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ABsrRAcr

Garnets from low-variatrce pelitic assemblages
in the garnet and staurolite zones of the Mt. Rabfuh
area, 8.C., generally show strong compositional
zoning. A decnease in Mn oufwards from the oore
is balanced by an increase in Fe and Mg. Zoning in
garnets from the cordierite zone is weak or absent.
Mn oommonly insreases.sligbtly from core to rim;
Mg shows a corresponding decrease. Ihere is little
or no Ca zoning in eitler high or low-grade rocks.
At all metamorphic grades, the garnet rims are in
partition equilibrium with adjacent ferromagnesian
minerals. Ilmenite inclusions in low-grade rocks
are in eguilibrium with immediately adjacent gar-
qet, but inclusions in cordierite-zone ganrets are
not in equilibrium with €ianet.

The data suggest: (1) gxowth of zoned garnets by
a fractionation-dopletion process aX lower grades;
(2) homogenization of zoned garnets at tempera-
tures abovo about 600'C; (3) modification of the
bulk composition of homogeneous garnets by ex-
change equilibria involving garnet and cordierite;
and (4) formation of Mn-rich rims on both high
and low-grade garnets during retrogression of the
garnet. Volume diffusion was the main process
which created and modified the zoning in the cor-
dierito zone, but was of only minor importance in
lower grade rocls. The onset of significant volume
diffusion may have initiated changes in the equili-
bria with other minerals.

Sorvftrrerne

Des grenats provenant d'associations Slitiques de
faiblo variance, tir€es de zones i grenat et I stauro-
lite de la r6gion de Mt. Raleigh, C.-8., montrent
g6n6ralement une forte zonation de composition.
Une diminution de Ia teneur en Mn, eu direction
6loign€e du centre, est fuuilibr6e par'une augmenta-
tioa des teneurs en Fe et Mg. Il y a peu ou pas de
zonation dans les grenats provenant de la zone i
cordi6rite. La teneur en Mn augmente l6gbrement
du centre en direction de la bordure: le contenu en
Mg subit uns diminuliel analogue. Il n'y a que peu
ou pas de zonation en Ca dans les roches de haute
ou de faible intensit6. Les bordures des grenats des
roches m6tamorphiques de toutes intensit6s sont
en fuuilibre de partage avec leg min6raux ferro-
magn6siens adjacents. Irs inclusions d'ilm6nite pr6-
sentes dans les roches de faible grade sont en fuui-
libre avec Ie grenat imm6diatement adjacetrt, mais
celles qui se trouv€nt dans les grenab de la zone ir

cordi6rite ne sont pas etr fuuilibre avec le grenat.
Irs donn6es suggirent qu'il y a: (1) une croissance

de grenats zon6s sous de faibles intensit6s m6tamor-
phiques par un proc6d6 de fractionnement-aplmu-
vrissement; (2) une homog6n6isation des gretrats
zon6s i des temp€ratures au-d€ssus de 600"C envi-
ron; (3) une modification de la composition globale
des grenats homogDnes par un 6quilibre d'6change
entro le grenat €t la cordi6rite, et (4) la formation
do bordures riches en Mn sur les grenats de faible
et de haute intensit6 pendant la r6trogtesion du gre-
nat. La diffusion volumique fut responsable de la
cr6ation et de la modification de.la zonation dans
la zone de cordi6rite, mais n'a eu qu'un r6le mineur
dans les roches de faible grade. L'action d'une im-
portante diffusion volumique a pu causer des chan'
gements dans les 6quilibres entre les autres min6-
raux.

Clraduit par la R€daction)

INrnooucrroN

Most almandine garnets from pelitic schists
are compositionally zoned. Zoning ig most spec-
tacular in low and medium-grade garnets, which
generally show bell-shaped Mn profiles with Fe
increasing from core to rim to balance the Mn,
and varied and complex profiles for Ca, Mg and
Ti. Hollister (1966, 1969) interpreted such Mn
zoning as resulting from preferential incorpora-
tion, in the growing garnet, of Mn released by
reactant phases. This model and its variants have
been suclessfully applied by many authors to
garnets from low and rnedium-grade environ-
ments. Implicit in this fractionationdepletion
model are the assumptions that volume diffusion
in tho growing garnet is negligible, i.e. garnet is
a refractory phase Qlollister 1969), whereas in-
tergranular diffusion in the matrix surrounding
the garnet is relatively rapid.

In garnets from high-grade rocks, bell-shaped
Mn profiles are commonly absent. Zoning is
generally weak; Mn may increase from core to
rim in marked contrast to lower grade garnets.
The fractionationdepletion model cannot be
applied to such zoning and most authors attri'
buto zoning in high-grade garnets to exchange
reactions between garnet and matrix,(e.g. Loomis
1975) or to resorption of the garnet (e.9. Grant
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Frc. 1. Generalized map of metamorphic zones in the Mount Raleigb pendant. Question marks indicate
ar€as of tle pendant where pelitic rock$ are absent. Granitoid rocks bound tle pendant on all sides.
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& Weiblen 1971) or to homogenization of orig-
inally zoned garnets (e.g. Blackburn 19691.
These processes require considerable volume dif-
fusion within the garnet: i.e. garnet is not a re-
fractory phase.

This paper evaluates the relative importance
of fractionation-depletion and volume diffusion
processes in the production and modification of
garnet zoning in the garnel staurolite, and cor-
dierite zones of the Mount Raleigh area, British
Columbia. The exapples discussed are fTom low-
variance assemblages in meta-greywackes that
have undergone only one pedod of prograde re-
gional metamorphism.

