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Abstract

Temperature, pressure, and fluid compositions that prevailed during metamorphism of
pelites and calc-silicates from staurolite and kyanite zone rocks of the Mica Creek area,
British Columbia, have been estimated from an electron microprobe study of mineral equi-
libria. Temperatures estimated from Fe-Mg distribution between garnet and biotite range
from 570° to 640°C and are generally consistent with temperatures estimated from coexisting
calcite and dolomite in nearby rocks. Pressure estimates based on garnet-plagioclase-kyanite-
quartz equilibria range systematically from 6 to 8.5 kbar. These estimates are consistent with
the geological cross section, which suggests an increase in the depth of structural level exposed
from south to north in the study area. Fluid compositions estimated from paragonite-quartz-
albite-kyanite equilibria from the metapelites are dominated by H,O, and fluid compositions
estimated for calc-silicates have XCO, > XH,O. Calc-silicates formed at carbonate-pelite
contacts appear to have equilibrated at temperatures near 610°C and XCO, near 0.25.

Introduction

The internal consistency of several geothermome-
ters and geobarometers has been tested for staurolite
and kyanite zone calc-silicates and pelites from Mica
Creek, British Columbia (Fig. 1). These rocks are
particularly well suited for such a study, because
carbonates and pelites are interlayered and critical
mineral assemblages occur over short distances so
pressure-temperature variation is likely to be small.
In addition, the rocks generally show textural equilib-
rium, and retrogressive metamorphism is negligible.

We have used the estimated temperatures and pres-
sures in equilibrium constant equations to estimate
fH,0 and fCO, attending metamorphism of both
calc-silicates and pelites. In a separate paper we will
report on a stable-isotope study of the calc-silicate
rocks.

General geology

The structure and general aspects of the meta-
morphism at Mica Creek have been discussed by
Ghent et al. (1977b). The area is underlain primarily
by metasedimentary rocks of the Hadrynian (Late
Precambrian) Horsethief Creek Group. These rocks
have been intensely deformed by at least three phases
of folding associated with thrust and subsequent nor-
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mal faulting. Metamorphic grade ranges from upper
garnet zone to lower sillimanite zone, defined by min-
eral assemblages in pelitic rocks. The following iso-
grads were mapped: (1) first appearance of staurolite
with kyanite; (2) disappearance of staurolite; (3) first
appearance of abundant migmatite (trondhjemite);
(4) first appearance of sillimanite (Fig. 1).

Staurolite disappears in a 200-300 m belt well
within the kyanite zone. The first appearance of
trondhjemite migmatite very nearly coincides with
the staurolite disappearance belt. Sillimanite first ap-
pears as fibrolite and is found together with kyanite
over a distance of 100-200 m. In cross section the
kyanite zone is at least 6 km thick.

High-grade minerals such as sillimanite, kyanite,
and staurolite are deformed by phase 3 folds. Migma-
tite layers are folded and disrupted during phase 3
folding. The metamorphic maximum occurred after
or late in phase 2 folding but prior to the bulk of
phase 3 deformation. A structural cross section
(Ghent et al., 1977b) indicates that rocks at the north
end of the study area represent the deepest structural
level exposed.

Mineral assemblages and methods of study

Pelite samples from the staurolite and kyanite
zones were selected from the Isaac Formation, which
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contains abundant aluminous assemblages (Ghent et
al., 1977b). The samples were chosen because they
contain mineral assemblages for which pressure, tem-
perature, and fluid composition could be estimated.
All pelitic samples contain the assemblage quartz-
muscovite-biotite-garnet-plagioclase. Two samples
(DR187, GM73-11) also contain kyanite as an addi-
tional phase, and the following samples contain
staurolite plus kyanite: DR135, 158, 194, 219 and
GM74-6 and 13. With the exception of minor sericiti-
zation of kyanite and very minor alteration of garnet
to chlorite, the pelitic rocks show no evidence of
retrogressive alteration. Ilmenite and less abundant
rutile are the Fe-Ti oxides. Rare sulfides, tourmaline,
apatite, and zircon make up the accessory minerals.

Calc-silicate samples from the Cunningham For-
mation were selected for one or more of the following
reasons: (1) the samples contain coexisting calcite
and dolomite; (2) the samples contain mineral assem-
blages whose P-T fluid composition history can be
modelled by experimental and computed phase equi-
libria; (3) the samples occur at marble—pelite contacts
and contain a large number of coexisting minerals
(low-variance assemblages). Mineral assemblages of
calc-silicates are reported in Table 1b.

Table 1a. Abbreviations and symbols

ab albite KS solid activity product

al almandine KD distribution coefficient

an anorthite X5 mole fraction of component i

bi biotite E: activity of species i in

Ca amph calcic amphibole & phase; &

ce caleite Yi écFivity coefficient of species
i in phase o

chL EhloEtte Py pressure on solid phases

[9:33 clinopyroxene .o Pressure of Hy0

di diopside 2,

dol doleml te Pe pressure on fluid phase

& epidote iy temperature

Fe st Fe staurolite fﬂzo Eugdcleyllof (20

ga garnet AGE Gibbs free energy change at

gr grossular Pand T

kf k-feldspar

ky kyanite

ma margarite

mgs magnesite

mu muscovite

pa paragonite

phl phlogopite

pl plagioclase

qz quartz

Tut rutile

sph sphene

st staurolite

tr tremolite

zo zoisite
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Table 1b. Mineral assemblages in calc-silicates from the Mica
Creek area, British Columbia

Sample cc dol qz bi ga ky tr di mu ep pl chl rut sph
DR-38 X X X X X

DR-39 X X X X

DR-164 X X X X

DR-186 X X X X X X X X
GM74-17 X X X X X
GM74-36 X X X X X X X

GM75-4 X

GM77-10 X X X X X X X

For samples GM74-36, GM75-4, and GM77-10 see text
for discussion. See Table la for abbreviations.

