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GARNET ZONING _ PRODUGT OF A CONTINUOUS REACTION

W. E. TRrcIENSKI, JR.

Gdnie Min6ral, Ecole Polytechnique, Universit€ de Montr€al, Montrdal, Qu6bec E3C 3A7

STRACT

In the Whetstone Lake area of southeastern Ont-
ario, the Mno-Feo zoning in garnet in metapelites
is produced by the reaction: muscovitefchlorite-1-
plabocbse*ilmenitefquartz + garnetfbiotitefru-
ile+ffrO where the garnet-chlorite equilibria out-

line a drvariant envelope. in the pseudo-binary sys'
tem MnO-FeO. At the staurolite-biotite isograd a
discontinuous reaction occurs which gives rise to an

isobaric invariant point between chlorite, garnet,

and staurolite n T'X space. From these mineral
equilibria. sarnet zoning in the Whetstone Lake area
is'shown td be a function of both temperature and
initial Mn/Fe ratio of tle host rock.

SoMlvrene

Dans la r6gion de Whetstone Lake,. dans le Sud-
Est de fOntario, le zonage MnO-FeO du grenat des
roches m6tap€litiques a 6t6 produit par..la r6ac-
tion: muscovite{chlorite+ plagioclase-f ilmenite'1-
suarlz --> srenat+biotite*rutile*HeO of le contenu

d"6quilibrJ grenat-chlorite i enveloppe bivariante'
est situ6 dani systEme pseudo-binaire MnO-FeO. La

r6action disconthue qui arrive i fisograde stauro'
tide-biotite produit un point invariant isobare entre
la chlorite, le gtenat et la stauroide dans I'espace
T-X, A partir de ces dquilibres min6ralogtques, on
mootre que le zonage du grenat dans la r6gion de
Whetstone Lake est fonction de la temp6rature et

du rapport Mn/Fe initial dans la roche mdre.

INrnooucnoN

In recent years chemically zoned garnets have

received considerable attention and numerous

mechanisms have been proposed (Hollister 1966;

Alherton 1968; Muller &Schneider 1971; Miya-

shiro & Shido 1973) to account for the observed

zoning. The observed zoning patterns, are im-

portant, for they bear directly upon the petro-

genesis of the h'ost rock and upon !!e constitu-

ent minerals. It is the pu4)ose of this paper to

discuss some garnet equilibria in the Whetstonc

Lake area, southeastern Ontario (Carmichael

1967, 1970) and then to propose a simple mech-

anism to explain the garnet 26ning found in the

area.

PETRoGRAPI{Y

Tho Whetstone Lake area is underlain by
heterogeneously interstratified metasedimentary

' and metavolcanic Precambrian rocks. The meta-
morphic grade varies from biotite-zone in the
southeast to sillimanite-zone in the northwest
(Frg. 1). A detailed geological description of the
area is given by Car,michael (1967, 1970).

Samples selected for the study come from a
single metapelitic unit that is oriented at a high
angle to the metamolphic gradient (Fig. 1). The
rocks are fine-grained and are homogeneous on a
hand-specimen scale. The lowest grade assem-
blage is muscovite-chlorite-biotite-plagioclase-
quartz-ilmenite-rutiletgraphite. With increa3ing
metamorphic grade garnet becomes a stable
phase in the assemblage and is follorved at still
hrgher grade by the addition of staurolite. Also
with increasing riretamorphic grade, modal chlo-
rite decreases and ,modal biotite increases. Gar-
nets, where they occur, conrmonly have cores
that contain inclusions of quartq ilmenite, and
fine flakes assumed to be graphite. The outer
one-third of the garnets is inclusion-free. Quartz
plus untwinned plagioclase constitute up to 60Vo
of the rock. The TiOs-beadng oxides are ubiqui-
tous, but most commonly form less than five
modal percent of the rock. The three phyllosili-
cates, muscovite, chlorite and biotite, commonly
define a weak to moderate foliation. Staurolite
is found in small (40-2OO F,m) euhedral grains
full of quartz inclusions.