Gpor,ocrcer- SettrNc

The Mount Raleigh pendant'(Woodsworth, rn
press) comprises approximately 4@0 m of meta-
morphosed strata surrounded by plutonic rocks,
predominantly quartz diorite and granodiorite,
of the Coast Plutonic Complex. The stratified
recks are 6qinly intermediate volcaniclastics,
conglomerate, amphibolite, and aluminous grey-
wacke of probable Early Cletaceous age depo-
sited on a basement of quartz diorite and folded
migmatite.

Strata in the pendant have undergone one pe-
riod of regional metamorphisrn. Metamorphic

grade increases from garnet in the north to cor-
dierite and sillimanite in the southwestertr part
of the pendant (Fig. 1). Maximum temperatures
and pressures reached about 75OoC and 4 kbal
at the cordierite isograd (Woodsworth, in press).
Retrograde effects range from absent to almost
complete obliteration of prograde assemblages
and textures. Deformation crf the pendant and
diapiric emplacement of quartz diorite plutons
accompanied metamorphism. Large post-tectonic
plutons have superposed a narrow contact au-
reole along the northern margin of the pendant.

GrNERAL PETROGRAPHY

Metamorphic zones in the greywacke

Metamorphic grade in the pendant strata in-
creases from north to south (Fig. 1). The lowest
grade metapelitic rocks are in the garnet zone;
consequently the garnet-producing reaction is
not known. Staurolite appean as a product of
the idealized net reaction

chlorite -l- muscovite - staurolite * biotite *
garnet * SiOr * HzO (1)

At higher temperatures staurolite breaks down
to cordierite according to the continuous te-
action
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staurolite { qvartz - garnet * cordierite f
sillimanite * staurolite (more zincian) -f HzO(Z)

Staurolite persists for about 1 km upgrade from
the cordierite isograd, but always in rocks con-
taining cordierite. The staurolite occurs in the
matrix as anhedral grains surrounded by cordie-
rite and sillimanite and as anhedral grains en-
closed in euhedral garnet. Staurolite inqlusions
in garnet are rare below the cordierite isograd.

Three aluminum silicate isograds, not shown
on Figure 1, are discussed in Woodworth (in
press). Below the fibrolite isograd, andalusite is
the only aluminum silicate s,pecies present. The
fibrolite isograd, midway between the staurolite
and cordierite isograds, marks the appearance
of the aluminum-silicate assemblage andalusite*
fibrolite. Above the sillimanite isograd, which is
roughly coincident with the cordierite isograd,
andalusite, fibrolite, and coarse sillimanite may
all be present in the same sample. Above where
andalusite disappears, about I to 2 km south of

the cordierite isograd, fibrolite and coarse silli-
manite are the only aluminum-silicate phases
present.

Mineral assem.blages

Only samples from low-variance pelitic as-
semblages were used in this study. Such samples
from the garnet and staurolite zones generally
consist largely of quartz, plagioclase, biotite"
and aluminum silicate, with lesser ilmenite, gra-
phite, garnet and (in some samples) muscovite.
Modal biotite increases markedly on the upgrade
side of the staurolite isograd; modal garnet re-
mains about the same. Garnet seldom exceeds
37o of. the rock volume.. The garnets are'euhe-
dral to subhedral, and are generally less than
1.0 mm across. Inclusions of ilmenite are com-
mon. The garnets in the upper part of the stau-
rolite zone are commonly slightly discoid in
shape.

In the cordierite zone the assemblage with
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Ftc. 2. Electron microprobe profiles across four garnets frorn the garnet and staurolite zones. All analyses
made with a beam diameter of less than I g,m. Al, Si, and Ti are unzoned in all garnets.
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the maximum number of phases is quartzfpla-
gioclase* garnet* biotite* cordierite* staurotte +
AlSiOe*ilmenitefgraphite. Garnets are larger
and more abundant than in the staurolite zone.
but they seldom exceed 7Vo of the rock volume.
Common inclusions in the garnets are ilmenite,
biotite, staurolite, and quartz. Many of the gar-
nets are flattened parallel with the foliation de-
fined by biotite. Textural evidence (Woodsworth,
tn prep.) suggests that most garnet growth in the
cordlerite zone was syntectonic, whereas that
in the staurolite and garnet zones was post-tec-
tonic.

ANer,yt:rcer, MErHoos

Chemical analyses were made using an ARL-
EMX electron microprobe. Operating conditions
and data reduction methods are given in Woods-
worth (in press). For each sample, successive
thin sections were mado until one was found that
contained all the minerals of the assemblage in
an area of about 1 cme; the analyses were ob-
tained from this one area.

Garnets were examined early in the thin-sec-
tioning process and only garnets that were ses-
tioned close to the centre were probed. For most
samples, step-scans were rnade across two dif-
ferent garnet grains and several other grains
were analyzed at cores and rims. Rim and core
"spot" analyses were used to calibrate the step-
scans. Representative step-scans for Fe, Mn,
Mg and Ca are given in Figures 2 and 4. In all
samples, Ti, Si, and Al are unzoned and thus
are not shown on the step-scans. The Al anal-
yses indicate that little andradite is present: all
Fe is shown as alrnandine. The precision of the
analyses is about lVo of. the amount present for
Ca and Mg, about O.5/o for Mn, and about
O.3Vo for Fe.

