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ABSTRACT. Geobarometry in garnet and staurolite zone metapelitic
rocks is rendered difficult by the lack of an ALSiO; phase in the
typically high variance mineral assemblages, for example, garnet +
biotite + muscovite + plagioclase + quartz. The garnet—-muscovite—
plagioclase—biotite geobarometer (GMPB) is most commonly used with
the garnet-biotite Fe-Mg exchange geothermometer (GB), but there is
usually no independent check on the consistency of the calculated
pressure and temperature using another geothermobarometer. Values
of a 59, (the activity of Al;SiO; in the system) can be calculated from
thé equilibrium: 3 CaAl,Si;Os = Ca;Al,Si50;; + 2 Al,SiO; + Si0,(GPAQ)
at the P and T derived from GMPB and GB geothermobarometry. The
standard state chosen is the aluminum silicate polymorph that would
be stable at that P and T. The calculated activity of Al,S10; serves as a
test of consistency of GMPB and GB.geothermobarometry in aluminum
silicate-free rocks (activity of Al,SiO; should be <1.0). Data from the
literature indicate that many rocks lacking an Al,SiO; phase have
@asio, < 1.0, and values of a 4,50, generally increase from the garnet
zone to the staurolite zone.

The P, T, calculated a,,si0,, and the activities of the NaAlSi;Os
phase component in plagioclase and the NaAl;Si;0,,(OH), phase com-
ponent in muscovite can be used in the equilibrium: NaAl;Si;O,,(OH),
+ 8i0, = NaAlSi;O5 + AlLSiO; + H,O to solve for the equilibrium
values of ay 0. Values for ay o determined for rocks from southeastern
British Columbia are gene?aily low, varying between 0.2 and 0.4. These
values are lower than those calculated from interbedded, carbonate-
bearing, calc-silicate rocks. Calculated values of @41,s5i0, and, conse-
quently, values of ap  are very sensitive to temperature estimates and
to solution models Tor the albite and paragonite phase components.

INTRODUCTION

Estimation of metamorphic pressure and ay,o (activity of HyO) for
most garnet and staurolite zone metapelitic rocks is complicated by lack
of an Al,Si0; phase. Geobarometry in these metapelitic rocks is effectively
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limited to the garnet—-muscovite—plagioclase-biotite geobarometer
(GMPB, for example, Ghent and Stout, 1981) with temperatures esti-
mated from the garnet-biotite Fe-Mg exchange geothermometer (GB,
for example, Ferry and Spear, 1978). There are no other documented
independent geothermobarometers to check on the consistency of this
calculated pressure and temperature. At present there are no docu-
mented reliable geohygrometers in aluminous rocks at this metamorphic
grade. Variation in agy, in garnet zone rocks has been studied by
Grambling (1990) for garnet—chlorite—quartz assemblages. His method
uses empirically-derived calibrations and requires an independent esti-
mate of a0 for one sample at a given P and T, so that absolute values of
an,o can be calculated for other samples.

In this paper we present a different approach to these problems.
Our approach involves the calculation of the activity of the phase compo-
nent Al,SiOj at the pressure and temperature estimated from GMPB and
GB equilibria. The Al,SiO5 phase component can crystallize as a relatively
pure phase in metamorphic rocks. The activity of Al,SiO; can be modeled
with respect to a standard state of the pure phase, for example, kyanite, at
the pressure and temperature of interest. The standard state chosen will
be the Al,SiOs polymorph stable at that pressure and temperature. For
rocks lacking an AlSiO; phase, ay,si0, defined with respect to the
standard state should be significantly fess than 1.0 (see Ghent and Stout,
1984, for a treatment of ar, and rutile saturation). Consequently, this
calculation provides additional reliability constraints on the geothermo-
barometry of these metamorphic assemblages.

In the sections that follow, we have selected data from the literature
and have calculated pressure, temperature, and a4,si0, for a number of
samples containing an AlLSiO; phase. These calculations indicate the
scatter about an expected value of ay,50, = 1.0. We then apply this
approach to published data on pelitic rocks from southeastern British
Columbia and to garnet and staurolite zone pelitic rocks from the Rogers
Pass area of British Columbia (Ghent, 1975; Grover and Ghent, 1995,
unpublished data). Finally, we use the calculated value of au,sio, to
estimate ay,o attending equilibration.

