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ABSTRACT

Pods and lenses of leucoamphibolite a few meters in maximum dimension contain quartz (Qtz) – plagioclase (Pl) – horn-
blende (Hbl) – garnet (Grt) – epidote (Ep), with or without biotite (Bt). They occur within Late Precambrian clastic
metasedimentary rocks of the Esplanade Range of southeastern British Columbia, and range in metamorphic grade from upper
biotite zone to kyanite (Ky) zone (defined in pelitic rocks). Mineral equilibria using the database of Berman provide estimates of
metamorphic pressure (P), temperature (T), and fluid compositions. These estimates can be compared to those from coexisting
pelitic rocks to provide a check on consistency. Grt–Bt Mg–Fe exchange geothermometry suggests temperatures ranging from
530 to 580°C at 7 kbar. The lack of kyanite in leucoamphibolites suggests a maximum P of about 7–8 kbar. Pl–Qtz–Ep–Grt
assemblages without calcite suggest H2O-rich fluid compositions [generally X(H2O) > 0.8]. For a(H2O) = 1.0, Grt–Ep–Pl–Qtz–
H2O equilibria produce calculated temperatures near 565°C at 7 kbar. Although there is considerable overlap, estimates of P and
T from the leucoamphibolites do not agree very well with estimates from nearby pelites. On the basis of natural occurrences, other
investigators have suggested a miscibility gap and near-constant activity of anorthite over the range An40–90. Electron-microprobe
spot analyses in our study indicate that plagioclase compositions near ~An40 and ~An90 occur within single grains and within
single samples. Other samples have compositions concentrated near either An40 or An90 or compositions with An≤40. These
results are consistent with petrological studies reported by other researchers.

Keywords: mineral equilibria, metamorphic plagioclase, pressure, temperature, fluid composition, amphibolite, Esplanade Range,
British Columbia.

SOMMAIRE

Des lentilles de leucoamphibolite quartzifère mesurant quelques mètres en dimensions maximales contiennent l’assemblage
quartz (Qtz) – plagioclase (Pl) – hornblende (Hbl) – grenat (Grt) – épidote (Ep), avec ou sans biotite (Bt). On les trouve dans une
séquence de roches métasédimentaires tardi-précambriennes de la chaîne Esplanade, dans le sud–est de la Colombie-Britannique.
Ces roches montrent un degré de métamorphisme allant de la zone à biotite supérieure à la zone à kyanite (Ky), définies dans les
roches pélitiques. Les équilibres parmi les minéraux, étudiés avec la banque de données de Berman, mènent à une estimation de
la pression (P), la température (T), et la composition de la phase fluide au cours du métamorphisme. On peut comparer ces estimés
avec les valeurs dérivées des roches pélitiques coexistantes afin de vérifier la concordance interne des variables. La
géothermométrie fondée sur l’échange Fe–Mg entre Grt et Bt indique un intervalle de températures allant de 530 à 580°C à
7 kbar. L’absence de kyanite dans les leucoamphibolites fait penser que la pression maximale était d’environ 7–8 kbar. Les
assemblages à Pl–Qtz–Ep–Grt sans calcite indiquent une phase fluide riche en H2O [X(H2O) en général supérieur à 0.8]. Pour une
valeur de a(H2O) égale à 1.0, l’équilibre Grt–Ep–Pl–Qtz–H2O mène à une température calculée près de 565°C à 7 kbar. Quoiqu’il
y ait passablement de croisement, les estimations de P et de T faites à partir des leucoamphibolites ne concordent pas très bien
avec celles dérivées des échantillons de pélite avoisinants. A la lumière des exemples naturels, d’autres chercheurs ont proposé
l’existence d’une lacune de miscibilité et une activité de l’anorthite presque constante sur l’intervalle An40–90. Les résultats de nos
analyses à la microsonde électronique indiquent la présence de compositions près de An40 et de An90 à l’intérieur de cristaux et
au sein d’un même échantillon. Dans d’autres échantillons, la composition du plagioclase est concentrée près de An40 ou An90, ou
bien sa teneur en An est inférieure à 40%. Ces résultats concordent avec les études pétrologiques d’autres chercheurs.