Gex.Nnr ZoNrNc: DescnrprroN

Garnet and stourolite zones
Garnets from the garnet and staurolite zones

have zoning characteristics tlat are distinctly
different from cordierite-zone garnets. Zoning
patterns in garnets in samples 198-1 (Fig. 2a)
and" 244-2 (Fig. 2b) are typical of most garnets
from the staurolite and garnet zones, respective-
ly. The garnets in both samples are euhedral and
contain a few inclusions of ilmenite. Garners
from 198-1 show no evidence of alteration.
Those from 204-2 arc commonly slightly em-
bayed and replaced by chlorite around the mar-
grns.

Except for the outer 5O ;,cm of 2M.2, the
general characteristics of the 26ning in the two

samples are the same. The bell-shaped Mn pro-
files are similar to those for many other medium-
grade almandine garnets (e.g. Hollister 1969). Fe
increases from core to rim to offset the decreas-
ing Mn. Mg increases slightly from core to rim
n 2M-2, but in 198-1 Mg shows no significant
variation. Most garnets from the staurolite zone,
however, show a slight core to rim increase in
Mg. Ca zonrng is absent or very weak in all peli-
tic samples from the Mount Raleigh area, but
slight fluctuations in Ca are present in samples
198-l and 244-2.

Tho major difference between the two sets of
profiles is the sharp inctease in Mn in the outer
50 pm of 2O4-2, balanced by a drop in Fe and
Mg. Such Mn-rich rims are common in garnets
from the garnet and staurolite zones, but only
in garnets that show evidence of retrograde
alteration.

There is a good correlation between the maxi-
mum range in Mn zoning in each rock and the
modal abundance of garnet (Fig. 3). The best-
developed bell-shaped Mn profiles are found in
specimens iu vihich garnet is relatively abun-
dant. In rocks where garnet is atrace constituent,
zoning is very weak. For example, the stq>
scans across the largest garnet (O.4 mm) in a
sample from the staurolite zone containing O.L%
garnet @ig. 2c) reveal weak zoning; the differ-
ence in Mn between core and rim of smaller
garnets from the same rock is even less.

Only one sample was available from the upper
third of the staurolite zone (Fig. 2d). Althougb
the general shapes of the profiles are similar to
those at lower grade, the differences between
core and ri'm compositions are much less: the
zoning is greatly subdued.

Frc. 3. Modal garnet (volume percent) versus max-
imum values for eaoh sample of 100 Mn/(Mn,
Fe*.Mg*Ca) for the core minus that for the rim.
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FIG. 4. El€ctron microprobe profiles across t\ro gar-
nets from the cordierite zo[e. All analyses made
with a beam diameter of less rha[ I g.m. Al, Si,
and Ti are uzoned in both garnets.-

Cordierite zone
Zdning in cordierite-zone garnets is markedly

different from lower grade samples: bell-shaped
Mn profiles are absent. Two typical examples
are shown in Figure 4. Both samples contain
the prograde assemblage garnet+biotite*cordie-
rite* staurolite*AliaSiOr* quartz* plagioclasef
ilmenite* graphite. In both sarnples staurolite is
found as inslusions in garnet and as small anhe-
dral grains in the matrix; hercynite is associated
with matrix and included staurolite in 43-1.
Sample 6G8 shows no evidence of retrogression
whereas 43-1 is strongly altered: garnets are
fringed by chlorite, and cordierite is pinitized.

The larger garnets ()l mm) from sample 60-8

(Fig. 4) show a slight decrease in Mn from core
to rim, balanced by an increase in Fe. Mg and
Ca are unzoned. Smaller garnets ((1 mm) are
unzoned in all elements. In sample 43-1, on the
other hand, Mn is unzoned in the central area
of the garnets and increases slightly in the outer
parts. Fe and Ca are unzoned throughout and
the Mg profile is the reverse of that for Mn.

Er,nMsNr PenrrrroNrNc ero lNcr,usroN DATA

Tho partitioning of Fe, Mn and Mg between
garnet rims and other phases is regular and pro-
vides the strongest evidence that equilibrium
wa.r approached during metamorphism. It is not
possible fu1 this paper to discuss all the partition-
ing data collected but several examples, relevapt
to discussion later in this paper, are described
below.

The probe analyses of coexisting minerals
indicate that Mg/ (Mg*Fe) decreases in the
order cordierite>biotite)staurolite)garnet)il-
menite, and that Mn/(Mn*Fe) decreases in the
order garnetlilmenitelstaurolite)cordierite)
biotite. This order is the same as that described
by many authors '(e.g. Thompson 1976).

The distribution of Mn between gaflret rim
and matrix ilrnenite i.mmediately adjacent to the
garnet is shown in Figure 5. The data for both
high and low-grade rocks fall close to the same
line, indicating that the distribution of Mn be-
tweeu coexisting garnet and ilmenite is indepen-
dent of temperature and pressure over the range
of conditions found in the Mount Raleigh area,
and that partition equilibrium was achieved be-
tween garnet rims and adjacent ilmenite. The
partitioning of Mn between ilmenite inclusions
rn garnet and the immediately adjacent garnet

l/rn/(Aln t Fa) ltmcniro

Frc. 5. Mol ratios Mn/(Mn*Fe) for garnet rims
and immediately adjacent matrix ilmenite for
rocks from tle staurolite, garnet" aod cordierite
zones.
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is more complicated (Fig. 6). For samples from
the staurolite zone, data for ilmenite inclusions
in garnet fall along or near the trend for matrix
ilmenites, whereas cordierite-zone ilmenite in-
clusions plot beneath the equilibrium line of
Figure 5. Ilmenite inclusions in staurolite and
garnet-zone garnets seem to be in equilibrium
with the adjacent garnet. Il.nrenite included in
cordierite-zone garnets is clearly not in equili-
brium with tle enclosing garnet, but is generally
more manganiferous than would be expected
from the rim partition data.