Electron microprobe analyses were made insofar as
possible on mineral grains which were in contact or at
least within a microscope field of view (<500 um). In
the case of pelite-marble contacts, analyses were
taken across the actual contacts over an area of sev-
eral square mm. We found internally-consistent esti-
mates of P-T-XCO, for two separate samples of
pelite-marble contacts.

Phase equilibria data used in this study

Experimental and computed phase equilibria used
in this study of metamorphosed pelites and calc-sili-
cates are reported as equilibrium constant equations
in Table 2.

Fugacity data for H,;O are taken from Burnham et
al. (1969), and fugacity data for CO, are taken from
Wall and Burnham (unpublished data). Ideal mixing
of H,0 and CO; in the fluid phase is assumed, and it
is possible that this may lead to significant errors in
estimation of low contents of CO, in H,O and vice
versa (see Holloway, 1977). T-XCO, diagrams have
been calculated using the computer program XCDFOR
of Skippen and Yzerdraat (1970).

For the equilibrium 5 phlogopite + 6 calcite + 24
quartz = 3 tremolite + 5 K-feldspar + 6CO, + 2H,0
(Table 2, 5), experimental results have been reported
by Hoschek (1973) and Hewitt (1975). These experi-
mental results disagree with one another, but the data
of Hoschek are consistent with P-T-XCO, estimated
from other equilibria (see also Ferry, 1976). Con-
sequently, we have used Hoschek’s data in this study.

Hunt and Kerrick (1977) studied the equilibrium
calcite + rutile + quartz = sphene + CO, (Table 2,
6). They did not report any experimental reversals
above 3.45 kbar but obtained a limit on the equilib-
rium at 5 kbar. Unfortunately the latter point is in
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Table 2. Reactions with values of A, B, and C constants for log,,K = A/T + B + C(P — 1)/T

Equilibrium A B c Source of data
1. pa + qz = ab + ky + H,0 -4321 8.11 .056 1,2,3
2, 3an + cc + Hp,0 = 2z0 + CO, 2927 5.03 .346 4
3. tr + 3cc + qz = 5di + 3C0, + 1H,0 -13832 28.29 .515 4
4. 5mgs + 2cc + 8qz + H,0 = tr + 7C0; -33082 63.91 .640 5
5. 5phl + 6ce + 249z = 3tr + 5kf + 6C0, + 2H,0 -34046 66.28 .792 4
6. cc + rut + qz = sph + CO, -5804 10.49 .119 1,6,7
7/d 3dol + kf + H,0 = phl + 3cc + 3CO; -18070 31.45 .222 8
8. 3an = gr + 2ky + qz 3272 -8.40 . 345 9
9. 6Fe st + 1lqz = 4al + 23ky + 3H20 ~63115 70.94 .598 1,3,10,11
10. 4zo + qz = 5an + gr + 2H,0 -11675 21.79 -.333 1,3,12,13
11. 2zo + ky + gz = 4an + H20 -4027 11.01 -.270 1,3,11,12
12. 2zo + 2ky = ma + 3an -2850 6.34 .378 1,14
13. ma + qz = an + ky + H20 -9921 18.82 .495

1,3,14

See Table la for abbreviations and text for discussion.

1 - caleulated by EDG; 2 - Chatterjee, 1971; 3 - Burnham, Holloway and Davis, 1969; 4 - Ferry, 1976;
5 - Rice, 1977; 6 - Hunt and Kerrick, 1977; 7 - Wall and Burnham, unpublished data; 8 - Puhan, 1978;
9 - Ghent, 1976; 10 - Richardsow, 1968; 11 - Holdmway, 1971; 12 - Newton, 1966; 13 - Boettcher, 1970;

14 - Chatterjee, 1976.

disagreement with extrapolation from the lower-pres-
sure data. In this study, we derived an equilibrium-
constant equation from the lower-pressure data, and
we recognize that the calculation at P total > 5 kbar
carries considerable uncertainty.

Puhan (1978) and Puhan and Johannes (1974)
studied the equilibrium 3 dolomite + K-feldspar +
H,O = phlogopite + 3 calcite + 3CO, (Table 2, 7) at
fluid pressures of 2, 4, and 6 kbar. However, Puhan
(1978) calculated the equilibrium curve for a total
pressure of 4 kbar, using an equilibrium constant
equation derived from the experimental data at 6
kbar, and this calculated curve is considerably differ-
ent from the experimental curve at 4 kbar. We have
averaged the experimental results at 4 and 6 kbar to
obtain the equilibrium constant equation reported in
Table 2.

For the reaction 3 anorthite + calcite + H,O = 2
zoisite + CO, (Table 2, 2), we have assumed that the
free-energy difference between zoisite and iron-free
clinozoisite in this pressure-temperature range is neg-
ligible.

Garnet-biotite geothermometry

A calibration of Fe-Mg distribution between gar-
net and biotite, expressed as Kp = (Mg/Fe)ga/(Mg/
Fe)bi, with temperature has been made by Thompson
(1976), using temperatures based upon other phase
equilibria. He pointed out that the effects of cations

other than Fe-Mg, i.e. Ti in biotite, could cause
significant displacement in Kp(Mg-Fe ga-bi) at con-
stant P and T. Goldman and Albee (1977) correlated
Kp (Mg-Fe ga-bi) with oxygen-isotope fractionation
in coexisting quartz and iron-titanium oxides. They
made quantitative estimates of the effects of Ca and
Mn contents of garnet and the Fe,Ti and octahedral
Al (AIVY) contents of biotite on the correlation be-
tween Kp (Mg-Fe ga-bi) and the oxygen-isotope
fractionation constant. They presented two equa-
tions, one (their equation 6) based on 13 samples for
which Kp (Mg-Fe ga-bi) and *0O/**O were measured,
and a second (their equation 9) based on additional
measured K (Mg-Fe ga-bi) and estimated (calcu-
lated) values of *0O/'¢0. The temperature calibration
of Kp (Mg-Fe ga-bi) was made using experimentally-
determined '®0O/®0 fractionation temperatures.
Ferry and Spear (1978) have reported experimental
data on Mg-Fe exchange between synthetic garnet
and biotite. The experiments were done on synthetic
annite-phlogopite micas and almandine-pyrope gar-
nets, and these authors suggest that the data can be
used on natural biotites and garnets which do not
deviate widely from binary solutions.