Mots-clés: équilibre minéral, plagioclase métamorphique, pression, température, composition de la phase fluide, chaîne Espla-
nade, Colombie-Britannique.
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INTRODUCTION

Mineral assemblages in metamorphosed pelitic rocks
have long been used in pressure–temperature petroge-
netic grids (e.g., Carmichael 1978) and in mineral equi-
libria to estimate pressure and temperature (e.g., Ghent
1976). In this paper, we compare estimates of pressure,
temperature, and fluid composition in some less com-
mon hornblende-bearing metasedimentary rocks in the
Esplanade Range of southeastern British Columbia with
results derived from nearby pelitic rocks. We also ex-
amine the phase relations of some metamorphic plagio-
clase.

GEOLOGICAL SETTING AND PREVIOUS WORK

The Windermere Series (Late Precambrian) in the
Esplanade Range consists of metasedimentary rocks
with lesser amounts of metabasalts. These rocks range
in metamorphic grade from the biotite zone (greenschist
facies) to the staurolite–kyanite zone (amphibolite
facies, Fig. 1), defined in pelitic rocks. Details of the
mapping of the pelitic isograds are presented in Ghent
(1975). Metamorphic rocks in the Esplanade Range and
adjacent areas have been the subject of several petro-

logical and isotopic studies (Jones 1972, Jones & Ghent
1971, Ghent & De Vries 1972, Ghent 1975, Ghent &
O’Neil 1985, Gal & Ghent 1990). Limited geochrono-
logical studies indicate that metamorphism occurred in
the Late Mesozoic (Ghent & McKee 1975). The meta-
morphic isogradic surfaces have an outcrop pattern sug-
gesting folding, but detailed structural and stratigraphic
studies indicate that the relief on the isogradic surfaces
is dominantly primary (Fig. 1). The Windermere rocks
are folded into a major premetamorphic syncline with a
gentle northward plunge, suggesting little variation in
structural depth.

FIELD RELATIONSHIPS, PETROGRAPHY,
AND MINERAL CHEMISTRY

Layers and lenses of quartz leucoamphibolites
(quartz – garnet – plagioclase – hornblende calc-sili-
cates) occur in southeastern British Columbia through-
out the Late Precambrian Windermere Group and
locally within the Lower Cambrian metasedimentary
rocks. In the Esplanade Range (Fig. 1), these rocks oc-
cur within feldspathic psammites and grits, and range
in thickness from less than 2.5 cm to about 0.6 m
(Fig. 2). The rocks generally lack a strong directional

FIG. 1. Map of the Esplanade Range, British Columbia, show-
ing metamorphic isograds in pelitic rocks, thrust faults, and
sample localities. FIG. 2. Outcrop photograph of quartz leucoamphibolite.
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fabric (Fig. 2), and their textures are classified as
granofelsic. Individual beds can be traced for distances
as much as 15 m before they pinch out against
metapsammite. On the basis of mineralogy, textures and
the presence of trace amounts of calcite, we interpret
these rocks to originally have been carbonate-bearing
layers and nodules. The typical mineral assemblage in
these rocks is hornblende – plagioclase – garnet – quartz
– epidote. Some samples contain biotite, chlorite,
titanite, calcite, and Fe–Ti oxides (Table 1; Ghent & De
Vries 1972). Similar quartz leucoamphibolite pods oc-
cur in the Mica Creek area and in the Solitude Range,
British Columbia (Gal & Ghent 1990).

These rocks are characterized by a high modal pro-
portion of quartz (34–53%, Ghent & Devries 1972,
p. 619). Garnet, hornblende, plagioclase, and epidote are
rarely in direct contact, and the crystals are typically
irregular in shape (Fig. 3; Ghent & De Vries 1972,
p. 623). Because of the irregular shape of the crystals,
particularly of garnet and plagioclase, it is difficult to
do detailed studies of zoning and modeling of crystalli-
zation history. Representative results of electron-micro-
probe analyses are given in Table 2. The electron-mi-
croprobe analyses were done on an ARL SEMQ electron
probe microanalyzer with nine wavelength-dispersion
channels, housed at the Department of Geology and
Geophysics, University of Calgary. Data were corrected
according to the scheme of Bence & Albee (1968) us-
ing the programs of Nicholls & Stout (1988).