MtNnnar. CuBursrnv

More than 1O0 thin-sections of the pelitic
formation were examined. From these. 7 werc
selected for electron microprobe analyses of
constituent mins1als. The location of these sam-
ples and several pelitic isograds are shown in
Figure 1. The microprobe analyses of coexisting
minerals Clable 1) indicate that, to the staurolite-
biotite isograd, the major chemical changes with
prograde metamorphism are increases in the ra-
tios (Mg/(Mg*Fe) and Fe/(Fe*Mn) of the
ferromagnesian silicates. Ifowever, with the
entry of staurolite in the garnet-bearing assem-
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blage at the staurolite-biotite isograd, these
element ratios become constant for the nine-
phase assemblage muscovite-chlorite$iotite-gar-
nst. staurolite - ,g{agioclase - quartq- rutile - il-
menite. Below the staurolite - biotite isograd, pla-
gioclase shows no detectable zoning but above
the isograd normal zqning occurs.

Element profiles for Mn, Fe, and Mg across
garnet grains show that there is little to no zon-
ing in garnets from some samples, whereas in
others there is significant zoning (Fig. 2). Be-
cause of this zoning, and because it is thought
that only the outermost layer of the garnet is in
chemical equilibrium with the surrounding min-
erals, garnet rim cornpositions are the only com-
positions used in discussing equilibria between
garnet and coexisting phases.

Three rocks, one containing a highly zoned

TABLE 1. I.IICROPROBE AXALISES OF IiIINEMI.S
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garnet (sample #2, Table 1), one with garnet
showing little to no zoning (sample #3, Table 1)
and one with no garnet (sample #6, Table 1),
were selected to investigate a possible relation-
ship between tle bulk-rock chemistry and gar-
net zoning. These rocks were pulverized. and
pelletized and then scanned semi-quantitativd
for Mn and Fe with an XRF unit. The XRF
scans (Fig. 3) show that there is a direct rela-
tionship between the Mn/Fe ratio of the rock
and the amount of zoning in the garnets. In
fact, where the Mn"/Fe ratio is low, garnet does
not appear in the rock.

Cnnr"rocnePnrc RprerroNs

The major chemical changes noted across the
metamorphic gradient are the increases in the
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Ftc. l. Simplified map of part of the Whetstone
I-ake area" southeastern Ontario (after Car-
michael 1967) showing only the pelitic forma-
tions. The isograds are based upon discontinuous
reactions (Irzcienski 797L, 1977), The kyanite-
biotite isograd is defined by garnet-free, magne-
dum-rich rocks.

ratios Mg/.(Mg*Fe) and Fe/(Fe*Mn) for the
ferroma,gnesian silicates. Phase compatibilities
also change in that garnet appears near the low-
grade end of the metamorphic gradient (sample
#1A), followed by staurolite half-way across
the gradient. Taking the microprobe analyses of
all the coexisting minerals in sample #3, and
using matrix algebra (frzcienski 7971, 1977),
the garnet-producing reaction is:

muscovite f chlorite f plagioclase * ilmenite *
quartz +garnet * biotite * rutile * H"O (1)

Reaction (1) is considered possible as long as
the assemblage contains all the phases on the
left-hand side of the reaction, that is, the re-
actants. If one of these phases is totally con-
sumed, the reaction ceases. If the phases given
in reaction (l) are present, however, the re-
action progresses with continuously changing
mineral compositions.

