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ABSTRACT

Temperatures have been estimated using garnet—
biotite assemblages for pelitic rocks of the Mica
Creek area, British Columbia. These rocks are in the
upper-kyanite to K-feldspar—sillimanite zones. The
estimates range from 560 to 790°C (Ferry & Spear
calibration) and 540 to 700°C (Thompson calibra-
tion). Some of the higher-temperature estimates
are inconsistent with muscovite—plagioclase—quartz—
sillimanite stability limits. Some of these incon-
sistencies are due to compositional deviations in
garnet and biotite from the ideal Fe-Mg binary
system. The rims of many garnet grains show
evidence of retrograde exchange of Mg and Fe
with adjacent biotite. Pressure estimates, based upon
garnet—plagioclase—ALSiOy—quartz equilibria, range
from 6.1 *+ 0.8 kbar (upper kyanite zone) to 7.2
* 0.8 (K-feldspar—sillimanite zone); since these
"values are not significantly different, there is no
evidence for a change in pressure with metamor-
phic grade.

Keywords: geothermometry, geobarometry, phase
equilibria, metamorphism, British Columbia.

SOMMAIRE

On détermine la température de formation d'as-
semblages grepnat - biotite pour des roches péliti-
ques de la région de Mica Creck (Colombie-
britannique). Ces roches, qui vont de la partie
supérieure de la zone 3 disthéne jusqu'a la zone

a feldspath potassique -+ sillimanite, varient
de 560 a 790° (calibration de Ferry &
Spear) ou de 3540 3 700°C (calibration

de Thompson). Quelques résultats qui indiquent
une température élevée sont incompatibles avec les
limites de stabilité de l'assemblage muscovite -+
plagioclase 4 quartz 4 sillimanite. Dans certains
cas, lincompatibilité est due au fait que la com-
position du grenat et celle de la biotite s’écartent
du systhéme binaire Fe—Mg idéalisé. Dans de nom-
breux cas, la bordure des cristaux de grenat mon-
tre des effets d’'un échange rétrograde de Mg et
de Fe avec des cristaux de biotite contigus. L'équi-
libre grenat -+ plagioclase + ALSIO; + quartz
donne . une approximation de la pression: celle-ci
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varie de 6.1 = 0.8 kbar (3 la partie supérieure de
la zone 3 disthéne) & 7.2 = 0.8 kbar pour la zone
a feldspath potassique 4 sillimanite. Ces valeurs
ne différent pas de fagon significative: on ne peut
donc pas conclure que la pression soit ici fonction
du degré de métamorphisme.

(Traduit par la Rédaction)

Mots-clés: géothermométrie, géobarométrie, équi-
libre des phases, métamorphisme, Colombie-bri-
tannique.

INTRODUCTION

Metamorphic rocks in the Mica Creek area
of British Columbia range in metamorphic
grade from upper-garnet zone to K-feldspar—
sillimanite zone. The protoliths were dominant-
ly clastic rocks with minor algal limestones
and locally thick bodies of mafic volcanic
rocks (Simony et al. 1980). Isograds mapped in
pelitic rocks are: 1) first appearance of stauro-
lite + kyanite, 2) disappearance of staurolite
+ muscovite -+ quartz, 3) first appearance of
abundant migmatite, 4) first appearance of silli-
manite, 5) appearance of K-feldspar with mus-
covite 4+ quartz + sillimanite and 6) disap-
pearance of stable muscovite + quartz (Simony
et al. 1980; see Fig. 1). The disappearance of
staurolite - muscovite -+ quartz in the stability
field of kyanite indicates that the metamorphism
belongs to bathozone 5 of Carmichael (1978).
Metamorphic rocks in the Park Ranges from
east of the Purcell fault were metamorphosed at
lower pressures, as suggested by the coexistence
of staurolite 4+ muscovite -+ sillimanite and the
scarcity of migmatite (for maps, see Craw 1978,
Simony et al. 1980).

Rocks of the Blue River area, which lie to
the west of the Mica Creek area, contain stauro-
lite 4+ muscovite + sillimanite assemblages,
suggesting that they were metamorphosed at
lower pressures than were the rocks of the Mica
Creek area (for a geological map, see Pell &
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Fre. 1. Simplified map of Mica Creek area showing metamorphic isograds and sample localities.