Electron microprobe data, calculated Kp (Mg-Fe
ga-bi), and T (for 5 kbar pressure) for coexisting
garnet and biotite from Mica Creek are presented in
Table 3. Temperatures have been calculated at 5 kbar
using: (1) the calibration of Thompson (1976, p. 431);
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Table 3. Garnet and biotite compositions and estimates of temper-
ature

ga ga bl _bi
Ky %n %ca Fre Fri

Sample  Mineral hl (D) T2) T(3) TCH)

DR-86 ga core -1.71 .041 .116 590 530 540 585
ga rim  -1.78 .044 .117 570 515 525 560
bi .529 .049 .13

DR-130  ga core -2.07 .090 .084 505 500 475 475
ga rim  -1.62 .013 .066 610 545 555 615
bi .487 .035 .154

DR-135  ga core -1.66 .003 .026 605 525 520 600
ga rim  -1.70 .003 .030 500 515 510 585
b1 .490 .031 .157

DR-158  ga core =-2.09 .057 .190 500 495 525 470
ga rim  -1.80 .005 .083 565 510 525 555
bi .463 .029 155

DR-187  ga core ~-1.91 .015 .198 540 520 580 520
ga rim  -1.74 .012 .176 580 560 620 575
bi .416 .032 .145

DR-194  ga core -1.72 .013 .079 585 540 550 580
ga rim -1.71 .012 .080 590 540 550 585
bi 444 031 144

DR-197  ga core -1.89 .030 .133 545 520 540 525
ga rim  -1.78 .023 .102 570 535 550 560
bt .435 .032 .142

DR-219  ga core -2.30 .021 .165 455 445 460 420
ga rim  =1.70 .000 .157 605 520 570 590
bt 442,032 150

GM73-11  ga core -1.72 .085 .134 585 580 585 580
ga int. -1.74 .081 .135 580 570 575 575
ga rim  -1.63 .107 .109 620 615 605 615
bt 477 048 .134

GM73-45  ga core -1.60 .192 .056 630 590 525 625
ga int. -1.61 .192 .036 630 585 525 620
ga rim  -1.83 .232 .054 570 560 485 545
b1 .678 .052 .133

GM73-102 ga core ~1.26 .033 .104 740 660 725 775
ga rim  -1.56 .078 .097 640 605 615 640
bt .500 .043 .163

GM74-6  ga core -2.10 .034 .13 510 480 480 470
ga int. -2.13 .031 .144 500 475 475 460
ga rim  -1.56 .022 .104 640 585 605 640
bi .43 041 .116

GM74-13 ga core -2.42 .03 .203 445 410 430 395
ga int. -2.06 .01l .139 515 450 470 480
ga rim  -1.64 .009 .080 620 515 535 610
b1 .548 .043 .168

GM74-36  ga core -1.8L .095 .13 575 595 605 550
ga rim  -1.66 .103 .160 615 655 690 600
bi .410 .034 .150

GM77-10 ga core =-1.74 .060 .123 580 565 590 575
ga rim  -1.85 .085 .115 565 555 540 540

bi .453 .045 .118

T(1) caleulated from Thompson (1976) at 5 kbar, T(2) calculated
from Goldman and Albee-(1977) eqn. 6, T(3) caleulated from Goldman
and Albee (1977) eqn. 9, T(4) caleulated from Ferry and Spear (1978},
For other symbols and abbreviations see text and Table la.

(2) equations 6 and 9 of Goldman and Albee (1977);
and (3) the calibration of Ferry and Spear (1978).

The garnet-biotite geothermometer has a resolu-
tion of approximately +30°C (2 standard deviations)
which corresponds to the error in temperature when
errors of +2 percent relative in FeO and MgO analy-
ses are propagated through the Thompson and
Ferry-Spear equations at 5 kbar pressure (see also
Ferry and Spear, 1978, p. 117).

Garnets are typically zoned, but biotites are rela-
tively homogeneous. Tracy et al. (1976), in a study of
garnets and biotites from central Massachusetts, re-
port garnet interior-biotite temperatures (Thompson
calibration) that are higher than those estimated for
garnet rims and biotite. They argued that garnet rim
compositions have been modified by lower-temper-
ature reactions. Our results (Table 3) suggest that for

many garnet-biotite pairs, garnet rim-biotite temper-
atures are significantly higher than those estimated
from garnet interiors and biotites. These data suggest
that many of these staurolite- and kyanite-zone gar-
net rims and adjacent biotites retain the high-temper-
ature Mg-Fe fractionations. Ghent (1975) reported
several analyses of garnet rims and biotites from the
staurolite- and kyanite-zone rocks of the Esplanade
Range, British Columbia, that yield estimated tem-
peratures which are significantly higher than those
from garnet interiors and biotites.