THERMODYNAMIC BASIS

For the system KyO-CaO-FeO-MgO-Al,O4-5i0o-H,0, we con-
sider the following phase components: quartz, Al,SiOj, almandine, pyrope,
phlogopite, annite, muscovite, anorthite, and grossular. For the six system
components, noting that (0.5 K,O - H,O) acts as one component in the
K-bearing phase components, and nine phase components, there are
three linearly independent equations relating the phase components (the
row nullity is three, Thompson, 1982, p. 35). Four equilibria commonly
used in geothermobarometry are (abbreviations after Kretz, 1983):

alm + phl = prp + ann (1)

?

(= GB, for example, Ferry and Spear, 1978)
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3 an = grs + 2 ky (sil, and) + qtz (2)

(= GPAQ, for example, Ghent, 1976; Koziol and Newton, 1988)
ann + 2 ky (sil, and ) + qtz = alm + ms (3)

(= SGAM (Fe), for example, Holdaway, Dutrow, and Hinton, 1988;
McMullin, Berman, and Greenwood, 1991)

phl + 2 ky (sil, and ) + qtz = prp + ms 4)

(= SGAM (Mg), for example, Holdaway, Dutrow, and Hinton, 1988;
McMullin, Berman, and Greenwood, 1991).
The derivative equilibria, :

3 an + phl = grs + ms + prp (5)
and,
3 an + ann = grs + ms + alm (6)

which constitute the GMPB geobarometer first proposed by Ghent and
Stout (1981), can be derived from appropriate combinations of equilibria
(1) through (4).

For the mineral assemblage, garnet + biotite + muscovite + plagio-
clase + quartz, the unknown intensive variables at equilibrium are:
pressure (P), temperature (T), and the activity of Al;SiOj (@atysioy)-

We define the activity of Al;Si10; as

= %
Ratysiog = Whisio, + RT In Qaly8i0,

where p¥,si0, is the chemical potential of pure kyanite, andalusite, or
sillimanite at the P and T of interest. The calculated value of ALsio,
depends upon the choice of which ALSiOs polymorph is used as the
standard state. For clarity of presentation in this paper, we will designate
A41si0, S Akys Aands OT gl for the specific standard state used or use a,,si0,
where we are not referring to a specific standard state for Al,SiOs.

The thermodynamic database used in the calculations is that of
Berman (1988) with revised properties for annite and almandine from
Berman (1990). In the equilibria we have considered, garnet, biotite,
muscovite, and plagioclase are crystalline solutions; therefore the activi-
ties of the phase components must be modified by using appropriate
solution models. The solution models used in the calculations are those
distributed with the GeO-Calc software (Brown, Berman, and Perkins,
1988): the Berman (1990) model for garnet solutions, the Fuhrman and
Lindsley (1988) model for plagioclase solutions, the Chatterjee and
Froese (1975) model for muscovite-paragonite solutions, and the McMul-
lin, Berman, and Greenwood, (1991) solution model (MC) for biotite.
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CALCULATION OF @,5i0, BASED UPON DATA FROM THE LITERATURE

We have selected data from the literature for samples that have
complete analyses of garnet, plagioclase, biotite, and muscovite and that
contain an Al,SiO; phase. In some cases, samples from the same study
have complete mineral analyses but do not contain an Al;SiO; phase. For
rocks lacking an AlySiO5 phase pressure and temperature are calculated
using equilibria GB (1), GMPB(Mg) (5), and GMPB(Fe) (6), only two of
which are independent, for example, equilibria (1) and (5) on figure 1.
Then using the calculated temperature and pressure (for example, 523°C
and 7.5 kb for JH-313), we calculate an isothermal pressure-a,,sio,
diagram (fig. 2). Using equilibria (2, GPAQ), (3, SGAM(Fe)), and (4,
SGAM(Mg)) we determine the values of a4,sio, for the calculated equilib-
rium pressure, for example, the intersection of equilibria (2) and (5) in
figure 2. As a standard state we chose the Al;SiO; phase reported for that
rock or the Al;SiOj phase stable at the P-T calculated from equilibria (1,
5, and 6). For some unique value of a,sio,, the equilibria (only three of
which are independent) will intersect at a point in P-T space (for ex-
ample, equilibria 1, 2, 4, and 5, fig. 1). It is worth reiterating that this
intersection of the three independent equilibria at a single P-T point is
strong evidence: (1) for consistency of thermodynamic data, including
solution models; (2) that the minerals last equilibrated at the same
pressure and temperature; and (3) that compositional data are accurate
(Berman, 1991, p. 836).

