thoroughly overprinted by the effects of the
subsequent Late Cretaceous metamorphism, a
severe semiductile, semibrittle mylonitic event.
The effects of mylonitization are generally
structurally truncated at the overlying detach-
ment fault except in the southwestern region of
the range where mylonitic rocks pass upward
into nonmylonitic rocks through a "mylonitic
front" (Davis et al. l98O), a discrete 3-30 m
zone of structural transition. The minimum
structural thickness of the mylonitized section
is 3.9 km.

This metamorphism is termed mylonitic owing
to the brittle behavior exhibited by many of the
minerals, which occur both as broken porphy-
roclasts and as finely comminuted material in
a variably recrystallized matrix. A lineation is
defined by flattened and strongly elongated
quartz and by trains of broken biotite, amphi-
bole and feldspar porphyroclasts. Dispersed
porphyroclasts of plagioclase and lesser amounts
of epidote, allanite, garnet, biotite, muscovite,
sphene, apatite and magnetite disrupt the fine
grained, strongly foliated, cdmminuted and
partly recrystallized matrix. Within the matrix,
segregated monomineralic lenses of more ductile
quartz and alkali feldspar separate bands of
very fine-grained granoblastic plagioclase * mi-
ca * epidote. This metamorphism was gen-
erally of middle- to upper-greenschist grade but
reached lower amphibolite in the deepest struc-
tural levels.

An intrinsic feature of the mylonitization was
that cataclasis was accompanied by retrogres-
sion. With the exception of epidote, new min-
erals were not formed, and partial re-equilibra-
tion of minerals in the older metamorphic rocks
and plutons and the sills described below was
highly restricted. Aspects of this retrogression
are summarized in a separate section below and
are being treated in a separate paper on mineral
re-equilibration with mylonitization (Anderson,
in prep.). The upper 2.6 km of the mylonitized
section was pervaded by forcefully injected syn-
kinematic sills or sheets of granitic composition
ranging in thiskness from less than a metre to
several hundred metres. On a local scale, con-
tacts are sharp, but lit-par:lit injection zones of
sill and country-rock gneiss or older pluton are
very common. Narrow chill zones along the
margins of the sills occur but are not well
developed.

For the major sills, there is a compositional
change with structural position. In general, there
is a decrease in SiOn and an increase in the color
index with increasing depth. Metaluminous in-
trusive bodies are confined to the upperrnost
and lowermost structural levels, with the highest
two sills being biotite granodiorite and the
lowest sill a hornblende-biotite quartz diorite.
Peraluminous intrusive bodies occupy the cen-
tral section of this sheeted sill complex and in-
clude. from top to bottom, a two-mica grano-
diorite, a garnet-two-mica granodiorite and a
two-mica tonalite.

We consider these sills, although strongly
mylonitized, to be synkinematic with mylonitiza-
tion for the following reasons. ( I ) They have
intruded as nearly horizontal sheets parallel to
the mylonitic foliation and compositional layer-
ing of the older gneisses. (2) They are restricted
to structural levels below the mylonitic front.
(3) The sills and adjacent gneisses are com-
monly more mylonitized than gneisses further
from the sills. It is not uncommon to find
relict, steep foliation of the earlier metamor-
phism preserved between the sills. Toward a
sill-gneiss contact, this steep foliation becomes
rotated, with coincident development of the low-
angle mylonitic foliation and lineation. ( ) The
interior of some psraluminous sills is pegmatitic
and only weakly mylonitized. (5) Some of the
late aplite and topalite sheets are slightly dis-
cordant to the mylonitic fabric of the major sills,
and yet are mylonitized not in the plane of the
larger sills but in their own plane of intrusion.
The mylonitic fabric of the larger sills is sharp-
ly rotated into parallelism at the contact with
the fabric of the smaller sheets, the lineation
being the same for both mylonitis foliations.

The above metamorphic rocks are intruded
discordantly by late-kinematic plutons of biotite
quartz diorite to adamellite that locally possess
a weak equivalent of the same mylonitic folia-
tion and lineation. Studied by Krass (1980)
and Thurn (1980), these plugs are lithologically
and compositionally similar to scattered, weakly
peraluminous biotite adamellites that are in-
trusive into the Precambrian terrain of the upper
plate and that possess K/Ar dates (on biotite)
ranging from 78 to 82 Ma (Davis et al. l98O).

Synkinematic sills

Each of the major sills is lithologically dis-
tinct. The two structurally highest sills are metal-
uminous biotite granodiorites and are modally
quite similar (Fig. 3). The higher of the two
is equigranular, medium grained and generally
light in color (color index 5.1-6.7). It reaches
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a maximum thickness of 600 m, but owing to
its high structural position, it is generally tiun-
cated by the detachment fault. as shown in
Figure 2. At a similar but slightly lower struc-
tural level in the southwestern region of the
range is a porphyritic granodiorite sill that oc-
curs 250 m below the mylonitic front (see
Figs. l0 and 1l of Davis er c/. 1980). Tne
sill reaches a maximum thickness of 500 m and
is also medium grained, with scattered alkali
feldspar phenocrysts (0.3-1.2 cm, 12-1g%\.
Biotite is the only mafic phase in both intrusive
bodies, and sphene is a distinctive accessorv min-
eral along with allanite, nragnetite. apatiie and
zircon.

Below the upper metaluminous sills is the
major zone of peraluminous sills. The section is
about 600 nr thick, and three major sills make
up at least 64% of the section. The two upper
sills are leucocratic, medium grained granodio-
rites (color index 4.0-7.6). Both have two mi-
cas, biotite (2.O-6.2o/a) and celadonitic musco-
vite ( 1.0-3.17o); one distinction is the conspic-
uous presence of garnet only in the lower of
the two. Accessory minerals include allanite
(commonly overgrown with secondary epidote
formed during mylonitization)" magnetite, apa-
tite and zircon. Both sills are 5G-75 m thick.

The lowest perahtminous sill of two-mica
tonalite is the thickest of the three (270 m). The
sill was intruded at the same structural level as
the older garnet-biotite granodiorite, and lenses
of this older pluton and amphibolite are com-
mon inclusions in the sill. Fine- to medir-rm-
grained, the rock is dark grey in color and has
a modal composition that straddles the granodio-
rite-tonalite boundary. The color index is high
(6.9-13.2), reflecting the high content of bio-
tite (5.6-12.5/r) relative to muscovite (0.1-
0.8Vo). Allanite, magnetite, apatite, zircon and.
rarely, garnet are accessory minerals.

The deepest sills occur in proximity to the
central high ridge of the Whipple Mountains
(Fig. 2) and are all of the same hornblende-
biotite quartz diorite body. Together, the sills
are 480 m thick and structurally occur 92O m
below the two-mica tonalite. The rock is me-
dium grained and is composed primarily of
plagioclase (43.5-52.9%) and prismatic horn-
blende (21.3-28.2ok). Interstitial quartz (12.0-
14.501,) and alkali feldspar (0.5-15.4%) occur
in lesser amounts. Biotite is commonly also pres-
ent (2.6-11.17o), with higher proportions
forming as a secondary mineral after horn-
blende. Epidote (1.7-5.47o ) is likewise a prom-
inent secondary mineral.