One of the continuous changes is the exchange
FeO for MnO. Since chlorite is the major MnO-
bearing silicate on the reactant side of the re-
action, and since garnet is the major MnO-bear-
ing silicate on the product side of the reaction, a
pseudo-binary MnO-FeO diagram can be con-
structed for the reaction using the Fe/ (Fe*Mn)
cation ratios of chlorite and garnet, respectively,
to show the reaction behavior in T-X space. To a
first approximation, the temperature axis may
be represented by the horizontal distance be-

Frc. 2. Typical bell-shaped profile of Mn-Fe zoned
garnet from specimen #2.

c
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GARNET ZONING - PRODUCT OF A CONTINUOUS REACTION 2s3

tween samples in the prograde metamorphic ter-
rain. A plot of composition versus distance (Fig.
4) illustrates the continual change, along a di-
variant loop, in both the reactants (chlorite) and
in the products (garnet) leading to a general de-
crease of MnO in the entire assemblage. This
continuous change is intemrpted only at the
staurolite-biotite isograd (#4, Fig. 1) where stau-
rolite enters the assemblage. As a result of the
presence of staurolite, the variance of the assem-
blage decreases by one, and the reaction becomes
a discontinuous one. The nine-phase assemblage

2

i n -

Fc

BCR-I

ftc. 3. )(RF scans for Fe and Mn in tlree represen-
tativo specimens. BCR-1 is a rock standard con-
taining 7l.89Vo FeO and O.l7Vo MnO. Specimen
#2 contains eamet witl a core content of 7.9OVo
MnO an$ a rim content af 55OVo MnO. Specimeu
#3 contains garnet tlat is unzoned with l.70Vo
MnO; specimen #6 contains no garnet, only stau-
rolite. The Fe and Mn peaks are not to the sirme
scales

muscovite-chlodte-biotite-garnet-plagioclase-stau-
rolite-quartz-ilmenite-rutile then persists for
more than one km above the isograd (frzcienski
r977).

DtscussroN

To a first approximation, the assumption that
chlorite and garnet represent the reactants and
the products of the garnet-producing reaction
is valid. The equilibria expressed between the
two phases define a divariant loop similar to
that found in numerous igneous systems, and the
rules governing the recrystallization of meta-
morphic minerals are those of igneous petrology.
Schematically (Fig. 5) garnet represents the
products, and chlorite represents the reactants
of the reaction. Assuming an initial Fe/(Fe*Mn)
ratio at N, and a temperature 1Tu there will be
only reactants. At Tr, reaction begins with the
formation of products with an Fe/(Fe*Mn) ra-
tio C and reactants with a ratio N. With increas-
ing temperature, the equilibria move along the
two solubility curves defined by the products
and the reactants. The zoning found in many
garnets indicates that tle bulk composition of
the recrystallization matrix ,material lies near
the solubility curve of the reactants. With tem-

Fc/( Fe+Mn)

Frc. 4. Relationship between chlorite and garnet in
T-X space representing tle behavior of the re-
actants and products of reaction (1). To a fint
approximation, ? is represented by the spatial
distribution of samples in the prograde metamor-
phic terrain.
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c  N  t r

Fc l (Fc*Mn)  +
Frc. 5. Schematic representation of product (garnet)

-reactant (chlorite) equilibria n T-X space. See
text for discussion.

perature increasing to Is there is a gradual
change in the composition of all participating
minerals. Because garnet remains refractory
(Hollister 1969), that is, it does not re-equili-
brate, it records and preserves its equilibrium
composition for each step of the prograde con-
tinuous reaction, thus its zoned MnO-FeO pro-
file. The other minerals, being less refractory,
re-equilibrate at each successive temperature
through which they pass and retain only their
composition of last re-equilibration.

TABLE 2. MINEML NSEMBLAGES OF THE SPECII4EIIS

If at any point between 7r and Zc a reactant
phase becomes totally consumed, the minerals
lsrn4ining will ideally retain tle Fe/(Fe*Mn)
ratio of the temperature at which the reactant
disappears even though the remaining assem-
blage.may continue to a higher temperature. In
fact, in the Whetstone Iake area, rumerous
examples of the garnet-producing assemblages,
minus chlorite or muscovite or ilmenite, are
found well above the staurolite-biotite isograd.
Another possibility is that, although all the
necessary phases are present, the assemblage is
raised only to some temperature intermediatc
between ?r and Tr as its maximum temperature
of metamorphism. In this case the maximum
possible zoning or growth of garnet would not
be realized. Rather, some intermediate garnet
rim composition would occur in place of 3 mini-
mum MnO content. Sample #2 is an example
of the rim composition, 5.54Vo MnO, being
significantly more than the higher grade, more
fully developed garnet (samples #3, #4, #5)
in which the rim MnO-content is l,7o7o.