Most of the estimated temperatures from garnet
rim-biotite pairs within a single probe section agree
to better than 15°C. One sample (GM74-6), however,
contains domains, several mm apart, which show
significantly different garnet rim-biotite temper-
atures. For one domain, InKp (Mg-Fe ga) is —1.56
(640°C, Thompson calibration) and for the second
domain, it is —1.21 (760°C). The garnets from the
two domains have similar Mg/Fe ratios, but the bio-
tites have significantly different Mg/Fe ratios. Other
elements, e.g. Ti in biotite, are present in similar
concentrations in both domains. The proportion of
garnet relative to biotite is large, but garnet interior—
biotite temperatures are lower than garnet rim-biotite
temperatures, suggesting that retrogression is not the
cause of the disagreement in estimated temperature
(see Tracy et al., 1976, p. 768). Because the lower
garnet rim-biotite temperature estimate (640°C) is
reasonably close to two nearby garnet rim-biotite
temperature estimates (620°C and 615°C, Table 13,
Fig. 1) we have used this value in subsequent dis-
cussions. It is possible that the higher value of InKp
(—1.21) does not represent equilibrium fractionation
between garnet and biotite in that domain.

Agreement between garnet rim-biotite temper-
atures calculated from the Thompson calibration and
the Ferry and Spear calibration is good (Table 3), but
there is poor agreement between these calibrations
and the Goldman and Albee calibration, particularly
at higher temperatures. Goldman and Albee sug-
gested that this may be due to inaccuracies in the
experimental calibration of oxygen-isotope fractiona-
tion at higher temperatures. We would argue that
these differences could also be due to *0/0 ex-
change being frozen in at lower temperatures than
Mg-Fe exchange.

Garnet-plagioclase-aluminum silicate-quartz
equilibria
The solids activity product, Ks = (X&5)%/ (X&) in
the assemblage garnet-plagioclase-Al,SiOs~quartz,
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Fig. 1. Simplified geologic map of the Mica Creek area, British Columbia, showing location of samples referred to in this paper. For a
more detailed map see Ghent er al., 1977b, p. 13. Appearance of migmatite line is omitted for clarity.

varies systematically as a function of the AlSiO;
polymorph present, and this solids activity product
can be used as a relative indicator of metamorphic
pressures and temperatures (Ghent, 1975, 1976;
Woodsworth, 1977; Ghent et al., 1977a; Bliimel and
Schreyer, 1977).

The P-T calibration of this equilibrium uses the
end-member reaction

3 anorthite = grossular + 2 ALSiO; + quartz (8)

and requires accurate activity-composition data as a
function of P and T for the anorthite component in
plagioclase and the grossular component in garnet.
Experimental data on activities of anorthite at low
molar concentrations and T' < 700°C, P > 2 kbar are
lacking (Orville, 1972), and there are only limited
data on grossular-almandine solutions (Hensen et
al., 1975; Newton et al., 1977).

In the absence of experimental data we propose the
use of an empirical activity coefficient product (K, ).
For reaction (8) we have

=3272 ¢ 3969 _ 3448(P — 1)

T T
+ logK, + logk,

AGE=0=

(8a)

(Ghent, 1976), where kyanite is the AlSiO; poly-
morph and K, = (v£3)"/(v22).

We propose that a reasonable estimate of K, can be
made as follows (see also Ghent, 1976): (1) samples
are selected which straddle a kyanite-sillimanite iso-
grad and values of K, for these samples are obtained;
(2) using these values of K; and Holdaway’s (1971)
kyanite-sillimanite curve, we solve for log K, at sev-
eral P,T points on the kyanite-sillimanite curve. This
calculation assumes that the experimental kyanite-
sillimanite curve is a good P-T model for the kya-
nite-sillimanite isograd. An average value for logK, is
—2.0+.2 (Ghent, 1976, Pigage, 1976), and this leads
to an average logK, of —0.4 (see Fig. 2 for a graphical
representation of the calculation). Since the curves
for reaction (8) are not precisely parallel to the kya-
nite-sillimanite curve, it is necessary to average the
values of logK,. This average value of logk,
(—0.4) can be added to equation (8a) as an empirical
correction to the values of v&2 and y&. When more
accurate experimental data are available, these can
be used in place of the empirical activity coefficient
ratio.

The concentration of grossular in garnet deter-
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Fig. 2. Pressure-temperature diagram illustrating the method of
estimating log K, for reaction (8).

mined by electron microprobe analysis is usually ex-
pressed as the atomic ratio of Ca/(Ca + Mg + Fe +
Mn), where total iron is treated as ferrous. This leads
to a maximum estimate of grossular component and
to a maximum estimate of P at constant T and a&}
(Ghent et al., 1977a). We have estimated the ferric-
iron content of garnet by normalizing atomic Ca +
Mg + Fe + Mn + Al to 5 cations. The number of
ferric-iron cations is then combined with calcium cat-
ions in the ratio 2:3 to make andradite.

This reduction in the estimated grossular com-
ponent leads to a reduction in the estimated pressure,
at constant T, of 170 to 840 bars. In most cases,
however, the reduction is less than 300 bars.

The garnet-plagioclase-Al,SiO;—quartz geoba-
rometer has a resolution of approximately +1.6 kbar
(2 standard deviations). This estimated resolution is
the pooled estimate of standard deviation which re-
sults from combining a standard deviation of +£15°C
in T from the garnet-biotite geothermometry and an
error of +1 percent grossular and +1 percent anor-
thite in K.

Values of logK, for reaction (8) and estimated pres-
sures using garnet-biotite temperatures are presented
in Table 4.

Mineral equilibria in the system
Ca0-AlLO,-Si0,-H,0

Light gray-green fine-grained schists, interlay-
ered on a scale of a few meters with pelitic schists,
contain quartz-muscovite-biotite-garnet-plagioclase—~
kyanite-epidote (GM74-36, Table 1b). These min-
erals occur in the same hand specimen, but garnet
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and kyanite do not occur in the same electron micro-
probe section (a disc of 2.54 cm diameter).