Numerous smaller sills and low-angle dykes

(thickness less than a metre) of biotite tonalite
and trondhjemitic aplite intrude the above sills
and older plutons and gneisses. Both are very
fine-grained and commonly have small porphy-
roclasts (1-2 mm) of relict plagioclase pheno-
crysts with delicate oscillatory zoning well pre-
served. The tonalites are grey and contain
biotite -r nrinor muscovite. The aplites are gen-
erally devoid of dark minerals (except for mag-
netite) and contain small amor"rnts of both
primary and secondary muscovite.

ANAt-yrrcAL Pnocepunr

Electron-microprobe analyses of plagioclase,
alkali feldspar, biotite, muscovite, horn-
blende, garnet. allanite, epidote, sphene,
and magnetite were carried out on an
automated 3-channel M.A.C. microprobe at the
California Institute of Technology. Simple
oxides and well-characterized silicate minerals
were used as standards. The scheme of Bence
& Albee (1968) was used for data reduction,
with the alpha factors of Albee & Ray (1970).
Operating conditions included a l5 kV accelerat-
ing potential, with a 0.05 mA beam current set
on brass and 2-2O pm beam diameter.

Analyses of nine major elements, Rb, Sr and
Ba were done by atomic absorption on 45 rock
samples from all inrusive units. Dissolution was
done in a teflon-lined bomb by a method modi-
fied after that of Bernas (1968). Synthetic
multielement standards were dsed; the U.S.G.S.
and G.S.C. samples G-2, SY-2 and W-l were
analyzed as internal standards with each batch
of samples. Replicate analyses of these known
samples by our laboratory show an uncertainty
of less than 0.6% (relative) for concentrations
greater than 1.O/o, an uncertainty of 0.6-2.3%
(relative) for concentrations in the range of
l.0o/r and 1000 ppm, and 1-5% (relative) for
trace elements less than 1000 ppm. Loss on
ignition (L.O.I.) is volati le loss at 1000'C, re-
ported in wt. Va.

Moclal analyses were done by point counting
of feldspar-stained thin sections (10O0 counts
minimum).

MTNERALocY .lNn CoNorrloNs oF
CnvsteLr-tzet:roN

Ellects ot' ntylonitization

Since every intrusive body is highly myloni-
tized, the effects of this metamorphism on the
original igneous compositions constitute an ad-
ditional complication. Detailed electron-micro-
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probe work was done on 21 samples from all
intrusive bodies in an effort to separate primary
from metamorphic compositions. Numerous
analyses were done on the dual textural habits
(porphyroclast yersrls mylonitic matrix) that
most minerals have in any sample-

Remarkably, the composition of most of 'the
minerals was not affected by the mylonitization,
despite strong effects of its penetrative deforma-
tion. The fact that plagioclase porphyroclasts
have well-preserved" rather delicate oscillatory
zoning gave us our initial clue to this fact. For
many minerals, 1ve have been able to document
bimodal compositions commonly following the
lines of the textural division (porphyroclast
versas matrix). Only magnetite (the only Fe-Ti
oxide phase in the sills) and alkali feldspar
have generally been thoroughly re=equilibrated
to near end-member compositions (i.e., Mtee-er
and Or"r-r.r, respectively). Bimodal compositions

PERALUMINOUS CRANITES

have been documented for plagioclase, biotite
and muscovite. Garnet has not been composi-
tionally affected by mylonitization. Hence, prim-
ary compositions, once detected, can be utilized
to place constraints on the conditions of igneous
petrogenesis: likewise, retrograded compositions
provide a basis for evaluating conditions during
mylgnitiZation.

The rbtrogression of plagioclase led either to
sodic oligoclase or to albite. The generation of
epidote, which occurs either as coarse over-
growths on primary allanite or as small grains
in. the mylonitic matrix, testifies to lhis retro-
gression. Primary plagioclase compositions vary
systematically with rock type. In the older plu-
tons, primary plagioclase has the composition
Anr:.r-.0.r in the garnet-biotite granodiorite and
Anr,.r-r".u in the two-mica adamellite. In the sills,
primary plagioclase has the composition Ans.:-
gz.u in the two-mica tonalite and decreases to
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Anrz.a*:o.s in the more felsic granodiorite sills
and Ano.n-',.e in the trondhjemitic aplites.

For the two micas, the most dramatic chanse
with retrogression took place in the TiO, co-n-
tent. Other elemental changes occurred largely
to compensate for the change in Ti, which in
some specimens exceeds an order of magnitude.
Empirical studies in natural systems (for both
biotite and muscovite) and experimental studies
in pure systems (for biotite) have documented
well the sensitive temperature-dependence of Ti
solubility in both micas (Guidotti et al. 1976,
Robert 1976, Anderson 1980).

Muscovite

The most distinctive compositional feature of
ntuscovite in all of the two-mica-bearing in-
trusive bodies (older plutons and synkinematic
sills) is the content of a titaniferous ferriceladon-
ite end-member. Celadonitic muscovite (or phen-
gite) is commonly regarded as a product of
low-temperature or high-pressure crystallization
(Ernst 1963, Velde 1965, '1967, 1972). To
discern magmatic from metamorphic or second-
ary white mica, we have attempted to fully
characterize compositionally all textural forms
of muscovite in the two-mica intrusive rocks.
As noted above, our microprobe studies showed
that Ti is a particularly sensitive parameter in
distinguishing primary from secondary musco-
vite. Figure 4 exhibits the effects of mylonitiza-
tion on muscovite, showing that TiO: in porphy-
roclasts of muscovite (large kinked flakes inter-
rupting the flow of the fine-grained foliated
matrix) is markedly higher relative to muscovite
in the matrix. Matrix muscovite closely ap-
proaches the composition of sericite taken from
other studies of granitic rocks (Anderson, un-
ptrbl. data) and is certainly a retrograded com-
position in view of the studies by Guidotti et al.
(1976). Evidently the muscovite porphyroclasts
(like the other porphyroclast phases in these
intrusive rocks) have retained a magmatic
composition. With retrogression during myloni-
tization, muscovite is depleted in Ti, Mg, Fe
and Si and enriched in Alv'and Alrv, suggesting
a coupling of the solution mechanisms Ti * Rrn
- 2Alut, Si + R!+ : Alrv + Alvr and Fea+ -
Al"t. Hence, during retrogression, muscovite be-
comes less celadonitic, which is shown by the
negative sorrelation of data depicted in Figure 4.
Although similar decreases in celadonite content
have also been reported elsewhere (Anderson
et al. 198O)" other workers (Miller et al. l98I)
have noted no change or even an increase in
celadonite content. As implied by Guidotti &
Sassi (1976), this variable behavior in celadonite

solution with subsolidus retrogression may be
the result of differing depths of emplacement:
at moderate or greater depths, the celadonite
content may increase with decreasing tempera-
ture, and yet with shallow depths there may be
no change or even a decrease in celadonite
solution. In common with all two-mica granitoid
rocks, however, the composition of the primary
white mica is both titaniferous and, for those
rocks that lack an aluminosilicate, ferricela-
donitic (Best er al. 1974, Guidotti 1978" Ander-
son c/ a/. 1980, Miller et al. 1981).