Compositions of garnet, epidote,
and calcic amphibole

Grains of garnet show chemical zoning, both within
crystals and among crystals in the same sample. The
maximum range for spot analyses is: almandine (alm)
44 to 73 mol%, spessartine (sps) 5 to 17 mol%, pyrope
(prp) 3 to 17 mol%, and grossular (grs) 8 to 34 mol%.

The maximum compositional range within a single crys-
tal is in CV–239, with the almandine component rang-
ing from 48 to 61 mol%, and the grossular component
ranging from 32 to 19 mol%. We used garnet edges for
calculations of mineral equilibria. Crystal edges typically
show minimum values of spessartine + grossular and
maximum values of almandine and pyrope components.

Epidote shows a narrow range of composition, rang-
ing from 9 to 16 mol% of the “pistacite” (Ps) compo-
nent. The maximum compositional range within a single
crystal is Ps12 to Ps16. Titanium contents range from 0.01
to 0.03 wt.% TiO2, Mn, from 0.03 to 0.24 wt.% MnO,
and Mg, from 0.03 to 0.14 wt.% MgO.

Calcic amphibole is typically high in Al, with val-
ues as high as 17.8 wt.% Al2O3. Titanium contents are
usually near 0.10 wt.% TiO2. Potassium contents are
typically less than 0.3 wt.% K2O, and Na contents are
usually near 1.5 wt.% Na2O. A comparison of these
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compositions with proposed correlations of calcic am-
phibole composition with pressure and temperature is
rendered difficult by the fact that the published correla-
tions are based upon calcic amphiboles from meta-
basites. One example indicates the difficulty. Ernst &
Liu (1998) correlated the Ti and Al contents of the cal-
cic amphibole with pressure and temperature. If we plot
our data on their diagrams, we get implausible results.
As an example, using the Ti content of the amphibole in
Table 2 (CV–95, 0.92 wt.% TiO2) and plotting it on their
Figure 10 (p. 962) yields a temperature near 600°C at P
= 10 kbar. The Al content, 16.9 wt.% Al2O3, would in-
dicate a pressure greater than 25 kbar (extrapolated) at
a temperature of 550°C.

Plagioclase compositions

The interpretation of subsolidus phase relationships
of plagioclase has been a long-standing problem for
mineralogists and petrologists (e.g., Smith 1974). Mis-
cibility gaps between ~An0 and ~An25 (peristerite), be-
tween An66 and An87 (Hüttenlocher), and between An45
and An65 (Bøggild) have been documented. A tempera-
ture–composition phase diagram for plagioclase (e.g.,
Spear 1993, p. 82) indicates that at temperatures less
than about 800°C or so, there is a miscibility gap, re-
ferred to as the Voll gap. This gap suggests possible
coexistence of oligoclase and anorthite at lower tem-
perature. With increasing temperature, the oligoclase
increases in anorthite content.

Grove et al. (1983, 1986) have argued that coexist-
ing An39 and An88 near Thetford, Maine are a stable

equilibrium assemblage. This interpretation was based
on Spear’s evidence that plagioclase and amphibole
were in cation-exchange equilibrium (Spear 1980). An
exchange relation exists between anorthite (CaAl) and
albite (NaSi) in plagioclase and tschermakite (CaM4

IVAl)
and glaucophane (NaM4

IVSi). In our study, we have
documented ~An40 and ~An90 within single grains (CV–
43). Andesine (~An40) typically occurs within the core
of grains, and more calcic plagioclase (~An90) occurs
on the rims, but compositions near An40 also occur at
grain margins and in small grains. No compositions near
An66 were observed, but several compositions are in the
range An58–62. Other compositions determined by spot
analyses are in the range An76–86 (Fig. 4). Spear (1980)
also found andesine commonly in cores of grains and
bytownite at the rims. Grove et al. (1983) interpreted
intermediate compositions between An39 and An88 as
mixtures. We examined a plot of tie lines connecting
XNaM4 (~0.1) in calcic amphibole rims against Xan
(~0.90) in plagioclase rims. The tie lines for our samples
cross those presented by Spear (1980), but there is a
large uncertainty in the calculation of NaM4 in a calcic
amphibole, and the calcic amphiboles from British Co-
lumbia are different in composition from those consid-
ered by Spear (see discussion above).