Temperature estimated from garnet rim-biotite
geothermometry in sample GM74-36is 615°C (Table
3), which is in reasonable agreement with temper-
atures estimated from two nearby pelitic samples,
640°C and 620°C (Table 3, Thompson calibration,
and Fig. 1). Using the calibrations of Goldman and
Albee, however, produces a T difference of 140°C to
155°C.

Using a T of 615°C, the metamorphic pressure
estimated from garnet-plagioclase-kyanite-quartz
(GM74-36) is 6 kbar. Nearby pelitic samples yield
pressure estimates of 8.2-8.5 kbar (Table 4), which
are significantly higher. Possible reasons for this dis-
agreement are discussed below.

The minerals epidote, plagioclase, and kyanite par-
ticipate in equilibria shown in Figure 3 and given in
Table 2. When the solids are modified for solid solu-
tion (Appendix; Table 9), P,—T conditions should
lie along a curve such as 11 (Fig. 3), for PH;O = P,.
Although margarite is not present in the assemblage,
the lack of margarite sets limits on the Pe-T condi-
tions (curve 12, Fig. 3). If the activity of margarite
were less than one, the curve would move to higher
pressures at constant temperature. For the assem-
blage epidote-plagioclase-kyanite—quartz, the mini-
mum P, at 600°C is near 7 kbar.

There are several possible ways to explain the dis-
agreement between these pressure estimates. Errors
in the experimental phase equilibria and inadequacies

Table 4. Activity products for coexisting garnet and plagioclase
and estimates of pressure

Sample log Ks(8) T(1) P(1) T(2) P(2)
DR-158 -1.35 570 6.7 510 5.6
DR-187 -1.50 580 6.6 560 6.2
DR-194 -1.63 590 6.4 540 5.5
DR-197 -1.26 570 7.0 535 6.3
DR-219 -1.63 605 6.7 520 5.2
GM73-11 -1.25 620 8.0 615 7.9
GM73-102 -2.18 640 549 605 5.3
GM74-6 -1.31 640 8.2 605 35
GM74-13 -1.06 620 8.5 515 6.4
GM74-36 -1.98 615 6.0 655 6.7

a l
log Ks(8) = 3 log Xgr - 3 log Xin

T(1) Temperature for ga rim-biotite calculated from
Thompson (1976) at 5 kbar

P(1) Pressure calculated at T(1) using log Ky = -0.4

T(2) Temperature for ga rim-biotite calculated from
Goldman and Albee (1977) eqn. 6.

P(2) Pressure calculated at T(2) using log Ky = -0.4.




880 GHENT ET AL.: CALC-SILICATES AND PELITES

in the activity models for the crystalline solution
could contribute to this disagreement. The fact that
kyanite and garnet do not occur in the same micro-
probe section suggests the possibility that garnet-
plagioclase-quartz assemblages were not saturated
with kyanite, i.e. aAl,SiO; < 1. If this interpretation
is correct, curve 8 (Fig. 3) gives the minimum pressure
at a given temperature and is then consistent with
other estimates.

Inspection of Figure 3 reveals that epidote-
kyanite-quartz-plagioclase (curve 11) could not be in
equilibrium at the same PH,O as epidote-quartz-
plagioclase-garnet (curve 10). A calculation of fH,O
at 615°C and P, = 8 kbar suggests that epidote-
kyanite-quartz-plagioclase equilibrated at higher
/HO than epidote-quartz-plagioclase-garnet. If
these assemblages are indeed in equilibrium at the
same P, and T, a gradient in fH,O on the order of
several kbar is suggested, and the fluids would be rich
in H,O (XH,0 > 0.6).

Fugacity of H,O in metamorphosed pelites

The equilibrium, paragonite + quartz = albite +
kyanite + H,O (1, Table 2), can be used to estimate
JH;O for the assemblage K-Na muscovite + quartz
+ plagioclase + kyanite for a given P, and T(Ghent,
1975, p. 1659).

The activity of paragonite component [NaA1,Si;O,
(OH), = Pa] in muscovite crystalline solution is
(XNa) (YAIV')? (yT) (see Ferry, 1976, p. 141). In this
expression, substitution for Al on octahedral sites
(AI") is considered to be coupled with substitution
for Al by Si on tetrahedral sites. The activity coeffi-
cient for paragonite component in muscovite crystal-
line solution (yga') for each sample is calculated from
the experimental data on the binary muscovite-para-
gonite system [equation (28) in Eugster et al., 1972, p.
175 and equation (80a) of Thompson, 1967, p. 353],
electron microprobe analyses of coexisting muscovite
and plagioclase, and temperature and pressure esti-
mates from Table 4. The activity of albite component
in plagioclase (a%,) in these samples is taken as X%,
because for the composition range shown by Mica
Creek plagioclase v%, is estimated to be 1.0 (Orville,
1972).

The equilibrium constant equation (1, Table 2) is
derived from experimental data on the pure phases
(Chatterjee, 1972). In these experiments, albite has a
disordered structure. Pigage (1976) estimated the
PH,O-T curve for equilibrium (1), using low albite
instead of high albite. He estimated the P-T curve for
the reaction low albite = high albite from the ther-

PRESSURE, kbar
o

4 / |
600

TEMPERATURE, °C

Fig. 3. Pressure-temperature diagram for reactions in the CaO-
Al;0;3-8i0,-H;0 system. Reactions have been modified for solid
solution. Stable assemblages of phases in reactions indicated by
stippling on stable side of reaction curve. For example, zo + ky is
stable in reaction (12).

700

mochemical data of Robie and Waldbaum (1968).
Orville (1974) has presented arguments that low al-
bite cannot show more solid solution than An, and
that the disordered albite structure can dissolve more
anorthite than An,. The transformation low albite to
high albite is considered to take place at 575+50°C.
For these reasons, we have used disordered pure al-
bite as the standard state in our calculations of fH,O.