Simony 1981, Pell 1981). Previous papers on
the area include a study of metamorphism,
structure and stratigraphy (Simony et al. 1980),
a comparison of geobarometers and geother-
mometers for staurolite—kyanite-zone rocks
(Ghent et ‘al. 1979), an interpretation of the
P-T conditions at the kyanite-sillimanite iso-
grad (Ghent et al. 1980) and an 1nterpretat10n
of the geometry of a similar fold in carbonates
(Spang et al. 1980). In theé present paper, we

apply geothermometers and geobarometers
to pelitic rocks of the upper kyanite zone to
the K-feldspar-sillimanite zone. We include a
comparison of temperatures estimated from
garnet—biotite geothermometry with those esti-
mated from muscovite—paragonite crystalline
solutions coexisting with quartz, plagioclase and
an ALSiOs polymorph. We also discuss the
regional variation in pressures estimated from
garnet—plagioclase—Al:SiOs—quartz equilibria.

TABLE 1. THERMODYNAMIC CONSTANTS USED IN PELITIC PHASE EQUILIBRIA

Equilibria AW AS° AV® Source of Data
(1) 3an=gr+2ky+qz -14874.4 -38.429* -1.578 Ghent (1976)
(2) Ban=gr+2sill+qz -11676.5 -32.819* -1.301 Ghent (1976)
{3) pa+qz=ab+sill+ H,0 217934 40.42 - 1069 Chatterjee & Froese (1975)
{4) ky=sill 1617.46 2,764 +.1389 Holdaway {1971)
{6} ms+ gz = kf +sill + H,0 '21668.4 33.333 -1137 Chatterjee & Froese (1975}
{6) alm + phl = ann + pyr 12454 4,662 067 Ferry & Spear (1978)

abbreviations are: an = anorthite, gr = grossular, ky = kyanite, sill = sillimanite, gz = quartz, pa = paragonite, ab = albite,
ms = muscovite; kf = K-feldspar, alm = almandine, phl = phlogopite, ann = annite, pyr = pyrope

AH® is in calories, AS® is in cal/deg, AV® is in cal/bar
*in the ions, this is

Thermodynamic data for H,0 from Burnham et al. (1969)'

1 by RT In Ky = -1.8306T, See Ghent et al, (1979).
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SOURCES OoF THERMODYNAMIC DATA

Thermodynamic constants used in this paper
are listed in Table 1. The general expression is
AG:r® = 0 = AH® — TAS® + RTIn f(H.0)
+RTlnk. + RTInK, + (P-1) AV, where
G-" is the change in Gibbs free energy at P and
T, AH® is.the change in standard enthalpy at
T and one bar, T is temperature in Kelvin, AS®
is the change in standard entropy at T and one
bar, R is the gas constant, f/(H,O) is the fugacity
of H:0, K. is the activity product for the solids,
K, is the activity-coefficient product for the
solids, P is the pressure in bars and AV, is the
volume change for the solids in the reaction.
The sources of the data are given in Table 1.

GARNET-BIOTITE GEOTHERMOMETRY

The distribution of Fe and Mg between
garnet and biotite has been used to estimate
temperatures of metamorphism. Several calibra-
tions of InKpMg-Fe ga-bi [K» = (Mg/Fe)®/
(Mg/Fe)™] as a function of temperature and
other variables have been published (Thomp-
son 1976, Goldman & Albee 1977, Ferry &
Spear 1978). Temperatures estimated for stau-
rolite-kyanite-zone rocks from British Columbia,
using the Thompson and Ferry & Spear cali-
brations, agree reasonably well with tempera-
tures estimated from other geothermometers
(Ghent et al. 1979). Ferry (1980) has de-
monstrated reasonable agreement between
garnet-biotite geothermometry and other geo-
thermometers for andalusite-sillimanite-grade
pelitic rocks from Maine. Bohlen & Essene
(1980) and Stoddard (1980), however, have
presented evidence that garnet—biotite tempera-
tures do not agree with other temperatures
estimated for granulite-facies rocks from the
Adirondacks. Hodges & Spear (1982) have
presented evidence that the garnet-biotite Fe—
Mg-exchange geothermometer is susceptible to
re-equilibration during cooling and is most ac-
curate in medium-grade metamorphic terranes.
They suggest that it may yield unrealistically
low temperatures for high-grade metamorphic
terranes,

GARNET ZONING AND GARNET~BIOTITE
TEMPERATURES

One of the many problem in estimating meta-
morphic temperatures from the garnet-biotite
Fe-Mg exchange geothermometer is the fact that
most garnet grains show internal chemical zoning
(e.g., Tracy et al. 1976). The pattern of chemi-
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cal zoning in garpet is a complex function of
bulk-rock composition, the P-T history of the
rock, rates of homogeneous diffusion within
garnet and, possibly, the availability of meta-
morphic fluids during the stages of garnet
growth (Tracy et al. 1976). Biotite grains co-
existing with garnet are typically not chemically
zoned. Because of the zoning problem in garnet,
temperature estimates will necessarily carry an
uncertainty in addition to that due to analytical
uncertainty.