Ferry (1980) did not find coexisting andesine and
bytownite, but found evidence that compositions of
~An40 and ~An90 are strongly favored. We have found
similar evidence in our study (Fig. 4). For example,
sample CV–215 contains only bytownite–anorthite
(An85–94), whereas CV–95 contains oligoclase–andesine
(cores An35–46 zoned to An23–26, see Fig. 4).

FIG. 3. Microphotograph of leucoamphibolite. Skeletal garnet at left side of photograph
(high relief) and hornblende (dark-colored) at right side, set in a quartz matrix. Bottom
of photograph is 1.4 mm long.
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PHASE EQUILIBRIA

Thermodynamic database

In the phase-equilibrium calculations, we have used
the program of Brown et al. (1988) and the thermody-
namic database of Berman (1988) for the phase compo-
nents. The solution models used were: garnet: Berman
(1990); plagioclase: Fuhrman & Lindsley (1988); bi-
otite: McMullin et al. (1991); calcic amphibole: Mäder
et al. (1994); epidote: (1–3*XFe), where XFe is the mole
fraction of Fe3+ in octahedral sites (Jenkins et al. 1985);
titanite: (XCa*XTi); Ghent & Stout (1994), where XCa is
the mole fraction of Ca in the 8-fold site, and XTi is the
mole fraction of Ti in the octahedral site.

Activity–composition relations in plagioclase

Activity–composition relations in plagioclase have
been determined by thermochemical studies and by
analysis of plagioclase coexisting with various mineral
assemblages at estimated pressures and temperatures.

Reviews of activity–composition relationships in pla-
gioclase were made by Newton et al. (1980), Fuhrman
& Lindsley (1988), Elkins & Grove (1990) and Holland
& Powell (1992). These studies have emphasized the
high structural-state (i.e., disordered) plagioclase, e.g.,
Newton et al. (1980). Rebbert & Rice (1997) recently
reviewed activity–composition relations in plagioclase
based upon plagioclase equilibria with a variety of co-
existing minerals. None of the activity–composition re-
lationships calculated at 550°C suggest a close approach
to a constant value of the activity of anorthite between
Xan 0.4 and ~0.9 (Fig. 5). In a section below, we exam-
ine the consequences of this disagreement on a calcula-
tion of mineral equilibria involving Xan ≈ 0.4.

Discussion of critical mineral equilibria

Because of the variety of minerals present in the
quartz leucoamphibolites, there are several pertinent
phase-equilibria relationships. We discuss each of these
in turn.

FIG. 4. Electon- microprobe results from spot analyses of plagioclase from quartz leucoamphibolites. Plot of number of analy-
ses against anorthite in mole % for five samples.
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An important geothermometer based upon Fe–Mg
exchange equilibrium is that between garnet and biotite
(e.g., Ferry & Spear 1978, Table 3, equation 1). One of
the advantages of this equilibrium is that it can be com-
pared with garnet–biotite Fe–Mg exchange geothermo-
metry in nearby pelitic rocks.

Mäder et al. (1994) have empirically calibrated the
Fe–Mg exchange between amphibole and garnet as a
geothermometer (Table 3, equations 2 and 3). They sug-
gested that the Fe–Mg exchanges between tremolite –
“Fe-tremolite” (Fe-tremolite is not an IMA-recognized
name) and Mg–Fe garnet and tschermakite – “Fe-
tschermakite” (Fe-tschermakite also is not a recognized
name) and Mg–Fe garnet are the most robust geother-
mometers.

These rocks do not contain a reaction assemblage
that is both vapor-absent and pressure-sensitive. The
equilibrium anorthite – grossular – Al2SiO5 – quartz
(Table 3, equation 4), in the presence of garnet – pla-
gioclase – quartz and the absence of kyanite, can be used
to set a maximum possible limit on metamorphic pres-
sure at a given temperature.

If an activity of H2O is assumed, the equilibrium
among anorthite, clinozoisite, grossular, quartz, and
H2O (Table 3, equation 5) can be used to estimate tem-
perature at a given pressure.