Values of fH,O have been calculated using two sets
of pressure~temperature estimates (Table 4), and we
report the results as a mole fraction of H,O (XH,0)
in the fluid, where XH,O = fugacity of H,O estimated
for the equilibrium divided by fugacity of pure H,O
at the same P and T (XH,O = fH,0/f*H,0). Either
set of mole fractions of H,O (Table 5) should be
regarded as being lower than the true values. Sub-
stitution of (Mg,Fe)'!(Si)'Y = (AIV')}(AI'Y) (“phen-
gite” substitution) is treated as a dilutant in the para-
gonite-muscovite crystalline solutions. Since the
“phengite” substitution is treated as ideal, this treat-
ment results in a maximum reduction in the activity
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Table 5. Activity products for paragonite-albite and staurolite—
garnet equilibria and estimates of XH,0

log KS

Sample 1log K eg 8a
ample o8 s(l) xﬂzo(l) )&120(2) xJi'e st xal (Fe st-al)

DR-158 -0.41 0.64 0.42 0.79 0.77 0.14
DR-187 -0.66 0.48 0.43 = = =

DR-194 -0.52 0.61 0.44 0.80 0.74 0.44
DR-197 -0.54 0.47 0.37 0.81 0.72 0.62
DR-219 -0.60 0.77 0.44 0.8 0.75 0.42
GM74-6 -0.86 0.43 0.36 0.77 0.68 0.65
GM74-13 -0.66 0.47 0.24 0.8 0.78 0.13

log Ks(l) g log amZ - log gzé See text for explanation
XHZO(J) caleulated from P\Ty (Table 4), log Ks{l) and
eqn. 1, Table 2.
XH 0(2) calculated from P,T, (Table 4), log X (1) and
2! g

eqn. 1, Table 2.

of paragonite component in the crystalline solution.
Using the equilibrium constant, K, = [(fH,O)
(@) 1/(asy), if the estimate of a@% is too low, the
result is too low an estimate of fH,O. Experiments on
the stability of celadonite (Wise and Eugster, 1964)
and phengite (Velde, 1965) suggest that phengite sub-
stitution in muscovite should not increase the P,-
PH,O-T stability field of muscovite-phengite crystal-
line solution relative to pure muscovite. The treat-
ment of phengite substitution that we have used,
however, results in an increase in the stability field of
muscovite-phengite crystalline solution and con-
sequently too low an estimate of fH,O at a given P,
and T.

Staurolite-quartz—garnet-kyanite equilibria

The assemblage staurolite-quartz-garnet-kyanite
occurs in several samples, suggesting that the equilib-
rium

6HFe,ALSi,0, + 11Si0; = 4Fe,AlSi;0,y,
+ 23Al,8i0; + 3H,0 (9)

(Richardson, 1968; Ganguly, 1972) may be applied to
estimate P, T, and fH,O conditions of metamor-
phism. Using the experimental data of Richardson
(1968) and the computations of Ganguly (1972) for
equilibrium (9) with sillimanite and using the experi-
mental data of Holdaway (1971) for the kyanite-
sillimanite equilibrium we obtain the following equi-
librium constant equation:

3 log fH,0 = —63115/T + 70.94 + 0.598(P—1)/T

(9a)
Because there are only 2 reversed P-T brackets, there
is a large uncertainty in the A and B constants.
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Electron microprobe analyses of staurolite indicate
very small amounts of Ti, Zn, and Mn in solid solu-
tion and a fairly narrow range of Ti content. The
cationic substitution in staurolite is complex (Smith,
1968; Griffen and Ribbe, 1973), and it is difficult to
arrive at a simple solid-solution model. We have set
aft o« = (XFe)?, assuming independent mixing on two
sites only (see, for example, Pigage, 1976, and Appen-
dix). For the activity of almandine component in
garnet, we set aff = (XFe)® and assume negligible
ferric iron in the 6-fold site. Using estimated garnet-
biotite temperatures and estimated garnet-plagio-
clase-kyanite-quartz pressures, we can use the above
solution models and electron probe analyses to esti-
mate fH,O from equation (9a). The fugacities of H,O
when converted to mole fractions suggest XH,O in
the range 4-8 X 1074, Using the lowest positive P-T
slope consistent with the experimental data, the val-
ues of XH,O are increased to about 0.02. These re-
sults are in severe disagreement with YH,O estimated
from the same samples by paragonite-quartz-albite-
kyanite equilibria. We suggest that this discrepancy is
largely due to the experimental location of equilib-
rium (9) in Pg— Py,0—7T space. Similar discrepancies
between staurolite equilibria and other equilibria in
pelitic rocks have been noted by Thompson (1976)
and Carmichael (1978).

Calcite-dolomite geothermometry

The magnesium content of calcite coexisting with
dolomite has been shown experimentally to be a sen-
sitive function of temperature and a less sensitive
function of pressure (Goldsmith and Newton, 1969).
One of the difficulties in the application of this geo-
thermometer to natural calcite-dolomite pairs is that
high-Mg calcite can exsolve dolomite upon cooling,
thus making difficuit the reconstruction of the origi-
nal single-phase composition. In our study, we have
taken averages of several grains per sample using
both a defocussed beam and scans across individual
grains. In Table 6, we report the highest average Mg
analyses of individual grains in a sample.