In a previous study of staurolite~kyanite-zone
rocks, Ghent et al. (1979) analyzed garnet
rims and adjacent biotite and showed that con-
sistent and plausible temperatures could be
estimated from the Fe-Mg exchange geother-
mometer as calibrated by Ferry & Spear (1978)
and Thompson (1976). In a discussion of the
high-grade metamorphic rocks from Massachu-
setts, Tracy er al. (1976) presented an inter-
pretation of garnet-interior zoning as due to
prograde continuous reaction and rim zoning
as due to retrograde continuous reactions. They
argued that where the rock contains very little
garpet or the retrograde outer rims of garnet
are narrow (and there are no other abundant
Fe-Mg-Mn phases), the matrix biotite may

have been close to an infinite reservoir, and the .

biotite Fe/Mg ratio could not have increased
substantially from what it was earlier. In this
case, Kp determined from a garnet interior and
matrix biotite should give a substantially correct .
estimate of prograde temperatures.

In a study of garnet compositions from
garnet, staurolite and cordierite zones in British
Columbia, Woodsworth (1977) showed that the
higher-grade garnet crystals are very weakly
zoned; he proposed that originally zoned garnet
crystals were homogenized at higher tempera-
tures. He also pointed out the possibility that
the Mg/ Fe ratio of the garnet could be modified
by exchange with another Mg—Fe phase during
homogenization.

In the present study, we sampled garnet in
contact with biotite .grains and measured com-
positional profiles across a number of garnet
grains. Compared to lower-grade garnet, Mn
content generally is low, and zoning, where
present, is weak and typically reversed, i.e.,, Mn
is relatively depleted in grain cores and enriched
in grain margins (Table 2). These data suggest
homogenization of originally zoned garnet.
Mg/Fe ratios in garnet, however, were not com-
pletely homogenized; there are significant dif-
ferences in InK» values for garnet cores—matrix
biotite versus InKp values for garnet rims —
matrix biotite (Table 2). The presence of re-
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TABLE2. ESTIMATES OF PRESSURE AND TEMPERATURE FOR PELITIC ROCKS, UPPER KYANITE TO
SILLIMANITE ZONES, MICA CREEK, BRITISH COLUMBIA

THE CANADIAN MINERALOGIST

Sample No,
1-12

1M-3

183-1

3017

CK-77-192

1-6

24 -8

CK-77-80

CK-77-132

CK-77-139

CK-77-168

CK-77-184

CK-77-168

GM-73-104

GM-73-105

GM-73-108

Mineral

ga core
ga rim
bi

ga core
ga rim
bi

ga core
ga rim
bi

ga core
garim
bi

ga core
garim
bi

ga
bi

ga core
garim
bi

ga core
garim
bi

ga core
ga rim
bi

ga cora
ga rim
bi

ga core
ga rim
bi

ga
bi

ga
bi

ga
bi

ga
bi

ga
bi

ga
bi

ga core
ga rim
bi

ga core
gaint
ga rim
bi

ga core
ga rim
bi

bi

-1.81

-1.37
-1.64

-2.08
-1562
-1.54

-1.356
-1.60

InKs
-6.23
5.23

-4.65
-4.65

-2.90
-3.80

-2.86
-3.39

-6.82
5.43

-5.41

5.84
-4.10

-4.90
-4.65

-4.81
-4.93

3.52
-3.68

-3.09
-2.99

5,23

473

-4.74

-5.02

XMn

02
07

02
.03

.00
.00

BR

.06
.03

.03

.01

.03

07

XCa

.02
02

.05
05

.16
a3

BB

.03

04
.08

07
.08

10
.08

.16
16

.05

.02

.03

07

07

.06

.03
.03

1
.07

.06
05

verse Mn zoning, often with a sharp increase in
Mn content near garnet rims, also suggests
the possibility of retrograde reactions (cf.,
Woodsworth 1977).

XTi

.04

.02

.03

.05

.06

.08

.05

.06

.04

.06

.08

08

.05

.10

XAl

.23

.28

22

a7

.19

Al

A4

.20

14

N

A4

A3

.15

a2

N4

10

590

665
680

620

610

5656
550

520
6565

666

590

555

575

615
820

670
595

12
790

740
625

660
700

726
560

716
770

670

775
655

595
575

536
685

685

680

6056

615

610

6956

o~
-0

10.1
6.2

438
6.0

83
6.1

7.0
6.5

6.3
74

48

5.9

6.3

5.7

64

45

6.1

8.7

Zone

KS

KS

KSs

Ks

KS

KS

KS

KS

Ks

Ks

Ks

Ks

Ks

KS

Temperatures estimated were from Thompson
(1976, Fig. 1-B, p. 429) and from the calibra-
tion of Ferry & Spear (1978). For the Ferry &
Spear calibration, we substituted component
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SM-76-1 ga core -1.52 -5.09 04 08
ga rim -1.73 -6.09 .04 .08
bi