The distribution of Mg between garnet rims
and adjacent staurolite is also regular (Fig. 7),
and tle data for staurolite-zone rocks define a
reasonably good curve. Much of the scatter in
the data appears due to the effects of Zn in stau-
rolite; the ZnO content ranges from O.l37o to
2.6Vo.

fNtsRpnsretloN

Oriqin of bell-shaped Mn profiles

Garnets from the garnet and staurolite zones
are generally characterized by decreasing Mn
contents from core to rim, acconnpanied by in-
creasing Fe (the reverse zoning near the rim of
some garnets is discussed later). Several differ-
ent models have been suggested for the origin of
bell-shaped Mn profiles. These include growth
during progressive metamorphism (e.g. Harte &
Henley 1966), diffusion models involving ex-
change between initially homogeneous garnets
and matrix minerals (Anderson & Buckley 1973),
and a depletion model involving fractionation
of Mn into garnet during its growth (Ilollister
1966).

The view that the bell-shaped zoning profiles
result from the increasing stabilization of Fe
and.Mg in the garnet structure with rising tem-
perature is based largely on studies showing that
the average MnO content of garnet decreases
with increasing temperature (e.g. Sturt 1962;
Miiller & Schneider 1971). In rocks of the same
bulk composition, however, this decrease sems
to be due largely to the gradual increase in mo-
dal garnet with increasing temperature (Miya-
shiro & Shido 1973) and is readily explained by
the fractionation-depletion model. Futher, it is
difficult to see why the for,m sf the Tqning pro-
files should be nearly identical in garnets from
areas which have had different temperature-time
histories. Although increasing temperature will
affect the partitioning of Fe, Mg and Mn among
garnet and other phases, increasing temperature
alone is insufficient to account for most zoning
in medium-grade garnets.

litn/(lvln r Fcl tlncnirq

Frc. 6. Mol ratios Mn/(Mn*Fe) for ilmenite in-
clusions in garnet and immediately adjacent gar-
net (small x'c smil o's). Large X's and O's in-
dicate matrix ilmenite and rim garnet. Solid lines
join all points from one garnet. Dashed line is line
of best fit to rim and matrix data on Figure 5.

Anderson & Buckley (L973) have proposed
several pure diffusion models to explain bell-
shaped 2sning profiles. Beginning with initially
homogeneous garnet of fixed composition and
allowing exchange between garnet and surround-
ing reservoir, these models produce curves si-
milar to many natural zoning profiles. A major
problem, however, is the fate of the Mn that
must have diffused out of the garnet. For exarn-
ple, in sample 2A4-Z (Fig.2b), the mean MnO
content of the garnet is between 2 and,3%. lf.
the garnet was originally the same size as now
and had a, MnO content of 8Vo throughout the
garnet (the present core com,position), then
more than two-thirds of the Mn originally pre-
sent in the garnet must have diffused out. If

f^c/0rtc.fd Stqorolitc

Frc. 7. Mol ratios Mgl(Mg*Fe) for garnet rims
and immediately adjacent staurolite for rocks
from t}re staurolite and cordierite zones.
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partition equilibrium was maintained between
garnet and other phases present, then the Mn
lost from the garnet must have migrated out of
the rock, as probe analyses indicate that the Mn
could not be accommodated in other minsmls
present. As no outside sink for Mn is appar6nt,
it seems that the bell-shaped Mn profiles in this
rock did not originate by pure diffusion pro-
cesses.

This leaves Hollister's (1966) fractionation
depletion model, or some modification of it, as
ths most proba.ble origin for the Mn profiles.
The model is based on the fact that the fras-
tionation factor )r, where tr, = 7o MnO in garnet/
Vo MnO in rocd is large: Mn is strongly parti-
tioned into garnet in preference to other minerals
in pelitic schists. The model assumes that diffu-
sion in the garnet is negligiblg whereas diffusion
in the surrounding matrix minerals is rapid
enough to maintain relative homogeneity. The
relationship shown in Figure 3, in which the
range in Mn zoning correlates with modal gar-
net, is difficult to reconcile with tle pure diffu-
sion or increasing-temperature hypotheses, but
is easily explained by thb fractionation-depletion
model. From equattion (10) of Hollister (1966),
the difference in Mn content between garnet
core and rim is proportional to the fractionation
factor tr, the percentage of Mn in tle rock, and
the weight percent of crystallized garnet. Rocks
witl abundant garnet would thus be expected to
have strong Mn zoning (e.g. sample 2O4-2 with
2.9Vo gnnet), whereas 2ening in rocks with
only a trace of garnet should be weak or absent
(e.g. sample 254, with A.I% garnet).

The Mn zoning in the garnet and staurolite
zones is concluded to have originated largely by
a fractionation-depletion process. The Mn/Fe
partition data for ilmenite inclusions in these
gamets (Fig. 6) indicate that the garnets, at each
stage in their growth, were iu partition equili-
brium with ilmenite. As each ilmenite grain was
engulfed by the growing garnet it was effectively
removed from tle system. Ilmenites remaining
in the matrix continued to equilibrate during
garnet grorvth. Mn diffused out of the ilmenites
to feed the growing garnet whereas the ilmenite
inclusions preserve a record of earlier condi-
tions. Vofu me diffusion of Mn in the garnet
must have been negligible during growth of the
garnet.