The results from four samples range from 580 to
600°C at 5 kbar and about 10°C lower at 7 kbar
(Table ¢). The calcite and dolomite also contain small
amounts of siderite in solid solution. Using the equa-
tions set forth in Bickle and Powell (1977), average
temperature estimates based on both calcite and
dolomite are increased by approximately 5-10°C at 5
kbar. These temperatures are in reasonable agree-
ment with garnet-biotite temperatures estimated
from Thompson’s (1976) calibration (Table 3).
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Table 6. Estimates of temperature based on magnesium contents of
calcite coexisting with dolomite
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Table 7. Estimates of fluid composition based on dolomite-quartz-
tremolite-calcite equilibria

Sample Magnesite Siderite T(5 kbar) T(7 kbar)
DR-38 6.6 0.3 580 570
DR-39 6.4 0.6 570 565
DR-164 6.8 0.5 585 580
DR-187 7o) 0.7 600 590

Magnesite and siderite contents reported in molecular
per cent.

Dolomite—calcite-quartz-tremolite equilibria

Five samples contain the assemblage dolomite-cal-
cite-quartz-tremolite (Table 1, Fig. 1). Following
Skippen (1975), these phases participate in the fol-
lowing equilibrium: 5 magnesite + 2 calcite + 8
quartz = tremolite + 7CO, + H,0 (Table 2, 4).

Temperatures attending metamorphism of these
samples can be estimated from dolomite-calcite equi-
libria (Table 6) and garnet-biotite equilibria in
nearby pelitic samples (Table 3). Pressures attending
metamorphism can be estimated from garnet-plagio-
clase-kyanite-quartz equilibria in nearby pelitic sam-
ples (Table 4).

Using electron microprobe analyses of tremolite,
we have calculated activities of tremolite in Ca-
amphibole (Table 8; Appendix). The expression for
activities of CaCQO,; and MgCO; are taken from Gor-
don and Greenwood (1970). Using these solid-species
activities and equation (4), Table 2, we have calcu-
lated a set of isobaric 7-XCO, curves for each
sample. In several cases (e.g. GM74-17), the highest
temperature estimates for nearby garnet-biotite as-
semblages are near the maximum stability limit of the
tremolite-calcite-quartz assemblage at 5 kbar, and
we have used the maximum temperature consistent
with the stability of the assemblage. Fluid composi-
tion estimates vary from XCO, = 0.76 to 0.81 with an
uncertainty on the order of 0.2 XCO, (Table 7).
These estimates are consistent with internal control
of fluid composition by the mineral assemblage.

Carbonate—pelite contacts

Contacts between pelites and carbonate rocks are
the loci of metamorphic reactions which produce
low-variance mineral assemblages. Such contacts
have been studied in other areas to elucidate the
effects of gradients in the activities of volatile com-
ponents and mass transfer of cation or anion species
(e.g., Vidale and Hewitt, 1973; Thompson, 1975a,b).
In the Mica Creek area we have focussed our atten-
tion on estimation of temperature and fluid composi-

Sample T P XCOZ

DR-38 580 = 10 61 B2 5 0.81 + 0.11
DR-39 580 + 10 6 * .5 0.82 = 0.11
DR-164 580 * 10 6.5 .5 0.76 £ 0.11
DR-186 590 £ 20 6551 3 5! 0.81 £ 0.15
GM74-17 600 + 20 7.5 £ 1.0 0.78 £ 0.21

See text for discussion of pressure and temperature
estimates.

tion based on the calc-silicate assemblages developed
in the reaction zones between pelites and carbonates.
Two samples (GM75-4 and GM77-10, Fig. 1) have
been selected for detailed study. Mineral assemblages
for these samples are given in Table 2, and the de-
tailed assemblages and dimensions of the zones are
given in Table 8.

The following equilibria can be applied to these
assemblages.

(2) 3an + ¢cc + H,O = 2z0 + CO,

(3) tr + 3cc + qz = 5di + 3CO; + H,0

(5) 5phl + 6c¢cc + 24qz = 3tr + SKf + 6CO,
+2H,0

(6) cc + rut + gz = sph + CO,

(7) 3dol + Kf + H,O = phl + 3cc + 3CO,

Activities for components participating in equi-
libria (2), (3), (5), (6), and (7) have been calculated
from mineral compositions and the activity-composi-
tion expressions given in the Appendix. These activi-
ties are listed in Table 9. Equilibria (2) and (3) inter-
sect on isobaric T-XCO, diagrams; the other
equilibria can be used to set limits on isobaric T-
XCO, diagrams.

A pressure estimate for a pelitic assemblage 2.4 km
away (GM73-102) is between 5 and 6 kbar (Table 4).
Using Py = P, = 5.5+0.5 kbar and equilibria (2) and

Table 8. Mineral assemblages at carbonate-pelite contacts, Mica
Creek, British Columbia

Zone Sample GM77-10 Sample GM75-4

carbonate cc~qz-di-ep ce-qz—di-ep

reaction zone 1 di-ep-pl-qz-sph-cc
(3-4 mm thick)
qz-Ca amph-ep-di-sph-pl
(1-2 mm thick)

di-ep-pl-qz-cc

(4-5 mm thick)

qz—Ca amph-ep-di-sph-pl
(1-2 mm thick)

reaction zone 2

reaction zone 3 qz-Ca amph-pl-sph

(4-5 mm thick)

Ca amph-bi-qz-pl-sph
(2 mn thick)
qz-pl-bi-sph

pelite qz-pl-bi-ga-cp

For abbreviations of minerals see Table la.




GHENT ET AL.: CALC-SILICATES AND PELITES 883

Table 9. Activities of species in Mica Creek calc-silicates

Sample an zo tr di phl
GM75-4 0.96 0.84 0.015 0.54 0.092
GM77-10 0.92 0.75 0.048 0.57 0.070
GM74-36 0.68 0.41

DR-38 0.765

DR-39 0.799

DR-164 0.780

DR-186 0.626

GM74-17 0.279

For method of calculation of activities of species.
For abbreviations, see Table la.

(3), we estimate the following T-XCO, conditions:
GM754, T = 610+15°C, XCO, = 0.23+0.04
GM77-10, T = 610£15°C, XCO, = 0.27+0.04

The uncertainties quoted are the values calculated
at the extreme pressure limits. These estimates are
within the T-XCO, limits set by equilibria (5), (6),
and (7).