For these intrusive rocks, the mole /o e.ela-
donite is highest in primary muscovites of the
older garnet-biotite granodiorite, ranging from
24.2 to 32.5%, but is only slightly less in all
other rocks (all peraluminous sills and the older
two-mica adamellite), ranging from 19.5 to
29.8%.In all cases, the paragonite content is
low (less than 3.0 mole Vo, ustrally less than
1.0%). Assuming dioctahedral stoichiometry,
the celadonite end-member is high in Fes+ and
Ti and approaches the composition K(Mgo.s
Tio.:)Fes+(Sir.oAlo.o)Oro(OH)r. In contrast, the
composition of the celadonite end-member of Ti-
depleted secondary muscovite approximates
KMgFee+SirO'o(OH)r. Although there is com-
monly a compositional gap, the range of com-
position of the celadonite end-member from
primary to secondary muscovite in the two-mica
granitoid rocks in this and other studies (An-
derson et al. 1980, Miller er al. 1981, Best et al.
1974) can best be described by the general
form ula K ( Mgt -. "TL) Fe' + ( Sir - :'Alr,) Oto ( OH) r,
where .x ranges from 0.2 to 0.

Use of muscovite as a petogenetic indicator

Many previous workers have recognized that
the presence of primary muscovite in granitic
rocks allows the estimation of a lower limit of
pressure (hence minimum depth) of crystalliza-
tion. This aspect, fiue only for cases involving
end-member muscovite, has been chemographi-
cally explored by Thompson & Algor (1977)
and Thompson & Tracy (1979). Some workers
incorrectly place this lower limit at the inter-
section of the water-saturated granite solidus
and the reaction Mu * Qz : Ksp * Sill a
H:O (e.9., Carmichael et al. 1974, p. 264). This
reaction, which describes the upper stability of
muscovite in tlte presence of quartz, does not
intersect the HrO-saturated solidus in P-T-X
space. As shown in Figure 5A, the true lower
limit is the intersection of the melting curve
and the lower temperafure reaction (L): Mu* *
Ab"" + Qz: Ksp* * Als * V. Hence, only sili
cate liquids in divariant fields III, IV and V can



SYNKINEMATIC INTRUSION OF

coexist with end-member muscovite. This sys-
tem (Fig. 5A) involves four components pro-
jected from SiOr and can have only one in-
variancy; six univariant reactions emanate from
the derived bundle. A simplified view, projected
from HrO (for water-saturated liquids), is
shown in Figure 58.

As we are not dealing with a pure system
for muscovite, feldspar or melt, the additional
components of anorthite (Fig. 5C) and celadoni-
te (Fig. 5D) have been added. In both sases, no
new phases are created but rather a solid solu-
tion is formed. In the depicted systems of four
components and five phases only a single uni-
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variancy can exist, all other reactions being
degenerate.

With anorthite added (Fig. 5C), the only non-
degenerate reaction is Mu * L = Ksp + Pl +
Als * V, which replaces the previous (Ab)
equilibria. The composition of plagioclase in
this univariancy changes continuously and ap-
proaches albite at the degenerate invariancy. All
other curves are degenerate and represent the
initiation of a family of higher-temp€rature
curves describing continuous reactions involving
more calcic plagioclase. It is important to note
that magmatic muscovite (coexisting with liquid
L) is still restricted to fields III, IV, and V.

9 l

SYSTEU KAISIIq- NoAIS[O6- AlsSiOl (HrO-SlO.l

sysTEM KAtSirOo-NoAtSisOr- Alsiq-K(MgrflX4nu)si.qpxl-
(srq-H?o)

Ftc. 5. Graphic analysis of the system SiOr-KAlSisOs-NAlSijOB-CaAlSisOe-ALSiOr-K(Mg,Fe2*) (Al,
Fe8+)SioOlj(OH)rHrO to describe phase relations in muscovite-bearing granitic melts.. Phases include
alkali feldspar Ksp, albite Ab, plagioclase Pl, muscovite Mu, an AlzSiOs polymorph Als, granitic melt
L and HzO V. A. System KAISLOs-NaAlSisO8-AlrSiOr-H2O projected from SiOr. End-member muscovite
KAIr(SLAI)O'o(OH), coexists with granitic melt only for path A (fields III-V). B. Same system projected
from HrO. C. Addition of the component anorthite generates a single univariant reaction Mu {' L =
Ksp * PI f Als + V. All other equilibria are degenerate. D. Addition of celadonite end-member
K(Mg, Fe2+) (Al,Fee+)SioOro(OH), as a component generates a single univariant reaction Ksp * Ab
+ Mu + Als $ V - L. All other equilibria are degenerate. Note that the equilibrium between the
granitic melt and celadonitic muscovite has no lower pressure linrit.

SYSIEM KAISilq-NoA|SIIOB- Atlsiq - HtO (StOr)

SYSTEil KAIS|!Os- NoAtStlOr- CoAhSt.O!- AtrSiO! (StOs- fto)



92 THE cANADTAN

However, the effect of adding the celadonite
component is dramatic (Fig. 5D): ir allows the
mica to coexist with liquids at much lower pres-
sures. The only true univariancy in this system
is the wet-nrelting curve Ksp + Ab + Mu +
Als + V = L (quartz-saturated), which re-
places the previous (Mu) univariancy. All other
culves are degenerate and again represent the
initial curve of a family of higher tlmperature
curves that describe continuous reactions in_
volving sequentially more celadonitic muscovite.
Of interest is the composition of muscovite in
the only true univariant reaction (Ksp -,- 46 *'lVIu 

+ Als * V = L): muscovite chinges from
being pure KAI,(SLAI)O,o(OH), at the degener-
ate.invariancy to being increasingly celadonitic
with lower pressure and higher temperature. The
composition of celadonitic muscovite at any
selected point on this solidus curve would be
the same as the composition of muscovite in a
contour of any of the displaced degenerate reac-
tions [(L), (Als), (Ksp), (Ab)] rhat intersect
the solidus at that point.