A test of the reasonableness of the assumption that
a(H2O) ≈ 1.0 can be made by calculation of a T –
X(CO2) diagram at constant pressure. The occurrence
of garnet, epidote, plagioclase and quartz, and the ab-

sence of calcite, constrain the fluid’s composition to
relatively high values of X(CO2) (Table 3, equation 6).

Less precise limits on pressure, temperature and fluid
compositions can be made using equilibria involving Ti-
bearing phases. For equilibria involving CO2 (Table 3,
equation 7), the lack of calcite + rutile in the presence
of titanite + quartz sets a limit on X(CO2) at a given
temperature and total pressure.

Estimation of P–T–X(H2O)

In the section that follows, we discuss the methods
used to estimate P–T–X(H2O) by presenting the details
for one sample, CV–95 (garnet zone). Where possible,
we compare our estimates with those derived from
pelitic rocks (Tables 4, 5, and 6).

Garnet–biotite Fe–Mg exchange geothermometry for
three pairs yields 530 ± 10°C (one standard deviation)
at 7 kbar. This equilibrium has a dP/dT slope of about
5°C/kbar. The intersection of the P–T curves for equi-
librium (4), 3 an = grs + 2 ky + qtz, and for the garnet–
biotite Fe–Mg exchange is 540°C and 7.6 kbar. The lack
of kyanite in this sample suggests that this is the upper
limit of metamorphic pressure at this temperature.

Garnet–hornblende Fe–Mg exchange suggests a
temperature of about 570°C for equilibrium (2) and
550°C for equilibrium (3) at 7 kbar. These equilibria
have a dP/dT slope of about 5°C/kbar.

For equilibrium (5), the estimated temperature is
about 560°C at 7 kbar for a(H2O) = 1.0.

We examined the equilibria on a T–X(H2O) diagram
(Fig. 6) for the assemblage plagioclase – garnet – epi-
dote – quartz – fluid without calcite. Equilibrium (6)
intersects other equilibria at T = 535 ± 25°C and X(CO2)
< 0.2 ± 0.19 at 7 ± 1 kbar [note 1–X(H2O) = X(CO2),
Fig. 6]. These results are consistent with the garnet–
biotite Fe–Mg exchange geothermometry. The inference
that these leucoamphibolite pods were originally car-

FIG. 5. Calculated activity–composition relations for
plagioclase at 550°C, using various expressions for the
Margules parameters.
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bonate-rich suggests that the initial metamorphic fluid
could have been richer in CO2, but that once all of the
calcite or dolomite or both had been used up in reac-
tions, the final composition of the fluid that equilibrated
with these minerals would be H2O-rich.

The sample contains titanite plus quartz and lacks
calcite + rutile. For equilibrium (7), the calculated T–
X(CO2) diagram indicates X(CO2) < 0.2 at 550°C and 7
kbar total fluid pressure. We attempted to use other equi-
libria involving Ti-bearing phases to set limits on P and
T. The equilibria (8), 2 clinozoisite + titanite = rutile +
grossular + 2 anorthite + H2O, and (9), 2 clinozoisite +
rutile + quartz = titanite + 3 anorthite + H2O, yield in-
consistent results on a P–T diagram with a(H2O) = 1.0.
The assemblage lacks rutile, but rutile lies on the high-
temperature side of equation (8) and on the low-tem-
perature side of equation (9). This finding suggests that
either the titanite is not in equilibrium with the other
minerals or that the thermodynamic data are inaccurate.

Connolly & Cesare (1993) have suggested that a C–
O–H fluid produced by the equilibration of H2O and
excess graphite must maintain the atomic ratio H/O of
water, 2:1. H2O is the dominant species relative to CO2
and CH4 at 550°C and 7 kbar for these restrictions
(Connolly & Cesare 1993, Fig. 1a, p. 380). This infer-
ence is consistent with the estimates of H2O/CO2 for
the binary system discussed above. In addition, ilmenite
is the only Fe–Ti–O phase predicted to be stable with

quartz at T > 400°C and P < 10 kbar at oxygen fugaci-
ties calculated with the Connolly & Cesare model of
excess graphite and the atomic ratio H/O of water, 2:1.