Discussion and conclusions

Estimates of pressures and temperatures attending
metamorphism are summarized in Figure 4. As dis-
cussed previously, garnet-biotite temperature esti-
mates (Thompson and Ferry-Spear calibrations) are
in reasonable agreement with calcite-dolomite tem-
perature estimates from nearby carbonate samples.
Two temperature estimates from calc-silicate equi-
libria differ from a single garnet-biotite temperature
by 50°C but are within 30°C of garnet-biotite tem-
peratures in nearby pelitic rocks.

Pressure estimates range from near 6 kbar in the
south part of the area (using Thompson and Ferry-
Spear temperature estimates) to 8.5 kbar in the north
part of the area. There are some reversals in the
regional trend, but the pressure estimates from
geobarometry are generally consistent with the struc-
tural cross section through the south-plunging struc-
tures, that is, the depth of structural level exposed
increases from south to north. The higher pressure
estimates from the north part of the area are also
supported by epidote-kyanite-plagioclase and epi-
dote-quartz-garnet—plagioclase equilibria (Fig. 3).
The higher pressure estimates are at least 1 kbar
higher than the upper pressure limits on bathozone 5
estimated by Carmichael (1978) (Fig. 4).

Fugacities of H,O estimated from mineral equi-

libria are, from highest to lowest: pelite-carbonate
reaction zones, pelitic rocks (paragonite-quartz-al-
bite-kyanite equilibria), and marbles (dolomite-
quartz-tremolite—calcite equilibria). The calculated
values of fH;O in the different rock types are consis-
tent with buffering of fluid composition by mineral
reactions. These data place constraints on the volume
of the fluid reservoir during metamorphism as well as
on the degree of communication of metamorphic
fluids in the different rock types (e.g., Ferry, 1978).

Appendix: activity—composition relations
for crystalline solutions

Some of the activity-composition relations for
crystalline solutions have been discussed in the text of
this paper; others are discussed below.

Quartz was considered to be pure SiO,. Electron
microprobe analyses of kyanite and sphene indicate
very small amounts of solid solution, and these
phases were considered to be pure AlSiO; and Ca
TiSiO,, respectively.
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Fig. 4. Pressure-temperature diagram summarizing results of
this paper. Circles: garnet-biotite T (Thompson calibration) and P
from reaction 8; squares: garnet-biotite T (Goldman and Albee
equation 6) and P from reaction 8; inverted triangle: T from
GM?75-4 and GM77-10 showing P and T limits; steep panel with
hachure: calcite—-dolomite temperatures; horizontal lines with
stippling: approximate limits on bathozone 5 of Carmichael
(1978). Aluminum silicate diagram from Holdaway (1971),
muscovite + quartz stability from Chatterjee and Johannes (1974),
granite solidus from Piwinskii (1968) and Boettcher and Wyllie
(1968).
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The tremolite activity in amphibole is treated as an
ideal solution, and g5#*™** = [3 — Ca — Na -
K]-[Ca/2)?-[Mg/5)-[OH/2]%, where [3 — Ca — Na
— K] is the number of atoms on the A site, [Ca/2] is
the mole fraction of Ca on 2 M sites, [Mg/5] is the
mole fraction of Mg in the M;, M,, and M sites, and
[OH/2] is the mole fraction of hydroxyl in two an-
ionic sites (Skippen and Carmichael, 1977).

For the activity of zoisite in epidote, af = [Ca/
2. [l — (Fe+Mn+Ti)]-[Si/3]- [OH], where [Ca/2]
is the mole fraction of Ca in two divalent cation sites,
[1 — (Fe + Mn + Ti)} is the mole fraction of Al on
one octahedral site, [Si/3] is the mole fraction of Si
on 3 tetrahedral sites and [OH] is the mole fraction of
hydroxyl on one anionic site (Skippen and Carmi-
chael, 1977). Cation ordering on octahedral sites is
assumed.

For the activity of phlogopite in biotite, a8, =
[K]-[Mg/3]*-[OH/2]%, where [K] is the mole fraction
of K in the A sites, [Mg/3] is the mole fraction of Mg
on 3 M sites, and [OH/2] is the number of hydroxyl
ions on 2 anionic sites (Skippen and Carmichael,
1977; see also Kerrick and Darken, 1975).

The activity of diopside in clinopyroxene is calcu-
lated from

cpx =[Ca]-(Mg)-(Fc + Mg+ Ca+ Na-—1
ad (Fe + Mg)

where [Ca] is the mole fraction of Ca on M,, (Mg) is
the total number of Mg atoms, (Fe + Mg + Ca + Na
— 1) is the total Fe + Mg + Ca + Na atoms minus
one and (Fe + Mg) is the total number of Fe plus Mg
atoms. The term (Mg)-(Fe + Mg + Ca + Na — 1) s
the mole fraction of Mg on M,. Because of the low Al
content, the tetrahedral sites are considered to be
completely filled by Si. Details of the solution model
are discussed by Nicholls (1977, p. 128-129).

For staurolite, the formula used is HFe;Al,Si,0,,,
and because of the low minor-element content Mg-
Fe substitution is considered to take place on the 2
four-fold sites occupied by Fe in end-member stauro-
lite (see Griffen and Ribbe, 1973, p. 492 for dis-
cussion). This yields a§t, ,, = (XFe)* where XFe is the
mole fraction of Fe on the tetrahedral sites. Using a
different ideal solution model for staurolite would
not substantially change the conclusions that fH,O
estimated from staurolite-quartz-garnet-kyanite
equilibria are much lower than those estimated from
paragonite-quartz-albite-kyanite equilibria.

)(si/2p?
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