This implies that celadonite should extend the
stability of muscovite in the granite system,
which is consistent with our empirical studies
showing that retrograded muscovite in granitic
rocks is less celadonitic. This conclusion is ar
odds with Velde's (1965, 1967, l97Z) inter-
pretation of his experimental data but, as noted
by Guidotti & Sassi (1976), Velde's careful
study defined the solubility limit of celadonite
in muscoviteo not the stability limit of celadonitic
mtucovite.. Velde calibrated the breakdown of
celadonitic muscovite of known composition to
Iess celadonitic muscovite of unknown composi-
tion * biotite + feldspar * quafiz. The prod-
uct assemblage corresponds to that of two-mica
granites. Its stability field was not studied, bur
in view of this and other studies (e.g., Miller et
al. 1981), it must extend to magmatic condi-
tions.

On thermodynamic grounds, the reactions Mu
+ Qz = Ksp + Als + V and Mu," * Ab," +
Qz : Ksp"" f Als + V should shift to higher
temperatures, as the activity of KAlSisOs in alkali
feldspar is greater than the activity of KAI*SL
AIO'o(OH)s in the white mica of two-mica
granites. The latter reaction would be further
shifted to higher temperatures (lower pre$sures
of intersection with the solidus) since the activi-
ty of NaAlSiaOa in plagioclase also is less than
one.

On geological grounds, more and more shal-
Iow-level muscovite-bearing plutons are being
recognized. Some two-mica granites have been
emplaced in terrains bearing cordierite (Miller
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& Stoddard 1978) or andalusite * cordierite
(Clarke et al. 1976, Clarke & Halliday 1980)
as well as in structural horizons that could not
have had more than 5 km of cover (Keith et a/.
1980, S.B. Keith, pers. comm. 1980). Hence.
it seems clear that muscovite-celadonite solu-
tions may be stable phases in epizonal granitic
l iquids.

As the above analysis shows that the white
mica on the H:O-saturated solidus becomes more
celadonitic with lower pressure, it should be
possible to place constraints on this parameter
based on the displacement of the experimental
stability curyes for the pure system as a function
of compositions of the phases involved. The un-
certainty in doing this is large, as (l) there is
much variability in experimental results for Mu
f Qz stability (Thompson 1974) due largely
to the polymorphic state of the ALSiOs phase
and the extent of ordering in the feldspars
(Chatterjee & Johannes 1974, Helgeson et al.
1978), (2) the important discontinuous reaction
Mu* * Ab," + Qz = 1tup"" + Sill + H,O has
not been experimentally studied, and its position
in P-T space is based on field calibrations
(Thompson 1974) and (3) correct activity ex-
pressions for muscovite--celadonite solutions are
unknown.

We have calculated the displacement in tire
nruscovite stability curves utilizing the expres-
sion of Skippen (1977), which allows for an
"equilibrium state of disorder" in the feldspar
(Helgeson et al. 1978), modified for activities
of the phases. For muscovite, we have used an
ideal multisite mixing model similar to the
plagioclase model I of Kerrick & Darken (1975\
where

ay,, : (f("xII) (X^,vt1:

f  /  s i  \ ' /  A r r v  \ 1

f \srer'"/o'tu/ (t'^i ou'ro'zs 1 1'
The activity of KAlSisOr in alkali feldspar was
calculated r"rsing the Margules parameters of
Thompson & Waldbaum (1969), and fugacity
coefficients for HsO were taken from Burnham
et al. (1969).

The calculated curves intersect the solidus
curve for adamellite-granodiorite H:O-saturated
melts at about 2.6-3.1 kbar, which corresponds
to 9.6-1 1.5 km. We consider a water-saturated
solidus appropriate, as the synkinematic adamel-
lite-granodiorite sills are commonly pegmatitic
in their interiors. These estimates are considered
approximate owing to uncertainties mentioned
above; actual depths may be even less in view
of above geological observations that indiqate a
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shallow level of intrusion for other similar mus-
covite-bearing plutons.

Biotite

Mylonitization has generally not affected the
primary composition of biotite in the two-mica
intrusive bodies. Retrograded biotite in the ma-
trix is systematically depleted in Ti and green
in color and is thus easily distinguishable from
the brown biotite in the matrix and porphyro-
clasts that have retained magmatic compositions.
Hence, the latter can be utilized to estimate in-
tensive parameters during intrusion and crystal-
lization.

The primary biotites of all inrusive rocks are
similar in composition. The biotites in the metal-
uminous rocks tend to be slightly richer in Mg
and poorer in Al relative to those in the pera-
luminous rocks [Fe,/(Fe * Mg) = OA14-O5OZ
and 0.46G{.547, respectivelyl. As this mica
coexists with alkali feldspar and magnetite in
all cases, its stability is a function of phase
composition, temperature, fugacities of oxygen
and water and total pressure (Wones & Eugster
1965). Assuming P(H:O) : Pour, the stability
of these biotites can be contoured in T-l(Or)
space (Fig. 6) at specified pressures once ex-
pressions for activities of biotite, feldspar, and
magnetite and l(HzO) are determined. For shal-
low intrusive bodies, the composition of biotite
acts simply as an oxygen barometer. We have
chosen a lower limit of pressure to be 2 kbar (see
muscovite section) and an arbitrary trpper limit of
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4 kbar, and determined the fugacities of HzO
for each pressure as a function of temperature
with the fugacity coefficients of Burnham er a/.
(1969). The activity of magnetite was assumed
to be the mole fraction of FerOu in the spinel
phase; we calculated the activity of KAlStOe in
alkali feldspar using the Margules parameters
of Thompson & Waldbaum (1969). We had to
use a range of composition for both magnetite
and alkali feldspar, as these two phases had
thoroughly re-equilibrated with mylonitization.
Biotite was treated as an ideal solution (Good-
man 1976): the activitv of annite in biotite was
calculated as

/K \ /  F  Ya*,: (xpn/2ocr)'\K 
+Na/(.F-Fei + oH/

The results are shown in Figure 6, where the
contours for the most magnesian of the meta-
luminous biotites occur at a slightly higher fuga-
city of oxygen relative to the most iron-rich
biotite of the peraluminous intrusive rocks. As
the plot has both a temperature axis and pres-
slrre contours. the solidus field for water-sat-
urated adamellitic to tonalitic liquids that would
be in equilibrium with such biotites can also be
plotted. Hence, this determines a window in
P-T-l(Or) space for the intrusive rocks, pro-
vided they were water-saturated during final
stages of crystallization. This should be a good
approximation.

These calcnlations indicate that crvstallization
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Ftc. 6. Stability fields of biotite over a range of P(H2O) for metaluminous
(upper set) and peraluminous (lower set) granitic rocks. Densely ruled
region is a wet solidus field for adamellitic to tonalitic melts in equili-
brium with these biotites; this region defines a wiudow in P-T-l(Og)
space for conditions of crystallization. ''
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occurred under fairly oxidizing conditions. This
is consistent with the Fe-Ti oxide mineralogy of
these rocks, as ilmenite is rare to absent (Ishi-
hara 1977). This factor sets these peraluminous
granites apart from highly peraluminous gran-
ites (of S type), which seem to crystallize at
lower fugacities of oxygen (ca. QFM buffer)
and have a predominance of ilmenite over mag-
netite (Wones 1979. Hine er al. 1978\.