CK-77-202 ga -1.83 4.16 02 .07
bi

GM-78-1 ga -4.35 .06 .06
bi 1.34
bi incl 1.68

GM-78-20 ga 449 .06 03
bi 1.34
bi incl 1.64

3-8 ga core -1.51 4.70 .05 05
ga rim -1.39 -4.58 04 05
bi

40 - 10 ga core -1.41 -4.88 01 07
ga rim -1.86 6.90 .02 .05
bi

GM-78-3 ga .04 .04
bi 1.47
bi inc! 1.74

3-10 ga core 1.38 -6.07 .08 05
ga rim -1.44 4,28 .08 06
bi

38-14 ga core -1.38 -6.07 .08 .04
garim -1.85 -4,97 07 04
bi

43 -10 ga core -1.26 -6.63 .03 .04
garim -1.60 -5.78 .04 03
bi
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815 660 6.0 Ms
560 580 a7
08 a5
615 660 72 ms
03 15
08 A5 670 755 87 ms
08 4 575 600 6.1
09 12 670 756 8.4 MSF
09 12 585 615 6.1
620 670 6.7 MSF
655 730 7.9
04 14
650 715 72 MSF
530 530 29
09 .06
MSE
08 a4 630
7 K 555
660 730 71 SF
640 705 7.9
06 .16
660 730 7.1 SF
530 540 42
07 a3
700 790 7.3 SF
595 625 a5
08 a3

ga core = garnet core; ga int = garnet interior; ga rim = garnet rim; bi = biotite; bi incl = biotite included in garnet

In Kpy and In Kg defined in text, XMn = Mn/Mn+Ca+Fe+Mg atoms

XCa = Ca/Cat+Mn+Fe+Mg atoms XTi = Ti/sum octahedral atoms XAl = Al/sum of octahedral atoms

Tq = Temperature estimated from Thompson calibration (see text)

T4 = Temperature estimated from Ferry and Spear calibration

i with garnet-pi:

Al, §i0, -quartz

P = pressure estimated from garnet-plagioclase-Al, $iO, -quartz and Ferry Spear calibration

K = kyanite zone; KS = near kyanits-sillimanite isograd; MS = muscovitesillimanite zone;: MSF = ite-silli it

activities into equilibrium (6) and equilibrium
(1) or (2) (Table 1) and solved these equa-
tions simultaneously for P and T.
Upper-kyanite-zone samples show quite vari-
able temperature estimates both for garnet core
—~ biotite and for garnet rim — biotite (Table
2). One sample (11-2) shows garnet rim -
biotite temperature estimates higher than those
for garnet core — biotite. The range in garnet
rim — Dbiotite temperatures is 540 to 635°C
(Thompson calibration) and 560 to 700°C
(Ferry & Spear calibration), which seems rather
large for upper-kyanite-zone samples from a
relatively restricted area. The average esti-
mated temperatures and standard deviations for
the upper-kyanite-zone samples are 595 + 30°C
(Thompson calibration) and 635 =+ 50°C
(Ferry & Spear calibration). Ghent et al. (1979,
p. 877) estimated a standard deviation of =
15°C due to analytical uncertainty in the garnet-
biotite geothermometer (see also Ferry & Spear
1978, p. 117). The observed standard deviations

K-fald

par zone; SF = sillimanite-K-feldspar zone

indicate that the variation is likely due to
factors other than analytical uncertainty. This
point will be discussed in more detail later.

Samples near the kyanite—sillimanite isograd
also show quite variable garnet core — biotite
and garnet rim — biotite temperatures (Table 2,
Fig. 1). The range in estimated temperatures
for 14 samples is over 100°C (Table 2, Fig. 1).
Six samples from a restricted area (CK-77-80
to CK—77-168, Table 2, Fig. 1) show a relative-
ly narrow estimated temperature range, 555 to
590°C (Thompson calibration) and 585 to
625°C (Ferry & Spear calibration). For these
samples, garnet was sampled a least 100
pum from the edge of the grains. Garnet rim —
biotite temperatures estimated for these rocks
are lower by 50 to 100°C or more (Kanitter
1979).

For 11 samples from the higher-grade meta-
morphic zones, with one exception (3-8),
garnet rim - biotite temperatures are lower
than garnet interior — biotite temperatures. This
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suggests retrograde Fe—-Mg exchange between
biotite and garnet rims during cooling. For the
higher-grade metamorphic zones, the range in
estimated temperatures is 615-700°C (Thomp-
son calibration) and 660 to 790°C (10 samples,
Ferry & Spear calibration). The mean tempera-
tures and standard deviations are 650 == 25°C
(Thompson calibration) and 715 = 45°C (Ferry
& Spear calibration).