Oigin of homogeneous garnets in cordierite-
zone rocks

Garnets in the cordierite zone are character-
ized by qresl 2ening and absence of bell-shaped
zoning profiles. Two possible interpretations oI
the unzoned garnets are: (1) growth of unzoned

garnets, and (2) homogenization of initially
zoned garnets by diffusion. The fint hypothesis
implies that the garnets must have gtowr\ un-
zoned, at temperatures high enough to permit
internal re-equilibration of tle garnets by diffu-
sion. The second possibility, suggested by Black-
burn (1969), implies that the garnets grew at
temperatures below which diffusion was effec-
tive, but were subsequently raised to temper-
atures high enough to allow homogenization.
Some support for the homogenization hypothesis
is given by sample 68-1, containing 2,lVo gar-
net, from the upper part of the staurolite zone
(Fig. 2d). Although the Mn profile has the sams
shape as in lower gtade rocks, the difference in
core and rim compositions is only about ZVo
MnO, suggesting that this garnet has been partly
homogenized. But the strongest support of the
homogenization hypothesis comes from the ele-
ment partitiening data. From Figure 6 it is
clear that ilmenite inclusions in cordierite-zone
garnets, unlike inclusions in lower grade gar-
nets, are not in partition equilibrium with the
host garnet. The inclusions have Mn/Mn*Fe)
ratios that could have been in equilibrium only
with a garnet that was more manganiferous than
at present. The garnet in.Figure 8 provides an
instructive example. This garnet, from sample
60-8, is only very weakly zoned in Mn (Fig. 4b),
but evidence of former strong zoning is pre-
served by the ilmenite inclusions. Their Mn/
(Mn*Fe) ratios decrease systematically from
garnet core to rim; core inclusions have ratios
that are about six times higher than those at the
rim, providing convincing evidence that the gar-
net was initially zoned with Mn decreasing out-

Ftc. 8. Sketch of a garnet in sample 60-8. Ilmenite
grains are black; staurolite is stippled. Numbers
are 100 Mn/(Mn*Fe) in ilmenite grains. The
profiles in Fieure 4b were measured along the
dashed line.
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wards from the sore. A1 temperatures reached
in the cordierite zone, the garnet was homogen-
ized by volume diffusion, leaving a relict zoning
preserved by the inclusions.

Original zoning profiles of cordierite-zone
gctlftets

If the Mn/(Mn*Fe) ratios of the ilmenite in-
clusions shown in Figure 8 have not changed
since entrapment in the garnet, then it is pos-
sible to calculate a Mn/ (Mn*Fe) profile for
the garnet prior to homogenization. From Fig-
ure 5, Mn/(Mn*Fe) in garnet may be written
as a function of X[-oro = Mn/(Mn*F€)'aenrai

Mn/(Mn * Fe)- : /,(XH) (3)

If the growing garnet rras in partition equili-
brium with ilmenite, an assumption that seems
reasonable based on the data in Figures 5 and 6,
then equation (3) can be solved graphically
from Figure 5 for each of the ilmenite inclusions
in the garnet.

The ilmenite inclusions cannot be used to
obtain original M/(Mg*Fe) ratios in the gar-
net, as Mg is below the li,mit of detection in
most ilmenite grains, but the partitioning of Mg
between staurolite and garnet may be used in-
stead (Figs. 7, 9). If the staurolite inclusions
shown in Figure t have not changed composi-
tion since entrapment, and if the inclusions were
originally in equilibrium with garnet, then

Mg/(Ms * Fe)* :.r,(Xi,l") (4)

where Xfit" equals Mg/(Mg*Fe) in staurolite.
The assumption that the inclusions have re-
mained constant in composition is supported by
Zn analyses of staurolites from. sample 60-8. The
two staurolite inclusions shbwn in Figure 9 have
l.27Vo 7nO1, the matrix staurolite has O.MVo
ZnO. The matrix staurolite has reacted to form
cordierite according to the continuous reaction
(2), and the Zn reldased bv staurolite has dif-
fused into the remainin! shurolite relicts
(Woodsworth, in press). The. included staurolites
have not participated in rea0tion'(2), and seem
to ,preserve original ZnO contents and Mg/ (Mg
*Fe) ratios.

There are no Ca-rich inclusions in the garnets
in sample 60'8. Because Ca.is only weakly zoned
in all garnets from the Mount Raleigh pendan!
and as the CaO content of garnet 60-8 is about
the same as that in most other garnets from the
pendant, it seems probable that the CaO con-
tent of garnet 6G8 has not changed a,ppreciably
with time. This conclusion is supported by
Ghent's (1976) model for plagioclase-garnet-

Fto 9. Sketch of same grain as in Figure 8. Num-
bers are Mgl(Mg{Fe) in staurolite grains.