At Tr staurolite enten the assemblage. In the
pseudo-binary system this point of entrance be-
comes an isobaric invariant point. From this
temperature upward there is little to no composl-
tional change in tle garnet-rim compositions -
compare assemblages #4 and #5.

In spite of the apparent refractory nature of
gamet, its equilibria at and above the staurolite-
biotite isograd, in the pseudo-binary system
FeO-MnO, have to be reconciled with that of
chlorite and that of staurolite. Between stauro-
lite and chlorite there is no problem as there is
a small divariant loop @ig. 6) between these two
phases before chlorite is totally consumed with
increasing temperature (Irzcienski 1971). The
equilibria between garnet and chlorite end at
tho invariant point. However, between garnet
and staurolite there are two possibilities. One is
that there is a divariant loop between garnet and
staurolite (Fig. 6A). The argument favoring this
interpretation is that garnet always has a lower
Fe/(Fe*Mn) ratio than coexisting staurolite
flrzcienski 1971; Hollister pers. gqm.m.). The
other possibility is that the FeO-MnO pseudo-
binary system is a slice through n-compositional
space and that the garnet-staurolite equilibria
cut at a high angle another divariant envelope
which, in Figure 68, appears as a "solvus". The
argument for this interpretation is that, at higher
grades, garnet and staurolite act together as re-
actants in aluminosilicate-producing reactions
(frzcienski 1971). This requires the appearance
of garnet and staurolite on the same side of the
reaction field with increasing temperafure.

From the schematic diagram (Fig. 5), it is

T2
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Frc. 6. Possible garnet-staurolite equilibria in T-X space. (a) In this example gamet and staurolite are
separated by a divariant loop based upon different Fel(Fe*Mn) ratios in garnet and staurolite. (b)
In this example the garnet-staurolite equilibria cut perlrendicularly another binary loop in a-composi-
tional space, which here appears as a solvus.

Frl(rronn) +

( a )

evident that the initial Fe/(Fe*Mn) ratio of the
rock can greatly influence the zoning profile
and presence of garnet. Assuming that two dif-
ferent rocks, X and )i with initial Fe/(Fe+Mn)
ratios at N and 1, respectively, pass through the
same tempefature interval TrTz, o\e would ex-
pect the garnets from rock X to be more highly
zoned than those from rock I. A rock with an
initial ratio Z would not contain garnet but
could contain staurolite. This is the case as al-
ready shown by the XRF scans (Fig. 3) of bulk
compositions. The high Mn/Fe ratio of sarnple
#2 results in significant Mn-Fe zoning of garnet
(Frg. 2). Lower Mn/Fe ratios produce less zon-
ing,(sample #3), or as in the case of sample #6
where tLe Mn/Fe ratio is low, the garnet-pro-
ducing reaction is bypassed entirely by the as-
semblage muscovite-chlorite-biotite-plagioclase-
quartz-ilmenite-rutile. Only when the temper-
ature attains the staurolite-biotite isograd does
a new phase appear - stauroiite.

Survrrvrenv

Unlike the models of Hollister (1966) and
Atherton .(1968), the zoning found in garnet
does not require a constant temperature nor a
changing fractionation factor. In fact, garnet zon-
ing occurs by a continuous process over a given

Fy'(r.r'n.) *

( b )

temperature interval. Also, the model presented
here does not require that Mn be treated as a
minor component. Second, the model indicates
that the presence of garnet and the amount of
2oning are controlled, in part, by the initial Fe/
(Fe*Mn) ratio of the host rock.
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