DiscussioN oF GARNET-BIOTITE
TEMPERATURES

There are two points to discuss: 1) the
variation in estimated temperatures within a
given metamorphic zone, and 2) the accuracy
of the calibrations of the garnet—biotite Fe—Mg
exchange geothermometer.

The estimated maximum variation in tem-
perature along the kyanite—sillimanite isograd
is 20°C (see Ghent et al. 1980 for a discussion).
This estimated variation is far less than that
in estimated temperatures based on garnet—bio-
tite geothermometry. All samples contain quartz—
muscovite—bioite-garnet—plagioclase—kyanite (sil-
limanite)—ilmenite. The garnet and biotite show
‘some variation in composition (Table 2), but
there is no significant correlation between Mn
and Ca content of garnet, Ti and Al" content
of biotite and the estimated temperature of
equilibration. We conclude that the large varia-
tions in temperature for samples along the
kyanite—sillimanite isograd are the products of
a) real variations in closure temperatures for
Mg-Fe exchange along the isograd, b) analyti-
cal uncertainty, and c¢) sampling of garnet
domains that were not in equilibrium with
matrix biotite and that consequently yield er-
roneous temperatures.

Because of the large variation in estimated
temperatures for the samples described in this
study, it will be extremely difficult to determine
the precise geometry of isothermal surfaces in
this terrane using garnet-biotite geothermome-
try. The problem is compounded by the fact
that the isograds have been folded (Simony
et al 1980, Ghent er al. 1980). Folding of the
kyanite-sillimanite isograd is clearly demon-
_strated by the coincidence of sillimanite-zone
outliers with the hinges of Fs; folds (Fig. 1;
Ghent et al. 1980). The essentially parallel pat-
tern of outcrop of the staurolite-out and mus-
covite—quartz—K-feldspar—sillimanite =~ isograds
does not reflect the F. folding; however, these
isogradic surfaces initially had steep dips, and
the folding would be detected only if the F;
fold were of very large amplitude,
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To discuss the accuracy of the calibrations
of the garnet—biotite geothermometer, we next
compare these temperature estimates to those
based upon another equilibrium that is tem-
perature-dependent.

MicA—QUARTZ-FELDSPAR—AI:SiOs EQUILIBRIA

In pelitic rocks at metamorphic grades below
the disappearance of muscovite + quartz, a com-
mon mineral assemblage is K—Na-mica—quartz-
plagioclase~kyanite (sillimanite) = K-feldspar.
This assemblage can be modeled by the follow-
ing equilibria:

3) paragonite+quartz=albite+ Al:SiOs-+H,0
5) muscovite+quartz=

K-feldspar+ ALSiOs+H,0

Reaction numbers are those given in Table 1.

Ghent (1975) and Ghent et al. (1979)
showed that, if an estimate of P, and T could
be made, substitution of activities of paragonite
in muscovite—paragonite crystalline solutions
and of albite component in albite-anorthite
crystalline solutions allows an estimation
of f(H:0), the fugacity of H.O.

In the present paper we compare garnet—bio-
tite estimates of temperature with the maximum
temperature at which K—Na-mica—quartz—plagio-
clase—kyanite (sillimanite)—fluid would be stable.
For these estimates we set P(H,Q) = P, =
6 kbar and use the thermodynamic data given
in Table 1. The temperatures have been esti-
mated using two models for the activity of
paragonite component in K—Na-mica. The first
model sets gp™ = Y™ * X~ where a,.™ is the
activity of paragonite (pa) in K—Na-mica (mi),
¥y is the activity coefficient of paragonite in
K-Na-mica, and X,.™ is the mole fraction of
Na in K-Na-mica [Xx.™ = Na/(Na + K)]. The
activity coefficient of paragonite component is
estimated from the equations of Eugster et al.
(1972). The second model sets ap™ = (yp™
*Xna™)* (Xawi™)?, where Xa™ is the mole frac-
tion of Al in octahedral sites [= AI%/(AI" +
Fe + Mg + Ti)]; all other symbols have the
same definition. The octahedral Al content is
an estimate of “phengite” substitution and as-
sumes coupling of (Mg, Fe)-for-Al substitution
in octahedral sites with Si-for-Al substitution
in tetrahedral sites (see Ghent er al. 1979).
Because we have no quantitative data on the
activity coefficient of octahedral Al in K—Na-
mica, we treat it as an ideal solution. This model
will displace equilbrium (3) to higher tempera-
tures at constant pressure, Compared to data
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for other solid solutions where Mg and Fe
substitute for Al in octahedral sites, we would
predict a positive deviation from ideality for this
substitution. If, for example, we set yAlL™ =
1.10, the temperature estimate at 6 kbar would
be reduced by about 10°C, Consequently, the
maximum temperature estimate probably lies
between termperatures estimated from the model
with no “phengite” correction and the model
with “phengite” correction using an ideal model
for octahedral Al