Application of INVEQ to estimation of pressure
and temperature

In the INVEQ method (Gordon 1992, 1998, Gordon
et al. 1994, Ghent & Gordon 2000), P and T estimates
are found by finding the best-fit hyperplane to the par-
tial molar free energies of all phase components rather
than the traditional method of using a set of indepen-
dent equilibria, e.g., the approach of Berman (1990).
The INVEQ approach has the advantage of providing a
measure of misfit for each individual phase component
and an easily computed region of confidence. This pro-
gram calculates only vapor-absent equilibria. In Table
5, we report the calculated values of pressures and tem-
peratures using the following phase components: quartz,
anorthite, albite, pyrope, almandine, grossular, clino-
zoisite, tremolite, “Fe-tremolite”, tschermakite, “Fe-
tschermakite”, pargasite, and “Fe-pargasite”. We
calculated pressures and temperatures for CMASH
(CaO–MgO–Al2O3–SiO2–H2O), CFMASH (with FeO),
and NCFMASH (with Na2O). The method of calculat-
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ing variances for P and T quoted in the tables is dis-
cussed in Ghent & Gordon (2000), and uses a default a
priori  estimated error of ±1 kJ for each phase compo-
nent. For sample GH–92, we obtained results on five
different sets of plagioclase, garnet, and hornblende
compositions and calculated a mean and standard de-
viation with the P and T calculated from INVEQ. These
values can be compared with the results of Fe–Mg ex-
change thermometry between garnet and hornblende
calculated from the same five datasets using PTAX (the
program of Brown et al. 1988). For the PTAX calcula-
tions, the results from equations (2) and (3) are: 550 ±
10 and 570 ± 20°C, respectively. The values from
INVEQ are, for NCFMASH 546 ± 19°C and for
CFMASH, 544 ± 20°C. The upper limit on pressure
calculated from PTAX is 6.9 kbar at 550°C, and the

results from INVEQ are, for NCFMASH, 5.9 ± 0.8 kbar,
and for CFMASH, 5.8 ± 0.8 kbar.

A comparison of the P–T values using PTAX and
INVEQ results calculated with either CFMASH and
NCFMASH shows that the latter two are within the
variance. To make comparisons, we can extrapolate the
PTAX estimates to the pressure estimated from INVEQ
for each sample, using a typical gradient of 5°C kbar.
There is no systematic difference between the estimates
based upon the different methods, but it must be em-
phasized that we did not estimate pressure directly us-
ing PTAX.

A comparison of the results of PTAX and INVEQ
for the same dataset and phase components of CV–43 is
presented in Figure 7. Only stable equilibria from PTAX
are plotted. Note the large number of intersections for

FIG. 6. Temperature–X(H2O) diagram at 7000 bars total fluid pressure. For sample CV95–
1, the assemblage epidote – quartz – garnet – plagioclase – H2O (fluid) and the lack of
calcite constrain the equilibrium to lie along equilibrium (5) and at higher values of
X(H2O) than 0.76.
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the PTAX calculations, which are extremely difficult to
interpret. The estimated P and T and the associated er-
ror ellipse are generated by INVEQ with the aforemen-
tioned uncertainty of ±1 kJ for each phase component.
This provides a more realistic estimate of the uncertainty
than does an average of the intersections (see Berman
1991).

PTX COMPARISONS

P–T–X(H2O) estimates for pelites from the Espla-
nade Range are presented in Table 6. Pressures and tem-
peratures have been estimated from garnet – plagioclase
– muscovite – biotite – quartz equilibria (e.g., Ghent &
Grover 1995). Fluid compositions have been estimated
using the following equilibria: (10) grs + 2 paragonite
(prg) + 3 qtz = 3 an + 2 ab +2 H2O; (11) annite (ann) +

2 prg + 3 qtz = muscovite (ms) + alm + 2 ab + 2 H2O;
(12) 2 prg + phlogopite (phl) + 3 qtz = prp + ms + ab +
2 H2O (Table 3). There is a poor correlation of Fe–Mg
garnet–biotite exchange temperatures with metamorphic
grade (see also Ghent & Valley 1998). The estimated
range of temperature from the garnet “isograd” to the
staurolite “isograd” is about 75°C (Spear 1993, p. 355).