AtSiOs-quartz equilibfa, which indicates that
the P-T path during metamorphism of the pen-
dant is such that the partitioning of Ca between
plagioclase and garnet would have remained rela-
tively constant during prograde metamorphism.
Such relatively constant partitioning may explain

Somplc 6O-8
o r r 3 o
ts-lG

Frc. 10. Calculated and measured sening profiles
in the garnet grah of Figures 8 and 9. The dashed
curves are the measured profiles of Figure 4b.
The solid curyes were calculated from the inclu-
sion data in Figures I and 9. The profiles are
calibrated in terms of molecular percentages, nor-
malized so that Fe, Mn, Mg, and Ca tolal lOOVo.
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why Ca 2ening is weak in both garnet and pla-
gioclase in most garnet-bearing samples from the
pendant.

With the above assumptions and equations (3)
and (4), the original garnet composition, prior to
homogenization, may be calculated at each anal-
yzed ilmenite in Figure 8, using an ayerage value
of X flig of 0.855. The calculated zoning profile
(Fig. 10) is remarkably similar to those meas-
ured for garnet and staurolite-zone garnets (e.g.
Fig. 2a). The mean Mn content of the original
garnet is the same as the mean Mn content of
the garnet after homogenization: there was no
net transfer of Mn across the garnet boundary
as a result of homogenization. The mean Mg
contenf of the homogenized garnet is, however,
about twice as high as the original garnel This
addition of Mg to the garnet was balanced by a
loss of Fe, possible causes of which are dis-
cussed below.

Modilication of homogeneous garnets

Garnets that have reached temperatures suf-
ficient to allow homogenization by volume dif-
fusion are clearly not refractory. Such garnets
must change their bulk composition upon a
change in composition of any adjacent Fe-Mg
phase.(by a continuous reaction, for example) if
equilibrium is to be maintained.

The formation of cordierite at the expense of
staurolite, given by reaction Q), it at least di-
variant. Initially, garnet and the first bit of cor-
dierite will have Mg/Fe ratios that are, in part,
dependent on the prevailing temperature and

Fc AAg

Frc. 11. Schematic phase equilibria in part of the
system prnet-cordierite, based on data of Hensen
& Gfeen (1971). See text for discussion.

pressure. As temperature increases' staurolite
with an increasing Mg/Fe ratio will continue to
be consumed, and the Mg;/Fe ratios of garnet
and cordierite wrll continuously increase in re-
sponse to the changrng conditions of meta-
morphism. Even after reaction (2) has gone
to completion, exchange between garnet and
cordierite will continue to modify the garnet
composition. Figure 11 shows this possibility in
a schematic view of equilibria in the system
garnet-cordierite for the divariant reaction

3 cordierite : 2 garnet * 4 sillimanite *
5 quartz (5)

according to the data of Hensen & Green (1'97L\.
At some pressure and temperature, garnet of
composition Gr is in equilibriu,m with cordierite
Ct. With increasing pressure and temperature the
compositions of the phases change continuously
according to reaction (5); modal garnet in-
creases and garnet Ga coexists with cordierite Cr.
In systems with refractory garnet, such effects
would result in garnet rims having high Mg/Fe
ratios compared with the cores. In garnets where
volume diffusion is sufficiently rapid to main-
tain homogeneity, the result would be a net dif-
fusion of Mg into the garnet, balanced by a net
loss of Fe from the garnet to the cordierite'

The equilibria in sample 60-8 are clearly more
complex than those in Figure 11, but exchange
reactions of this type seem adequate to account
for the relatively high mean Mg content of the
homogeneous garnet compared with that calcu-
lated for the original, zoned garnet. Conclusions
based on the assu,mption that the core composi-
tions of garnets reflect the composltion of the
gamet at time of nucleation may be invalid in
garnets showing evidence of volume diffusion.

Formstion o! Mn-rich rims

Many garnets, both high and low giade, from
the Mount Raleigh pendant are characterized by
an increase in Mn near the rims accompanied by
a decrease in Mg and Mg/(Mg*Fe) (Figs. 2b
and 4a). Several origins have been proposed for
such reverse Mn zoning (Ilollister L969; Kretz
1973; Grant & Weiblen 1971; de B6thune &
Laduron 1975). Suggestions involving modifica-
tions of the fractionation-depletion model, either
by increasing the Mn conccntration in the re-
servoir surrounding the garnet or by changing
the fractionation factor L, are not applicable to
non-refractory garnets. Other interpretations,
favored here, involve resorption of the garnet
with preferential retention of Mn in the remain'
ing garnet.

All garnets from the Mount Rateigh pendant
having reverse Mn zoning are from samples

I
F.
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showing strong retrograde effects. Garnet is
embayed and rimmed by chlorite; biotite is inter-
leaved with chlorite; aluminum-silicate minerais
are partly altered to shimmer aggregate, and
coarse muscovite porphyroblasts cross-cut the
foliation. The retrograde reactions were not stu-
died in detail, but the restriction of garnets with
Mn-rich rims to rocks with strong retrograde
alteration suggests that these rims developed dur-
ing retrograde alteration, as in the case described
by de B6thrms& Laduron (1975). During chlori-
tization of the garnet, Mn was re-incorporated
into the remaining garnet ahead of the dissolu-
tion front, because chlorite and the other retro-
grade minerals have very low Mn/(MnSFe) ra-
tios. Probe analyses show that chlorite which
rims the garnet has a Mg/(Mg*Fe) ratio greater
than that of the garnet, requiring preferential
removat' otr'Mg:from the shrinking garnet and
resulting in a lowering of the Mg/(Mg*Fe) ra-
tio at the garnet rim. These rims show no en-
richment in Ca, and the chlorites have a very
low Ca content. Presumabln the Ca released
by resorption of the. garnet has been taken up
by another mineral such as plagioclase.