Garnet

The composition of garnet in peraluminous
sills and in older plutons is remarkably constant.
Almandine is the most abundant component
(42.647.4 mole %), with the remainder prin-
cipally spessartine and grossular in subequal
proportions (Fig. 7). The amount of pyrope
(5.4-12.8%) and andradite (2.24.2%) end-
members is consistently low. In general, the
garnets are not zoned except in large crystals
(3-6 mm) that have rims matching the com-
position of smaller garnets in the same rock.
The zonation involves a core-to-rim depletion
in Mn, which has been noted for garnet from
other two-mica granitoid rocks (Miller & Stod-

dard 1978). For the Whipple Mtn. rocks, the
solution scheme is 2Mn - Ca * Fe (older
garnet-biotite granodiorite pluton) and Mn =
Ca (garnet-two-mica granodiorite sill).

Garnets in granitic rocks have been considered
by some to be xenocrysts (see review by Ven-
num & Meyer 1979). This is quite unlikely in
this case, as the country-rock gneisses at the
level of intrusion of these bodies are largely
devoid of garnetiferous units. Garnets that are
present occur in thin pelitic schist interlayers;
these garnets are quite different in composition
( Al, n.o - rr., Pyrs.:i - ro.s Spr.z - a.e Gr".o - u.o) .

Although intact crystals are broken and dis-
memb:red by mylonitization, careful probe tra-
verses have revealed no overgrowths or sharp
enrichments at the rims. Apart from a few frac-
tures filled with chlorite, the garnets seem parti-
cularly resistant to change. Hencen we consider
the garnets to be purely igneous in composition.
Garnets in other two-mica granite intrusive
rocks of the Cordilleran metamorphic com-
plexes are likewise known to be spessartine-rich
(Miller & Stoddard 1978, Ghent et al. 1979),
although the garnets of this study also contain

SILLS

v TWO-lrlCA GRANODIOnITE
^ GARNEI, TWO.MICA ORANOOIORITE

OLDER PLUTONS
O OARNET BIOTITE ORANODIORITE

Ftc. 7. Composition of primary garnets from older plutons (open sym-
bols) and synkinematic sills (closed symbols) in terms of mole Vo al-
mandine, grossular and spessartine components. Proportions of remaining
components (pyrope and andradite) total less than 15 mole 7a. Note
minor core-to-rim zonation.
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significant amounts of the grossular component.
Experiments by Green (1977) have shown that
whereas almandine garnet indicates pressures
greater than 7 kbar, garnets with 2G-25 mole
7o spessartine are stable to pressures of less
than 3 kbar. Green's work is certainlv at a re-
connaissance stage and subject to modification
(Clemens & Wall 1981), but his conclusions
are consistent with the low pressures we cal-
culated in the above section on muscovite.

The temperature dependence of Mg-Fe par-
titioning between garnet and biotite is well
known (Ferry & Spear L978), but their model
is inapplicable to our compositions, as it does
not correct for additional components in either
phase. Goldman & Albee (1977) have devel-
oped a more general thermometer based on
correlation with temperatures from '8O/tuO par-
titioning between quartz and magnetite; they
make corrections for additional components in
both biotite and garnet. Our calsulated tempera-
tures average 738 1- 115"C. Considering pres-
ent uncertainties in calibration, these results
seem reasonable and further indicate that the
garnets and biotites have retained magmatic
compositions

The core-rim depletion in Mn mentioned

above is interesting. Since garnet has such a
strong affinity for Mn, we suggest that a de-
pletion model may be appropriate, with initial
crystallization of garnet causing early depletion
of this component in the original melt.

Rocr CHnvrrstny

Compositional data for the older plutons and
synkinematic sills are given in Tables I and 2
and Figures 8 and 9. For comparative pur-
poses, data from the late kinematic plutons
(Krass 1980) are also shown in Figure 8. One
remarkable feature is the compositional similari.
ty of all intrusive rocks, regardless of relative
age and degree of alumina saturation. The lack
of iron enrichment and a high alkali-lime index
(Fig. 8) are features common to synorogenic
nragmatic suites. Yet, on closer inspection, 

-the

compositional trends (Fig. 9) differ markedly
from other peraluminous and metaluminous
calc-alkaline complexes; the characteristics of
this suite must somehow be intrinsic to a com-
mon line of melt generation that transcends the
sequential development of tectonic even8.

The Whipple peraluminous suite is not strong-
ly saturated with alumina, and does not fit the

TABLE 'I. COI4POSITION OF IIETALIJMINOUS GRAI.IITOID ROCKS

Hombl ende-Blotlte
Quartz Dlorlte

Porphyrltlc Granodlorite Blotlte Granodloilte

Smpl€ lt-79-10 !l-79,15 A-79-26
sl02l
Tf02
Al ,0 r
Fed t
llso
lln0
Ca0
Na20

33.'.,
TOTAL

4.0x
z, t l

(2OrNa20 6.L2
Feo/Feo+llgo .655rAlo e .a97
&0/ila20 .526
Ba 1065
Rb 60.0
sr 919

16.87

2.77
.117 .064

5.46  4 .73
4.06
7.74

5.80
,634

ooq

,429
L202

38.4
1461

.823

.0253

10.11  15 .0x
L2.65  10 .52
36,63 . 37.31
22.L9 23.80
0.00  0 .00
4.30  0 .18

13.16  12 .11
0.00  0 .00
0.94  X.06

0.3773 0.3895

8.06  7 .82
.703 .746
.993 1 .001
.550 .646

7 .49

.976

.574
1171 1344

63.6  45 .5
822 823

1.40  t .42  1 ,63
17.5  18 .4  29 .5

.0799 .0774 .0553
373 424 498

a.zz  8 .15
.740 .766
.984 .989

1458 1141
78.6 47.6

785 7t6

60.82 62.64
.66  .74

u':8i ut:39 6'.'o2 69.43  7 ! .62  71 .58
,42 .2n .23.42 .25 .23

15.s6  15 .50  15 .66
1 r ,

. r l  . J t
16.86  16 .8717.08

4.09 2.74
l . t o

.038

2 . 8 6

2.29
,7A
.010

2.79
5.03
3.25

.42
15.97
2.50

h 1 )

4.76
2.73

2 , L 5
,42
.037

3.05
3 .  l D
2 . 5 9

L.42
.50

2.33
4.85
3.37

.0 ls
, t o
5 ,38
2 . 7 7

1114
63.6

7 0 t

7 .75
.724
.942
.502

ll0l
53 .2

884

L5.29
46.29
L2,47
0.00
2. t2
4 .00
0.00
u.cu

22.03
19.84
43.38
10.81
0.00

3.03
0.00
0.35

2X.8X
I O . J J

48.2L
10.39
0.00
0.36
2.58
0.00
0.3?