The GB Fe-Mg exchange equilibrium and the GMPB equilibrium do
not involve Al,SiOj; therefore, their positions in P-T space are unaffected
by aa,sio,- The GPAQ and SGAM equilibria both contain Al,SiOs. The
phase component Al,SiOy is on the high pressure side of GPAQ (equilib-
rium 2) and on the low pressure side of SGAM (equilibria 3 and 4).
Variation in a0, will have opposite effects on the positions of the
equilibria in P-T space (fig. 1). The position of the GPAQ equilibrium in
P-T space will be displaced toward lower pressure with decreasing a4,sio,
at constant temperature and that of SGAM equilibria will shift to higher
pressures with decreasing a5, at constant temperature. Intersection of
the two curves and the GB exchange equilibrium defines a unique P,.T,
and a 5,0, (ig. 1, also see fig. 2).

The GPAQ equilibrium is much less sensitive to a,, than are the
SGAM equilibria, due to the small entropy and volume change of reac-
tion for SGAM relative to that of GPAQ (fig. 1). For instance, at 298 K and
1 bar, the AS and AV for the SGAM (Mg) equilibrium are 6.84 J/K and
—0.90 J/bar, respectively, whereas the equivalent values for the GPAQ
equilibrium are —139.09 J/K and —6.6 J/bar, respectively. Because of
the lack of sensitivity of GPAQ to ayy, it is worth noting that an approxi-
mate metamorphic pressure estimate (although it is thermodynamically a
maximum pressure) for many pelitic rocks with garnet—plagioclase—quartz
assemblages can be obtained by assuming a,sio, = 1 and applying the GB
and GPAQ equilibria. Because of the extreme sensitivity of the SGAM
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Fig. 1. Pressure-temperature diagram showing calculated equilibrium curves for
garnet-plagioclase-biotite-muscovite-quartz assemblages for samplegH-?)lB. Note that the
mtersection of GB (1) and GMPB (5) equilibria with GPAQ (2) and SGAM (4) require that
aky is less than 1.0. The relative sensitivity of equilibrium (2 = GPAQ) and equilibrium
4 = SGAM (Mg)) to the activity of kyanite pKase component (aky) is indicated by the shift in
the positions of the curves when aky is reduced from 1.0 to 0.72. Direction of displacement
due to reduced activity of AlySiO5 indicated by the unfilled arrowheads.
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Fig. 2. Pressure-log activity of AlySiOs (aky) diagram at a temperature of 523°C for
sample JH-313, showing the intersection of the GPAQ (2), GMPB (5), and SGAM (Mg) (4)
equilibria.

equilibrium to the activities of the phase components in the crystalline
solutions, we suggest caution in applying this geobarometer (for ex-
ample, Holdaway, and Hinton, 1988; McMullin, Berman, and Green-
wood, 1991).
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Calculated values of pressure, temperature, and Qaisio, from data in
the literature are presented in table 1. Rather than averaging all the
calculations, we will discuss individual data sets. Values of Qalsio, calcu-
lated with equilibria 2, 3, and 4 are presented in tables 1 and 2. Unless
otherwise specified, the values of Aasi0, Teferred to in the following
sections were calculated from equilibrium (2, GPAQ). For the Ferry
(1980) data set the calculated values of a,,q are 1.13 + 0.06 for andalusite
zone rocks with no andalusite and 1.00'= 0.01 for a; for rocks containing
sillimanite (fig. 3, table 1). One sample has a value of a,,q = 1.19 with no
andalusite. There is generally good agreement between the values of
@asio, calculated by equilibria (2) and (4). For the Hodges and Spear
(1982) data set for rocks crystallizing near the triple point and containing
three Al,SiO; phases, seven calculated values of a,, are 1.05 = 0.10.
Again, there is good agreement between the values of Qaisio, calculated by
the different equilibria. Values calculated from the Lang and Rice (1985)
data are: 0.97 = 0.08 for a,, for six samples with no Al;SiO; and 0.96 +
0.04 for two samples with kyanite. The two different methods of calcula-
tion of ay, agree closely. Calculations using the data of Fletcher and
Greenwood (1979) yield large standard deviations, 1.01 = 0.21 for
kyanite-bearing rocks and 0.87 * 0.30 for sillimanite-bearing rocks.
There are several large discrepancies between the two different methods
of calculation of a4;si0,. The data of Pigage (1976) yield 0.99 + 0.06 for
five kyanite-bearing samples, but there are several strong disagreements
between the two different methods of calculation of @41,si0,- Calculations
from the data of Tracy (1978) yield 1.08 % 0.06 for seven samples of
sillimanite-bearing rocks. There is good agreement between the two
different methods of calculation of.ay sio,, 1wo samples presented by
Hoisch (1989) yield values of 0.46 and 0.77 for kyanite-bearing rocks.