A plot of P–T estimates for leucoamphibolites and
pelites is presented in Figure 8. Since there are no direct
estimates of pressure for the leucoamphibolites, we have
plotted temperature estimates for garnet–biotite Fe–Mg
exchange geothermometry at 7 kbar and have averaged
the two estimates of temperature for Fe–Mg garnet–
hornblende exchange geothermometry and, for clarity,
plotted them at 7.2 kbar. The temperature estimates for
the pelites do not show a consistent increase from the
garnet zone to the staurolite zone, but they generally

FIG. 7. Plot of INVEQ P–T estimates against those estimated from PTAX. Lines in P–T
space are stable equilibria calculated from PTAX. Point at 457°C and 7032 bars is
calculated from INVEQ for the same phase components. Ellipse is 68.3% confidence
limits using a default uncertainty of ±1 kJ for each phase component. See text for dis-
cussion.
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give higher temperatures than the temperatures esti-
mated from the leucoamphibolites. Pressure estimates
from the pelites are generally higher than the maximum
possible pressures estimated from the lack of kyanite in
leucoamphibolites (Fig. 8, Table 4).

We can compare closely spaced samples directly. As
an example, leucoamphibolite CV–95 gives garnet–bi-
otite Fe–Mg temperature of 530 ± 10°C at 7 kbar, and
pelite CV–113 gives a temperature of 575°C at 8.5 kbar.
Garnet–hornblende Fe–Mg temperatures are 570 and
560°C (7 kbar), respectively, and equilibrium (5) gives
560°C at 7 kbar and a(H2O) = 1.0. Fluid compositions
estimated for CV–95 have X(H2O) > 0.8, but equilibria
(10), (11), and (12) for CV–113 give X(H2O) = 0.4 at
575°C and 8.5 kbar total pressure. The problem of esti-
mating X(H2O) in medium-grade pelites has been dis-
cussed elsewhere (e.g., Ghent & Grover 1995). The

FIG. 8. Pressure–temperature plot of results from Fe–Mg exchange in garnet–biotite and
garnet–hornblende for leucoamphibolites against CKFMASH mineral equilibria for
pelites.
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calculation of equilibria (10), (11) and (12) is very sen-
sitive to temperature and thermodynamic properties of
the phase components. For example, if the temperature
were about 600°C, the value of X(H2O) would increase
to near 0.8. Making the enthalpy of formation from the
elements at 298 K and 1 bar, H°f,298, of paragonite more
positive by 2 kJ would increase X(H2O) to near 0.7.

CONCLUSIONS

For the quartz leucoamphibolites from the Esplanade
Range, garnet–biotite Fe–Mg exchange geothermo-
metry suggests a temperature ranging from 520 to 580°C
at 7 kbar, and garnet–hornblende Fe–Mg exchange
geothermometry suggests temperatures ranging from
425 to 580°C. There is no systematic increase in meta-
morphic temperature with increasing grade based upon
pelitic metamorphic zones. The lack of kyanite in the
leucoamphibolites suggests a maximum P of about 7–8
kbar. Plagioclase – quartz – epidote – garnet assem-
blages without calcite suggest H2O-rich fluid composi-
tions [generally X(H2O) > 0.8]. This inference is
consistent with an interpretation of the field relations.
The leucoamphibolites occur as small bodies within
large volumes of quartz-rich metasedimentary rocks;
any CO2 produced during metamorphism would be
greatly diluted by the large quantitites of H2O from de-
hydration reactions in the quartz-rich metasedimentary
rocks. For a(H2O) = 1.0, calculation of garnet – epidote
– plagioclase – quartz – H2O equilibria results in tem-
peratures between 535 to 565°C at 7 kbar. On the basis
of natural occurrences, other investigators have sug-
gested a miscibility gap and near-constant activity of
anorthite over the range An40–90. Electron-microprobe
spot analyses in our study indicate that plagioclase com-
positions near ~An40 and ~An90 occur within single
grains and within single samples. Other samples have
compositions concentrated near either An40 or An90 or
compositions with An contents ≤40 mol%.