Ba/Sr 1.16
Ba/Rb 17.8
Rb./sr .0653
vRb 292

L.25  1 .86  1 .59
20.7 18,6 24.0

.0502 .1001 .0665
404 356 483

Qz
OR
AB
Al{

DI
HY
ltT
IL

AN(AB+AN)

L4.44
t6.92

L4.25
0.00
0.25

0.00
0.71

15.48 20.02
19.34 t6.26
45.48 43.09
13.94 14.27
0.01  0 .00
0.00  0 .87
5.24  4 .90
0.00  0 .00
0.52  0 .59

0.2336 0.2346 0.2488 o.zr2? 0.1995 0.L773

] Anal5es done at |J.S.C. Petrcchmtstry Laboratory; ilalorelmnts is rt. Z; ai, nl, Sr as ppm2 All Fe as Feo
3  |  n r:  1 .0 . I .  -  Loss  on  Isn l t lon  a t  1oo0 'Ca '41' 

" l lolecri lar prcportlons of Al2 + Na20 t K20)



96 THE CANADIAN MINERALOGIST

T&[ 2. mlTrofl 0r mMlulm6 N0 REUID lmmlw ms

m-162 m-[9 m-lg f79-13? t. f-7&47 fr&4& [&46b
slqr
rtg
AI.G
kdf
!!0
h0
a0
hr0
.t0
L:o-r-3
Tollt

&Mr0
h0/h$iro

holtu 0

&
St

e/st
e/s
D/St
vb
qz
0i
,B
il
@
Dt
I
n
II

fi(B+ft)

il.65 66.93 67.90
.47 .g .62

t7,73 16.78 ts.S
2.$ 2.37 2.56
r,24 .96 1.09
.g .61 .035

4.S 4.10 2.45
4.€ 4.45 4.32
l . g  l . s  3 . S

62.S
.5 t

!7 .61
3.&

.t0l
5 . &
4.4r

61.tu.*
18.53
3 . 9

.095
5.63

6t.s

n.e
3 . q
1.69
.69

5.79
4 . Q

68.75
.za

? . 8
.4,
.16

2 . 7 1
3,72
3.?6

s.# 59.S
0,37 0.t3

t4.47 14.81
!.75 t .S
o . a  0 . @
.Bl .030

1 . 7 9  l . m
2.76 ?.S
5 . S  5 . 5 !

71.93 72.6 73.31
.15 .14 .16

14.78 15.07 14.31
l . g  1 . 7 0  . e
. f f  .53 .g
.o?q .@ .019

z.f i  2,49 1.93
3.S 3.& 3.90
2.43 2.19 3.f i
.97 t-02 -71

r6;FJ----F5f----6-.n

5.26 6.29 7.56
,7U .162 .707

1 . @  1 . 1 1 9  1 . 0 3 5
.635 .655 .939

777 9S 783
l9. l  57.0 89.4

715 674 392

l . m  1 . {  2 . 0 0
15.8 17.0 a.16

.@7 .0s .228
411 363 @

31.61 31.65 29.69
14.& 14.99 22.04
35.49 s.r6 35.69
L3.A U.59 9.76
1.27 1.78 0.54
0 , @  0 . m  0 . @
3.?6 4.04 2.05
0 , 0 0  0 . @  0 . m
0.23 0.20 0.23

0.27U 0.268 0.2747

5.S- 6.19. 5.v 5.02 6,!  7.7t 6.S 8.06 8.39
:lff :i!3 :iii :3# :UE ,:l3l ,:tii ,:;* ;:A;

19:']t '  , l ' l to ,*'^ ,ri* r*'ott ,n*li6i ,or-'ais ,uri 'sf ,ooii i i
'oli'' ,ri3'' ri:'o ,ol9'" ,$'u v'2 ,fi'' ;ii'' 

-;*''

":!'l- ":$'. '1:l' "'.Y ol'.f nl'.2u ,Z:lu ui:i' o3:f
, ru '* t ' r* 'o* * ' t "  , rr '0" '*r 'o* uar 'oem n 

'mss 
' -  

'6nt 
, -  

'6ns

I! .11 l r .5l  r3.s 17.59 20.S l9.q 24.G 25.90 2s.m

titii. ri:ii ti:!i ri:33 ll:61 i3:33 li:fl Xit t;:ti'i:il 'i:f i:# 't:# '3:S i3:S i;i9: i:# ii;i
i:ii 'c:fi i:3! 3:S 3:3i 3:!9 S:S3 3:?S !:Bl
3:S 3:H 3:* 3'S 3:S 3:91 3:ff B:S B:S!
o.ru 0.s9! 0.3t9 0.3711 0.3$3 0.26 0.28?0 0.26$ 0.2S2

8. lhjor SFlln@lt. lntn.tvs

T+llo Ton.llta omd-ls-tla drrndtoille Im-Ho S.nodiorlb
ffi n19 n29 w4 m47 n6 n118 R57 [S241 I ngls 9912n fl9-4* rtgtztA

47 2.24 I
$ . s
017 -113

.5r .6 .a . , ,  . , ,

.0& .125 .08 .13 .0a

.s 2.65 2.06 2.t7 1.99

59.72 69.e 70.17 70.51 7t.s t2.15 72.49
- , 1 !  . ? l  . 1 7  . 3 1  . 2 5  . L t  . 1 4l9. l !  l ! . !9 15.39 t5. le 15.30 14.98 15.S
1 . 4 7  2 . 2 1  1 . 4  2 . @  1 . 1 3  1 . S  - d

66.37 70.20 71.50 71.51
.s .36 .27 .3t

15.93 t6. l? l5.e 15.28
2,81 1.66 1.41 t .47
l .?5 .s .47 .59
.074 .m .015 .0$

f.59 2.67 2.4 2.21
4.22 5.S 5.29 4.S
t.7l  2.67 2.t2 2.A7

o:3$=o:ffi#
5.93 7.S 7.1\ 7.7!
.6U .709 .750 .714
.9S .978 l .@0 1.013
.s5 .4S .01 .593

1066 1410 va t€0
45.1 57.9 55.2 59.4

t0l7 l0l0 901 781

r . 0 5  1 . s  1 . 3 7  r . S
23,6 24.4 22.5 20.6

.@43 .0573 .0609 .@9
315 374 319 33

20.25 79.74 23.71 23.9A
10.27 15.35 12,9 t7.S
*.5? 47.81 47.55 43.73
22.* 12.22 12.32 11.03
0.@ 0.@ 0.35 0.22
0.45 0.78 0.@ 0.m
7.9 3.60 3,13 3.55
0.@ 0.00 0.@ 0.@
0.* 0.50 0.s 0.43