The inward migration of Mn during resorp-
tion of garnet- and staurolite-zone garnets creates
problems, because retrogression of these garnets
must take place at temperatures at which garnet
is supposedly a refractory mineral. No satisfac-
tory answer to this problem is currently avail-
able. Possibly, as was suggested by de B6thune
et al. (1968), the garnet structure is unstable im-
mediately ahead of the resorption front, allow-
ing diffusion of ions in and out of the garnet.
Possibly, as is discussed below, diffusion rates
are strongly influenced by P(G). If resorption
of the garnet proceeded under relatively oxidiz-
ing conditions, tle conversion of Fez+ to Fe8*
near the rim of the garnet may have produced
enough vacancies to enhance the diffusion rates
for Mn, even under declining temperatures. The
narrow ryidth of the Mn-rich rims in garnet and
staurolite-zone garnets (generally less than 20
g,m compared with l@ to 2m pm for cordierite-
zone garnets) rnay reflect the short distance over
which diffusion is effective in the lower grade
rocks. In cordierite-zone rocks, retrogression
may have begun at temperatures at which diffu-
sion in the garnet was still relatively effective,
allowing Mn to diffuse far into the garnet, pro-
ducing a wide zone of Mn enrichment,

DrscussroN

Contlols o! volume diltusion
The above interpretation indicates that zon-

ing in garnet- and staurolite-zone garnets was

controlled primadly by fractionation-depletion
processes, whereas volume diffusion was the
main control in cordierite-zone garnets. It is
not clear frorn this study at what temp€rature
volume diffusion began to homogenize the gar-
netsi Garnets from the one sample (68-1) avail-
able from tle upper part of the staurolite zone
have a subdued bell-shaped Mn profile (Fie. 2d)
that may represent the beginning stages of
homogenization. The maximum temperature
reached by this sample was probably about
625'C (Woodsworth, in press). Garnets from
near the staurolite isograd, which represents
temperatures of about 55O'C, show no evidence
of volume diffusion aside from the Mn-rich
rims, whereas at cordierite-zone temperatures of
about 700oC original zoning is al.most complete-
ly obliterated. Volume diffusion thus began to
be important at some temperature between
550'C and 7@oC, perhaps about 6@'C.

Fastors other than temperature may also con-
trol the extent to which volume diffusion may
create or modify compositional 2qning. The
longer a zoned garnet is held at an elevated tem'
perature, tle greater will be the effects of diffu-
sion. In the Mount Raleigh area, cordierite-zone
rocks spent more time above 50OoC than did
staurolite-zone rocks (Woodsworth, in press),
although the length of time spent at the maxi-
mum temperature .may have been about the
same in each zone. Dilfusion may have been
effective in homogenizing the cordierite-zone
garnets partly because more time was available
for diffusion to act than in lower gtade rocks.
Depending on the magnitude of the appropriate
diffusion coefficients, garnets may survive high-
level contact metamorphism without appreciable
effect, such as in the Fanad aureole, Donegal
(Edmunds & Atherton 1971). Garnets in re-
gional metamorphic terrains, on the other hand,
may be expected to show marked diffusion
effects.

Little attention has been paid 1o the role of
deforrnation in garnet zoning. Shearing stress
may lower the activation energy needed for dif-
fusion by causing the accumulation of lattice
defects and raising the free energy of the crystal.
Mueller (1967) pointed out that little shearing
sress can be transmitted to a strong competent
garnet growing in an incompetent matrix of
sheet silicates, and thus shearing stress would
have little effect on the rate of volume diffusion
within the garnet. If, however, the garnet is
about as competent as the other minerals in the
rock, shearing stress may reduce the temperature
at which diffusion becomes effective. Textural
evidence indicates that garnets in the lower grade
areas of the Mount Raleigb pendant are post-
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tectonic, whereas those in the cordierite zone
are syntectonic and are flattened parallel with
the foliation. Garnets in sample 68-1, in which
the beginning of homogenization may be appa-
rent, are also slightly deformed. The extent of
volume diffusion in the garnets correlates rough-
ly with increasing deformation of the garnets,
as well as increasing temperature. The impor-
tance of shearing stress in pro.moting volume dif-
fusion in the garnets is, however, impossible to
determine and future attempts to estimate the
duration of metamorphism from garnet zoning

Itrc. 12. a) AFM projection of the assemblage gar-
net-fchloritefbiotite, with refractory (solid lines;
and noa-refrac'tory (dashed lines) garnet.
b) AFM prolection of the assemblage biotite*
chloritefstaurolite, with garnet G1 present as an
inert phase. See text for discussion.

must consider the state of stress of the garnet
at the time of metamorphism in addition to
temperafure.

Diffusion rates in Fe-bearing minerals may
also depend on P(Or) and the forrnation of va-
cancies associated with the conversion of Fe2'
to Fe8+. For example; Buening & Buseck (1973)
gave good evidence that Fe-Mg interdiffusion
coefficients in Fe-Mg olivine are proportional to
P(Or)ot"', suggesting that Fee+ and associated
vacancies are important controls of diffusion
rates. Although a similar mechanism may oper-
ate in garnets, its importance cannot be evalu-
ated from this study. All samples contain gra-
phite and ilmenite and, although P(O,) may have
increased with increasing temperature, the ef-
fects of temperature cannot be soparated from
the effects of P(Og). Comparisons of garnet zon-
ing in rocks that have had the same P-T histories
under different oxygen fugacities, such as adja-
cent beds of graphite-bearing and graphite-free
rocks, are needed to evaluate the importance of
this mechanism.