We compare garnet—biotite temperatures
based upon the Thompson and Ferry & Spear
calibrations with maximum possible tempera-
tures based upon K—Na-mica—quartz—feldspar—
Al:SiOs equilibria (Table 3). Temperature esti-
mates for sillimanite-zone samples using the
Ferry & Spear temperature estimates are gener-
ally higher than temperature estimates based
on K-Na-mica—quartz—feldspar—AlSiO; with
no “phengite” correction. Four of these garnet—
biotite temperature estimates exceed temperature
estimates based on K—Na-mica—quartz—feldspar—
AlSiOs; with phengite correction. Only one of
the garnet-biotite temperature estimates using
the Thompson calibration exceeds the K—Na-
mica—quartz—feldspar—Al:SiOs temperature esti-
mates (Table 3). The total spread of garnet—
biotite temperatures is from 580 to 740°C for
the Ferry & Spear calibration and from 555 to
670°C for the Thompson calibration. The
higher temperature estimate (740°C) is clearly
outside the upper stability limit of the associated
muscovite.. + quartz for P(H:0) = P..

For six samples from a restricted area near the
kyanite-sillimanite isograd (CK~77-80 to CK-
77-168, Tables 2, 3, Fig. 1), the estimated
temperature range is 585 to 610°C (no phengite
correction) and 605° to 635°C (with phengite
correction)., These estimates suggest that, for
these samples from a resiricted area, there was
little variation in metamorphic temperature or
f(H0). The mica—quartz—Al:SiOsfeldspar—
H:O equilibria cannot strictly be used as a geo-
thermometer unless we can make independent
estimates of P, and f(H:0). In addition, for
P(H:0) = P, at higher pressures and tempera-
tures, equilibria involving paragonite crystalline
solution + quartz + albite crystalline solution
+ ALSiOs + H.O will be metastable with re-
spect to equilibria involving an H.O-saturated
silicate melt (Thompson & Tracy 1979). The
upper stability limit of Ca-bearing muscovite-
K-bearing anorthite—quartz for P(H;0) = P; is
near 695°C and 5.2 kbar; this limit is clearly
exceeded by some of the garnet-biotite tempera-
ture estimates (Tables 2, 3).
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TABLE 3. COMPARISON OF TEMPERATURES ESTIMATED FROM
GARNET-BIOTITE EQUILIBRIUM WITH UPPER PARAGONITE-QUARTZ-
ALBITE-ALSiO; EQUILIBRIA

Sample T(F&S) T(Th} T T2)
GM 73 104 618 585 615 635
105 600 570 810 635
108 630 695 840 640
GM 781 735 670 690 730
bi inclusion 595 570
GM 78 3a 685 635 695 720
bi inclusion 580 655
740 670 670 710
sM 761 580 560 665 690
CK 7780 590 565 590 610
CK 77132 620 590 610 635
CK 77 139 615 585 505 615
CK 77 158 §80 555 595 620
CK 77 164 600 575 585 605
CK 77 168 610 580 586 610
CK 77 192 635 600 600 615
CK 77 202 655 615 590 600

F&S$ = tempsrature estimated from Ferry and Spear calibration at 6 kbar
Th = i d from Tt calibration (1976, p. 429)
T1 =upper limit on temperature at 6 kbar (Py, o=Pg}
for paragonite - quartz-albite-AlL,SiO, equilibria no ““phengite’” corraction,
T2 =sama as condition for T9 except “phengite” correction applied. See table.

EFFECTS OF DEVIATION OF COMPOSITION FROM
BINARY FE-MG SYSTEM ON GARNET-BIOTITE
GEOTHERMOMETRY

Compositional deviations from the ideal Fe-
Mg system will affect temperatures estimated
from the garnet-biotite geothermometer (e.g.,
Goldman & Albee 1977, Ferry & Spear 1978).
Samples from the upper-kyanite through mus-
covite—feldspar—sillimanite zones in the Mica
Creek area contain the mineral assemblage
quartz—muscovite—biotite—plagioclase—garnet—Al,
SiOs—ilmenite (Table 2) and samples from the
K-feldspar-sillimanite zone contain K-feldspar—
sillimanite instead of muscovite (Table 2). Be-
cause the mineral system would be saturated
with SiOs, Al:SiOs; and a Ti-bearing phase, any
variation in the concentrations of these elements
should be a function of P, T and other in-
tensive variables rather than the bulk concen-
tration of these elements in the mineral system.