Over the past several years, Ghent and his co-workers have collected
and published a large number of analytical data on minerals from pelitic
rocks in the southeastern Canadian Cordillera (Ghent, 1975; Ghent,
Robbins, and Stout, 1979; Sevigny and Ghent, 1989; and Gal and Ghent,
1990). We have examined these data separately and present the results of
the calculations in table 2.

Data from Ghent (1975) yield a;, = 0.81 + 0.22 for four rocks lacking
kyanite and 0.84 + 0.03 for three rocks with kyanite. Four samples (with
kyanite) from Ghent, Robbins, and Stout (1979) yield a,, = 0.88 + 0.11,
but one sample in the same metamorphic zone without kyanite yields
0.72. Six samples (with kyanite) from Sevigny and Ghent (1989) yield
3y, = 0.89 = 0.04. Data from Gal and Ghent (1990) yield Ay =1.06 +0.11
for three rocks with kyanite and 0.89 + 0.09 for three rocks lacking
kyanite. Grover and Ghent (1995, unpublished data) have seven samples
from the garnet zone (without kyanite) yielding a,, = 0.68 = 0.09, two
samples from the staurolite zone (without kyanite) with a,, = 0.94 = 0.09,
and one kyanite-bearing sample with a,, = 0.89.

Eighty-two samples have been examined, and there is clearly a lot of
scatter in the results of the calculations. This is not surprising, consider



TABLE 1

Pressure, temperature, and aq,sio, for samples from the literature

sample P T Gansio,  @ansios poly source
(2) (3) &
(4)
23A 3210 511 1.09 1.09 N, A F
(1980)
1004a 2750 492 1.20 1.19 N, A also
906A 3110 513 1.11 1.11 N,A H
(1991)
1001Aa 3700 539 1.04 1.04 A
24A 3960 554 0.98 0.98 N, S
905A 3970 551 0.99 0.99 S
663A 4260 578 0.99 0.98 S
666A 3140 533 1.01 1.01 S
CC-25C 6720 664 0.46 .8- K H
. . 1.18 ' (1989)
CC-36 7860 682 0.77 0.77 K
788 2240 471 1.20 0.83 TP,K HS
80D 3600 519 0.99 0.99 TP, K (1982)
90A 4045 498 1.02 0.98 TP, K
92D 4240 502 1.01 1.01 TP,K
145E 3770 505 0.91 0.91 TP, K
146B 3740 531 1.10 0.91 TP, K
146D 2740 476 1.12 1.12 TP, K
BT91 3280 468 1.00 1.00 N, G XK LR
BT41 6200 553 0.96 0.95 N, ST, (1985)
’ K
BT144 5038 512 0.82 0.82 N, G,
K
BT49 6431 561 0.99 0.99 K, ST-
KY
BT86 3575 495 1.04 1.04 N, ST
BT31 7206 580 0.94 0.94 K, K
BT174 5883 536 0.97 0.96 N, ST
BT137 5706 534 1.05 1.05 N, ST
5-2 5520 475 0.64 0.64 K FG
6-2 4125 542 1.14 1.14 K (1978)
7-1 10900 650 1.11 .85- K
. .98
8-2 4940 593 1.09 1.09 K
9-1 5720 546 1.05 1.05 K ’
11-2 5585 625 1.05 1.05 K-S
12-2 6205 613 1.03 1.03 K-S
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TABLE 1
(continued)
sample P T Qapsio, au,s0, POly  source
(2) (3) &
(4)
13-2 5950 720 0.35 1.19- K-S
1.29
14-2 5900 691 1.04 1.04 5]
15-2 6975 683 0.90 0.9%90 S
1B 7790 588 1.06 1.03- N, ST- P
1.37 K
2B 6640 560 1.02 1.02- K ST-K (1976)
1.27
3A 7225 614 0.92 .97- K ST-K
1.02
4B 7355 583 0.95 .95- K ST-K
1.32
5B 5990 597 1.01 1.01- K ST-K
1.13
6A 5705 591 1.07 1.07- K ST-K
1.10
7B 5675 609 1.10 1.10 S S
892UC 4195 617 1.07 1.07 S T
869C 4990 661 1.06 1.06 S (1983)
871C 4770 694 1.12 1.12 S
C26AC 4770 685 1.16 1.16 S
595C 6060 715 0.96 0.95 S
M34C 3290 564 1.06 1.06 S