A puzzling feature of the present study is the
preservation of original Mn/(Mn*Fe) ratios in
ilmenites included in homogeneous cordierite-
zone garnets. The ilmenite inclusions appear to
be refractory, whereas matrix ilmenites are in
partition equilibrium with the garnet rims. The
implication is that diffusion of Mn and Fe in
and out of ilmenite proceeded faster in the ma-
trix ilmenite than in the inclusions. No satisfac-
tory answer to this problem is apparent. How-
ever. the different environments of the two sets
of ilmenites may provide a clue: inclusions in-
side the garnet may have been relatively in-
sulated from the effects of shearing stress and
from changes in P(Os) compared with matrix
ilmenites. Diffusion rates in ilmenite are prob-
ably strongly dependent on Fe2*/Fe"* ratios;
there is good experimental evidence for such a
dependency in other iron oxides (e.g. Himmel
et al. 1953). If the included ilmenites were sub-
jected to a lower P(Or) than the matrix ilme-
nites, diffusion rates in the included ilmenites
could be lower than in the matrix. Similar con-
siderations may apply to staurolite and biotite
inclusions in cordierite-zone garnets. These min-
erals are unzoned and are probably not refrac-
tory in the Mount Raleigh area, but inclusions
in garnet preserve lower Mg/(Mg*Fe) ratios
than are found in the matrix grains.

Ellect of homogenization on phase equilibria

The concept of homogenization of zoned gar-
nets has implications for phase equilibria. As
discussed by Hollister (1969), the effective bulk
composition of a rock containing refractory and
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notr-refractory ,minerals is dependent only on
the compositions and relative proportions of the
non-refractory minerals because, at most, only
the rim of the refractory mineral is part of the
equilibrium system. This situation is illustrated
by the assemblage garnetfbiotite*chlorite*
muscovite*quartz (Fig. l2a): the effective bulk
composition X' of the system lies on the chlo-
rite-biotite join. Homogenization of the giarn€t
results in a shift in the garnet rim composition
from Gr to Ge and a change in the bulk compo-
sition of the reactive system to Xz. Il equilibrium
is maintained, the Mg/Fe ratios of biotite and
chlorite must decrease and the amount of chlo-
rite relative to biotite must inbiease.

Conceivably, garnet could be sufficiently
refractory that even the garnet rim is not in
equilibrium with the other rninerals in the as-
semblage. Figure 12b shows the equilibriurh as-
semblage staurolite+chloritef biotitef muscovitc
*quartz, with garnet Gr present as an inert
phase, at a temperature above the breaking of
the garnet-chlorite join. Upon homogenization
of the .garnet the bulk composition of the sys-
tem will move towards garnet, and the garnet
and. chlorite will react, possibly by a reaction
such as garnetfchlorite=staurolite*biotite. The
resulting equilibrium assemblage will be either
garnet+biotite*staurolite*muscovite* qvarlz, or
chlorite * biotite f staurolite *muscovite*quartz,
depending on the *final' bulk composition. of
the system. The initiatibn of significant voldme
diffusion in garnet may promote reactions ihat
had been suppressed because of the unreactive
nature of the garnet.

CoNcr,ustoNs

The study is mainly concerned with decipher-
ing the history of zoning in garnets from the
Mount Raleigh area and evaluating the im,por-
tance of volume diffusion in the production and
modification of gamet zoning. The principal
conclusions of the studv are:

1. Most garnets from the garnet and stauro-
lite zones are characterized by bell-shaped Mn
profiles; the decrease in Mn from core to rim
is balanced mainly by Fe. Such zoning results
from a fractionation-depletion process; volume
diffusion within these garnets is negligible.

2. Homogeneous garnets in cordierite-zone
rocks nucleated and grew at lower grade. Zoning
produced during growth by fractionationdeple-
tion processes was obliterated by volume diffu-
sion at cordierite-zone temperatures, producing
homogeneous garnets. Exchange reactions in-
volving g.lrnet and cordierite modified the com-
position of the homogenized garnets, resulting

in a net influx of Mg into tle garnet and a net
loss of Fe. Conclusions based on fractionation
factors using garnet iore compositions may not
be valid in garnets showing evidence of volume
diffusion.

3. Mn-rich rims on some garnets were pro-
duced during partial resorption of the garnet,
and resulted frorn the diffusion of Mn released
by garnet breakdown into the remaining garnet.

4. Ilmenite in the matrix of the rock was in
partition equilibrium with adjacent garnet rims
throughout garnet growth and homogenization.
Inclusions of ilmenite and staurolite in cordie-
rite-zone garnets have retained their original
compositions since engulfment in the garnet and
may be used to calculate the zoning profiles of
the garnets prior to homogenization.

5. Modification of the garnet zoning profiles
began at temperatures of perhaps 600'C. The
dflects of volume diffusion are most apparent in
syntectonic garnets, and are least apparent in
post-tectonic garnets. In addition to temper-
ature, lattice defects produced by shearing stress
and the conversion of Fez+ to Fes+ may be im-
portaut controls of volume diffusion.

6. The change in garnet from a refractory to
a, non-refractory mineral may lead to changes
in the effective bulk composition of the system,
to changes in the compositions of other F.e-Mg
phases, and possibly to reactions leading 1o the
elimination of garnet or other minerals from the
system.
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