Tracy (1978) pointed out that biotite from
sillimanite-zone rocks in Massachusetts contains
appreciable octahedral Ti and does not con-
form precisely to trioctahedral stoichiometry.
Both Thompson (1976) and Goldman & Albee
(1977) suggested that for large quantities of
Ti in biotite, a correction should be made to
the temperature estimated using InKp for the
ideal binary Fe—Mg system. Goldman & Albee
(1977) suggested that, for a given Ti content
in biotite, the temperature estimate based upon
oK, for the Fe—Mg binary system should be
reduced. Higher-grade biotite from the Mica
Creek area generally contains more Ti than
lower-grade biotite; some of these samples yield
garnet—biotite estimates of temperature that are
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higher than maximum temperatures estimated
from K-Na-mica—quartz—Al:SiOs—plagioclase—
H.O equilibria.

Goldman & Albee (1977) suggested that for
a given octahedral Al(AI") in biotite, the tem-
perature estimate based upon InK» for the ideal
Fe-Mg binary system should be increased. A
plot of InKp versus Xaw in biotite for Mica
Creek rocks shows a poor correlation; Xaw: is
generally lower in the higher-grade rocks.

Goldman & Albee (1977) and Ganguly
(1979) both suggested that for Fe—Mg- ex-
change geothermometers, a correction for high
Ca and Mn contents of garnet should be made..
Examination of the' data in Table 3 indicates
that garnet from lower-grade samples generally
contains slightly more Ca and Mn than that
from higher-grade samples, but there is a signi-
ficant overlap in the composition of garnet as
a function of metamorphic grade.

In summary, deviations from the ideal Fe-Mg
binary system will likely lead to inaccurate esti-
mates of temperature using garnet—biotite geo-
thermometry. Quantitatve estimates of the effects
of other elements on Fe-Mg exchange between
garnet and biotite are needed; relevant experi-
mental determinations of phase equilibria and”
thermochemical studies are currently in pro-
gress (e.g., Albrecht & Hewitt 1981).

PRESSURE ESTIMATES BASED UPON GARNET-
PLAGIOCLASE-AlL:SiOs—QUARTZ EQUILIBRIA

The pressure during metamorphism can be
estimated from the equilibrium (Ghent 1976,
Ghent et al. 1979)

3CaAlSi:0s = CasAl:S1501: + 2A125105+Si02
anorthite grossular quartz
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mol% an and = 1 mol% gr, leads to an uncer-
tainty of == 1.6 kbar (2 standard deviations).
Consequently, the uncertainties discussed in the
section on garnet-biotite geothermometry must
be propagated in the pressure calculations.

CALCIUM ZONING IN GARNET AND PLAGIOCLASE

In an earlier paper, Ghent (1976) suggested
that calcium zoning in individual garnet and
plagioclase grains is systematically related. Typi-
cally, plagioclase grains show “reverse” zoning,
with ¢alcium_enrichment. in the rims relative
to cores, and garnet grains show lower calcium . -
in rims relative to cores (Table 2). Since garnet
and plagioclase are the dominant calcium-bear-
ing minerals in a metamorphosed pelite, the
correlation of zoning profiles suggests com-
munication of calcium between the coexisting
minerals. The interpretation of calcium zoning
in terms of pressure and temperature of crys-
tallization was discussed by Ghent (1976). The
rims of adjacent garnet and plagioclase were
assumed to have equilibrated at a given pressure
and temperature, and the phases were saturated
with quartz and AlSiOs. Use of this model has
yielded a reasonably consistent set of pressure
estimates for staurolite-kyanite-zone rocks from
Mica Creek, British Columbia (Ghent er al.
1979). Temperatures estimated for these rocks
were based upon garnet-biotite geothermometry
(Ghent et al. 1979). In the present study,
higher-grade rocks show evidence of retrograde
exchange of Mg, Fe, and Mn among garnet,
biotite and other phases. In some samples, we
have used the garnet interior Mg—Fe compo-
sitions as the best estimate of maximum tem-
perature conditions. It is not clear which por-
tion of a nearby plagioclase grain should be
considered to be in equilibrium with interiors
of garnet grains. Not only must there have been

Using a value of InK, = 4.61 = 0.46 (InK. = 3 _equilibrium_distribution of calcium between