0.$96 0.2035 0.?058 0.2015

x20er0  5 .S  6 ,73  5 .48
ru/Fd+lho . 691 .705 .?55'a I "  

1 .010 1 .027 l .oo t
x20lM20 .31 .$5 .5A
e 1077 l7s  t3?4
s  0 l .z  4 .1  3 t .s
Sr 932 S3 t35

&/s r  l . l s  z .m l .a7
e/0  25 .8  9 .3  $ .3
e,rsr .m7 .0S?9 .051f
ve  318 43  5 lO

(a  18 .66  20 ,76  21 .23
0 9 .94  14 .46  14-18
B 39.6  S.8  $- {
N n .2 ,  18 .49  17-79
@  0 . 1 9  0 . 4 9  0 . @
DI  0 .@ 0 .@ o.@
Hr 8 .OZ 6 ,52  4-98
n  0 . @  0 . o  o - @
IL o . f f  0 .39  o . {

M(6*S) 0.3596 0.323 0.316'

8.q! 1.24 7,9 7.11 7.81 7.€ 8.16
J?1 .767 .7U .759 .729 .7S .7ral . @  1 . 0 s  l . o l l  1 . 0 2 9  1 . 0 2 7  1 . u 5  1 . 0 4 7

- -- .4S .74 .5S .@ .621 .&9 l . l22S 9$ ll$ 165l lffi l@7 g
19.4 72.3 S.5 70.2 S.3 sl . l  a7.9

42 m W SO &l 577 498

-.1.-45 1.4 2.@ 2.50 2.@ l .S t .?875.9 13.0 25.6 23.5 33.2 2t,3 lo. l
.@s .1116 .0799 . lOS .628 .O& .176573 $5 S3 37? €5 55I 407

29.12 23.9 22.03 25.51 24.50 27.52 25.9
15.77 19.09 16.72 t9.19 t7.% 20.2a 25.7044.94 3?.9 42.54 S. l l  43.78 37.18 9.8
10.30 13.91 14. i l  13.39 10.36 10.90 9,97
s.qg 0.s 0.25 O.4f 0.4 O.t l  0.76g.qo 0.@ 0.00 0.@ 0.@ o.o0 o.o0
1 . 1 1  5 . 2 3  3 . S  4 . 9 0  2 . 6 1  3 . 1 7  z , r sg . g s  0 . @  0 . @  0 . @  0 . 0 0  o . 0 o  0 . @
0 . 5 1  0 . $  0 . 2 4  0 . s  0 . 3 5  o . ? 4  0 , 2 0

0.17s 0.2?31 0.2$l 0.2705 0.1914 0.2267 0.2222

C. nnor lnldrlra!

stolr&roulb ffi
S@lo m-2& &277 m-S7 m-S7b B&C 8-275 f-7!51C t_7q3. &73 r_79-6ic
3t0,
rrq
l l :Q
Fd
t&0
M
a0
&ao
h 0
t . 0 . t .
ro&.

b0+&,0
Fao/ ( FaO{s0)

s.9 69.14 69.19 69.21 59.52
. s  . 2 9  . 4 3  . 4 1  . s

l ! . !9 15.9 ls.s l6.s 15.57
l.& 1.85 1.93 1.57 1.63
.ql  .75 .76 .7r .73
.vt  .083 .@5 .60 .021

!.0r 2.81 2.69 2.92 2.53
!.?? 4.95 4.45 5. 19 4.78
2 , 4  2 . 6 6  3 . t 2  2 . 1 2  3 . 0 3

ffi
7.36 7.m 1.51 7.31 7.81
.59 .772 .1r7 .671 .69!

1 . 9 ! 8  1 . 0 1 4  l . @  . s 6  . s 9
.496 .535 .701 .409 .g

1336 lgl t2u 1281 781
@.99 53.2 U.2 46.9 66.5

tso 1050 $1 917 &7

l.q 1.37 7.29 1.31 ,Sl
?r.9 21.t  15.5 21.3 l t .7

.q69 .0s7 .0s35 .m .0767
332 414 3?3 375 378

20.59 20.2a 21.79 ?1.08 ?1.30
l4.s 15.76 13.73 12.55 18.11
!! ,43 4.73 40.f f  17.07 43.49
r5.v 11.03 13.56 14.€ \2.25
9.! !  0.25 o. l1 0.00 0.m
0.@ 0.@ 0.m 0.!3 0.3,
! . e  4 . $  4 . 6 0  4 . O l  3 . 9 5
0 , @  0 . m  0 . 0 0  0 . @  o . @
0.53 0.41 0.61 o.s 0.49

0.2521 0.29 0.25@ 0.852 0.2198

12.06 n.gz 73.20 73.62 74.27
,@ .05 .05 .05 .07

15.57 15.@ 15.73 15.98 15.79
.{1 .35 .39 .31 .39
.075 .015 .016 .m ,079

<.001 .Mo .018 .001 .035
t. !7 1.19 1.09 1.t l  1.25
5.9 6.2! 5.93 7.S 7.U
3.13 3.04 1.43 ,46 ,76

ffi
9,07 9.25 8.36 8,14 8.?O
.w .959 .96r .795 .&2

1,019 .996 1.054 1.055 1.030
.527 .490 .206 .060 .t02

989 96C 96 203 633
63.6 73.0 33.7 8.07 8,2 I

w 590 553 151 462

1.70 1.63 1.65 0.4S t .37
15.5 t3.2 27.5 25.2 77.?

,1093 . t237 .0599 .0t79 .01t8
409 g6 352 473 769

21.56 20.53 22.@ 22.34 22.68
18.41 17.81 8,40 2.6 4.40
53.10 55.S 5l .S 6?.96 65,48
5.79 5.S 5.38 5.42 5.08
0.31 0.00 0.87 0.90 0.49
0.@ 0.14 0.@ 0.@ 0.00
0.& 0.47 0.60 o.6t 0.77
0.00 0.00 0.00 0.00 0.@
0.03 0.07 0.07 o.a 0.10

0.09& 0.0931 0.0@ 0.0740 0.0850

&o/er0

s
Sr

h/sr
&/s
&/sr
vs
az&
B
A
&
Dt
n
I

il(s+s)

I blFs 60 at U.s.c. p€ttutstrr bbr.@ry. hJor ot@rG as r. zr o, ru, s, ulill--ilile- affi
"  1.0.I .  -  b3r on lFl t lon ! !  lmo.c. {  r l t '  .  b lcul l r  wpnton. of Al2q/(&0 { hro r  &0).