P = pressure in bars; T = temperature in degrees Celsius; da1sio, (2) = activity calculated
with equilibrium (2); a4,si0, (4) = activity calculated with equilibria (3 and 4); poly = AlSiOs
polymorph; N followéd f)y A, K, or S = no polymorph in rock, AlySiO; state indicated; A, K, or
S = andalusite, kyanite, or sillimanite presentin rock; TP = triple point assemblage, standard
state is K; G = garnet zone, std. state = K; ST = staurolite zone, std. state = K; ST-K =
staurolite-kyanite zone, std. state = K.

Sources of data—F(1980) = Ferry (1980); H(1991) = Hoisch 1991; H(1989) = Hoisch
1989; HS(1982) = Hodges and Spear (1982); LR(1985) = Lang and Rice (1985); FG(1979) =
Fletcher and Greenwood (1979); P(1976) = Pigage (1976); T(1983) = Tracy (1983).

ing the different electron microprobe operators, electron microprobe
standards used, methods of sampling, and possible disequilibrium dur-
ing metamorphism. In many cases, samples that contain an Al,SiO; phase
have a4,50, = 1.0 = 0.1, and the value of 1,50, 15 generally greater for
Al,SiOs-bearing rocks than for rocks lacking an Al;SiO5 phase. Data of



TABLE 2
Pressure, temperature, and aq,sio, for samples southeastern British Columbia

sample P T 8y 5i0, @ gy, si0 poly source
(2) (3)&
. (4)
ED245 8905 547 0.74 0.74 G, K GG
JH313 7475 523 0.72 0.72 G, K (1993)
JH346 8130 517 0.59 0.59 G, X
JH348 7690 519 0.77 0.77 G, X
RP6 8640 591 0.64 0.64 G, K
RP18 8755 582 0.76 0.76 G, X
RP34 7585 534 0.54 0.54 G, X
RP39 6295 502 1.08 1.08 ST, K
RP883 8050 564 0.89 0.89 K
RP891 8545 553 0.80 0.80 ST, K
LG100 9080 609 0.97 0.97 K LG
LG58 6945 560 0.80 0.80 ST, K (1990)
LG61 6445 526 0.97 0.97 ST, K
LG426 7910 614 0.91 0.91 ST, K
LG430 7890 599 1.04 1.04 K
LG454 6605 533 1.20 1.20 K
JS129 2740 476 1.12 1.12 K SG
JS130 3280 468 1.00 1.00 K (1989)
JS134A 6200 553 0.96 0.95 K
JS135 5038 512 0.82 0.82 K
JS141G 6431 561 0.99 0.99 K
JS142A 3575 495 1.04 1.04 K
DR86 7125 623 0.72 0.72 St, K GRS
DR158 6605 629 1.03 1.04 K (1979)
DR187 8830 664 0.82 0.82 K
DR194 9200 648 0.89 0.89 K
DR219 8135 664 0.78 0.78 K
CV113 8495 577 0.89 0.89 K G
Cv1ll4 8750 629 0.84 0.84 ST, K (1975)
GH115 5540 556 1.01 1.01 ST, K
GH117 9155 625 0.50 0.50 ST, K
GH129 7550 546 0.89 0.89 ST, X
CV150 7735 557 0.83 0.83 K
Cv204 9015 579 0.80 0.80 K

P = pressure in bars; T = temperature in degrees Celsius; a,si0, (2) = ac_tivity calculated
from eq (2); a,si0, (3 & 4) = activity calculated with eq. (3 and 3); pofy = AlpSiOs polymorph;
K = kyanite T)reseﬁt; G = garnet, std. state = K; ST = staurolite, std.