InX* - 3 InX..”) for the kyanitesillimanite
isograd from several metamorphic areas, Ghent
et al. (1979, p. 878) estimated a value of InK,
"= 3 In y*-3 In yu® = -0.92. This value is
close .to that estimated by Newton & Haselton
(1981) using activity coefficients from experi-
mental phase-equilibria and thermochemistry.
A plot of In K, against In Kp shows no strong
correlation, suggesting that pressure of meta-
morphism does not increase with increasing
temperature of metamorphism. The estimation
of ‘pressure using garnet—ALSiOs—plagiociase—
quartz is dependent upon the estimate of meta-
morphic temperature; a T uncertainty of =
15°C, with analytical uncertainties of == 1

garnet interiors and plagioclase, but also the
phases must be saturated with quartz and Al
SiOs. This latter point can be demonstrated for
garnet and plagioclase rims but not for garnet
and plagioclase interiors. A second problem is
the nature of retrograde reactions beween garnet
and plagioclase. A drop in temperature at con-
stant pressure should produce calcium enrich-
ment in ‘the garnet relative to plagioclase. The
reaction is complicated by the necessity of
coupled Na, Si substitution for Ca, Al in pla-
gioclase, indicating the participation’ of at least
one additional phase. If there is not.saturation
with quartz and ALSiOs at a given pressure
and temperature, the ratio of anorthite in plagio-
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clase to grossular in garnet will not be buffered
and this ratio consequently will not provide a
good indication of P, T conditions.

VARIATION IN IN K, AND PRESSURE WITH
METAMORPHIC GRADE

Estimates of mean values and standard de-
viations for In K. for the different metamorphic
zones are: kyanite zone —4.5 =+ 1.1, near kya-
nite—sillimanite isograd —4.6 = 0.8, and mus-
covite-sillimanite zone and higher grade 4.8
= 0.4, These calculations suggest that there is
no significant difference in In K, as a function
of metamorphic grade. A difference in tempera-
ture of about 70°C from the kyanite zone to the
muscovite—sillimanite and higher-grade zones
would produce a pressure difference of about
1 kbar, which is near the standard deviation of
the mean values of In K..

This interpretation is borne out by the mean
estimates of pressure and standard deviations.
These values are: kyanite zone 6.1 = 0.6 kbar,
near Kyanite—sillimanite isograd 6.1 = 0.8 kbar,
and muscovite-sillimanite zone and higher grade
7.2 £ 0.8 kbar. These pressure estimates are
based on garnet-biotite temperatures using the
Ferry & Spear calibration. If the Thompson
calibration were used, the estimated pressures
would be reduced (Fig. 2). For example, for
In Ki = —4.5 and T = 630°C, P = 6.3 kbar;
a reduction in temperature to 600°C would re-
duce P to 5.8 kbar. The conclusions regarding
essentially constant pressure in the different
metamorphic zones, however, would not change.

Although metamorphic temperatures generally
increase from the staurolite—kyanite zone south
to the sillimanite—K-feldspar zone (Table 3,
Fig. 1), the metamorphic pressure remains
nearly the same. This is consistent with the
structural and stratigraphic data, which suggest
little change in the postmetamorphic structural
level. This is in contrast with the cross section
from the staurolite-kyanite isograd north to
Foster Creek (Simony et al. 1980, Ghent et al.
1979), where the postmetamorphic southerly
plunge produces exposure of deeper and deeper
levels.

CONCLUSIONS

1) Temperatures estimated from garnet-biotite
geothermometry generally agree with maximum
limits of temperature estimated from the maxi-
mum stability of muscovite—plagioclase—quartz.
In some sillimanite-zone rocks, temperature
estimates based upon the Ferry & Spear calibra-
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P kbar

SAMPLES NEAR KYANITE—
lSILLIM}\NI'I'E !SOGRAID

SAMPLES FROM MUSCOVITE-
SILLIMANITE ZONE AND
HIGHER GRADE j
| | | | | ]

700 800

Fic. 2. Pressure—temperature diagrams showing es-
timated temperatures and pressures based on
garnet-biotite and gamet—plagloclase—Alg&Os—
quartz equilibria. Filled symbols are temperatures
based on Thompson calibration; open symbols are
temperatures based on Ferry & Spear calibration.
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tion are higher than maximum stability limits
of associated muscovite-plagioclase—quartz.
The effects of compositional deviations from
this ideal Fe—Mg binary system must be quanti-
tatively corrected to make accurate estimates of
temperature of metamorphism.

2) Garnet-biotite temperature estimates are dif-
ficult to make in the higher-grade rocks owing
to chemical zonations of garnet. In sillimanite-
zone rocks, the rim of a garnet crystal typically
shows retrograde exchange of Mg, Fe and Mn
with biotite and other phases,

3) Pressure esimates based upon garnet—
plagioclase—Al:SiOs—quartz show no significant
variation with increasing metamorphic grade.
This is consistent with the structural cross-
section, which suggests that there is no signifi-
cant postmetamorphic structural plunge in the
southern end of the Mica Creek area.
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