SYNKINEMATIC INTRUSION OF PERALUMINOUS GRANITES

SiOz (WT."/")
Ftc. 8. Peacock plot of total alkalis and CaO I'erszs SiOr. Unit symbols

as in Figure 3 with the addition of A for trondhjemitic aplite sills, I
for biotite tonalite sills and ,t for late kinematic plutons.
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definition of S-type granites (Chappell & White
1974). A parameter measuring the degree of
alumina saturation is the inolecular ratio AlrOr/
(CaO 1 NarO * KrO); whereas this value is
commonly in the range of 1.09 to 1.46 for
S-type granites, lt is less than l.l3 for the
Whipple rocks. The reason for high alumina-
saturation, however, varies; Australian S-type
granitoid rocks (Hine et al. 1978) owe their
high degree of alumina saturation to low NarO,
not high ALOI. In contrast, Nova Scotia S-type
granitoid rocks (de Albuquerque 1977) are
highly peraluminous essentially because of high
AlrO:. The Whipple rocks, like the Nova Scotia
suite, are also very high in AlrOr, much higher
so than the Australian suite. The iveakly pera-
luminous nature is due to high values of NarO
and CaO (Figs. 8, 9) and not to low Al,O".
Moreover, the metaluminous sills (porphyritic
and biotite granodiorites, i.e., pgd and bgd of
Fig. 9) are not alumina-saturated as a result
of even higher values of NarO.

Magma evolution

Presently we lack other trace-element (e.g.,
REE) or isotopic data to quantify magmatic
models totally, but our data coverage is ade-
quate to identify potential lineages from separate
parent melts and differentiation schemes.
Although we feel that there are probably several
magma-series involved, we emphasize that their

differences are not large. We suggest that at
least six magma lineages correspond to the fol-
lowing major intrusive bodies: (l) the garnet-
biotite granodiorite pluton, (2) the two-mica
adamellite pluton, (3) the structurally deep
hornblende-biotite quartz diorite sill" (4) the
two-mica tonalite sill, (5) the two-mica grano-
diorite (two sills) and (6) the two upper bio-
tite granodiorite sills. The amount of composi-
tional variation within most of the intrusive
bodies is minor and can be attributed to frac-
tional crystallization of small amounts of pla-
gioclase and lesser amounts of other constituent
phases.

The only major change in magma composition
occurs within the garnet-biotite granodiorite
pluton. Over a silica range of 6l.l to 69.9%
there is a depletion in Al, Fe, Mg, Ca, Na and
Sr and an enrichment in K, Ba and Rb. As shown
in Figure 9, this also involves a change from
a metaluminous to peraluminous composition
with increasing SiOr. A significant increase in
alumina saturation can occur by fractional crys-
tallization of metaluminous phases such as
hornblende, allanite and apatite. Hornblende oc-
curs only in the most mafic members of this
series, and allanite and apatite occur throughout.
The decrease in Ca and Sr, the late decrease in
Na and the increase in Ba suggest fractionation
of plagioclase. Utilizing our microprobe data
of the minerals involved, we can approximate

CROSSES: LATE KINEMATIC PLUTONS
GLOSED : SYNKINEMATIC SILLS
OPEN;OLDER PLUTONS
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wt% sioz
Ftc. 9. Composition of older plutons and synkinematic sills: AlrOr/(CaO * NasO + KrO) on a molar

basis, AlrOr, K20, Na2O, and MgO rerszs SiO2. Symbols of units as in Figures 3 and 8,
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about two-thirds of this series by 3S/6 fractiona-
tion of plagioclase (An*, 73.4Vo), hornblende
(2l .6Vo),  b iot i te  (2.3Vo),  magnet i te  (1.4%),
allanite or apatite (0.7%) and garnet (0.1V.7.
This produces a model increase in the molar
ratio of AlzO"/ (CaO * Na,O + KzO) from
0.949 to 1.029, which is due to the removal of
the hornblende * allanite * apatite fraction.
We are unable to model adequately the last por-
tions of this series with a fractional crvstalliza-
tion model, and suggest that late-stage volatile
transfer may have played an active role. The
REE abundance of members in this series should
be a good test of the fractionation model, as a
depletion in REE should result (Miller & Mittle-
fehldt 1979). Our microprobe analyses of al-
lanite support this: there is a l7/o decrease in
concentration of La, Ce and Nd in allanite from

intermediate to most differentiated membrs of
the series.

Collectively, the entire suite of older plu-
tons, synkinematic sills and late kinematic
plutons is so compositionally similar that differ-
ences in the nature of magma generation and
source material must have been minor. Perhaps
consistent with the calcic nature of the rocks,
the Sr content (average 828 ppm) is high and
nnusual for peraluminous granites. Crustal
sources with a sigriificant metasedimentary com-
ponent are often invoked for peraluminous
melts (Hine et al. 1978, Clarke & Halliday
1980); although we consider this a possible
source, the high Ca, Na and Sr of these melts
then implies a large degree of melting. Our
ongoing study is aimed at testing such prelimin-
arv models.

WlTo SiOz



SYNKINEMATIC INTRUSION OF PERALUMINOUS GRANITES 99

CoNcrustoNs

The rocks formed during these two intrusive
episodes do not conform to the simple I-type
uer.rus S-type division of granitic rocks defined
for other metamorphic belts (Chappell & White
1974). This suite is compositionally unique,
and perhaps this reflects the intrinsic diversity
that may eventually characterize peraluminous
granitic complexes. The fact that this suite arose
through magmatism coeval with two markedly
different styles of deformation allows specula-
tion that the two intrusive episodes are perhaps
part of a near-continuum of igneous activity
that spans a transition in the character of an
evolving regime of crustal stresses. This con-
clusion depends upon whether the older plu-
tonism is Mesozoic or Precambrian, and must
await firmer age control. In view of the com-
positional features remarkably shared by the
two intrusive groups, it seems clear that they
have a common line of source material and
nature of magma generation.

On mineralogical grounds, the celadonitic
nature of the primary muscovite is consistent
with the absence of coexisting aluminosilicates
and, in view of the chemographic analysis pre-
sented above, also is consistent with a depth
estimate of 9.6-11.5 km (2.6-3.1 kbar). The
Mn-rich composition of coexisting garnet may
also be compatible with a shallow depth of in-
trusion. The low activity of annite noted in bio-
tite and garnet-biotite geothermometry imply
crystallization temperatures in the range 660-
740"C under fairly oxidizing conditions (ca.
Ni-NiO and MnO-MnsO.r buffer curves). The
latter aspect is also suggested by the Fe-Ti
oxide mineralogy, specifically the near-absence
of ilmenite.

At present we do not understand the origin
of the Late Cretaceous mylonitization event. The
spatial association of the sills with deformation
is strong, and yet the sills cannot be the cause
of the deformation, as major mylonitic gneiss
sections occur devoid of sills both on strike
with the intrusive bodies and structurally below
the lowest sill. the hornblende-biotite quartz
diorite. The mylonitized section involves a min-
imum structural thickness of 3.9 km, the
bottom of which is not exposed. Both de-
formation and magma genesis are potentially
separate manifestations of the same tectonic
environment (Keith 1978), which may imply
the generation and rise of melts derived in the
crust, that intruded forcefully and spread lateral-
ly into a major zone of upper crustal strain.
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