Temperatures estimated from pelitic rocks are gen-
erally higher than those from the leucoamphibolites, but
there is no systematic increase in temperature with in-
creasing metamorphic grade based upon the metamor-
phic zones. Fluid compositions estimated for the pelites
are systematically lower in X(H2O) than those from
leucoamphibolites, and are lower than those estimated
from C–H–O equilibria for consistent values of f(O2).

ACKNOWLEDGEMENTS

Ghent acknowledges financial support from an
NSERC Research Grant. Jim Nicholls is thanked for his
comments on the manuscript, and Terry Gordon is
thanked for his comments on the INVEQ calculations.
We acknowledge reviews by Carolyn Rebbert, Marc St.
Onge, and Robert F. Martin. Finally, we acknowledge
the contribution of the late C.D.S. De Vries.

REFERENCES

BENCE, A.E. & ALBEE, A.L. (1968): Empirical correction fac-
tors for the electron microanalysis of silicates and oxides.
J. Geol. 76, 382-403.

BERMAN, R.G. (1988): Internally-consistent thermodynamic
data for minerals in the system Na2O–K2O–CaO–MgO–
FeO–Fe2O3–Al2O3–SiO2–TiO2–H2O–CO2. J. Petrol. 29,
445-522.

________ (1990): Mixing properties of Ca–Mg–Fe–Mn gar-
nets. Am. Mineral. 75, 328-344.

________ (1991): Thermobarometry using multi-equilibrium
calculations: a new technique, with petrological applica-
tions. Can. Mineral. 29, 833-855.

BROWN, T.H., BERMAN, R.G. & PERKINS, E.H. (1988) GEØ–
CALC: a software package for calculation and display of
pressure – temperature – composition phase diagrams us-
ing an IBM or compatible personal computer. Comput.
Geosci. 14, 279-289.

CARMICHAEL, D.M. (1978): Metamorphic bathozones and
bathograds: a measure of the depth of post-metamorphic
uplift and erosion on the regional scale. Am. J. Sci. 278,
769-797.

CONNOLLY, J.A.D. & CESARE, B. (1993): C–O–H–S fluid com-
position and oxygen fugacity in graphitic metapelites. J.
Metamorph. Geol. 11, 379-388.

ELKINS, L.T. & GROVE, T.L. (1990): Ternary feldspar experi-
ments and thermodynamic models. Am. Mineral. 75, 544-
559.

ERNST, W.G. & LIU, J. (1998): Experimental phase equilibrium
study of Al- and Ti-contents of calcic amphibole in MORB
– a semiquantitative thermobarometer. Am. Mineral. 83,
952-969.

FERRY, J.M. (1980): A case study of the amount and distribu-
tion of heat and fluid during metamorphism. Contrib. Min-
eral. Petrol. 71, 373-385.

________ & SPEAR , F.S. (1978): Experimental calibration of
the partitioning of Fe and Mg between biotite and garnet.
Contrib. Mineral. Petrol. 66, 113-117.

FUHRMAN, M.L. & L INDSLEY, D.H. (1988): Ternary-feldspar
modeling and thermometry. Am. Mineral. 73, 201-215.

GAL, L.P. & GHENT, E.D. (1990): Metamorphism in the Soli-
tude Range, southwestern Rocky Mountains, British Co-
lumbia: comparison with adjacent Omineca belt rocks and
tectonometamorphic implications for the Purcell thrust.
Can. J. Earth Sci. 27, 1511-1520.

GHENT, E.D. (1975): Temperature, pressure, and mixed vola-
tile equilibria attending metamorphism of staurolite–
kyanite bearing assemblages, Esplanade Range, British
Columbia. Geol. Soc. Am., Bull. 86, 1654-1660.

233 38#1-fév.00-2119-19 31/05/00, 9:55243



244 THE CANADIAN  MINERALOGIST

________ (1976): Plagioclase – garnet – Al2SiO5 – quartz: a
potential geobarometer – geothermometer. Am. Mineral.
61, 710-714.

________ & DE VRIES, C.D.S. (1972): Plagioclase – garnet –
epidote equilibria in hornblende–plagioclase bearing rocks
from the Esplanade Range, British Columbia. Can. J. Earth
Sci. 9, 618-635.

________ & GORDON, T.M. (2000): Application of INVEQ to
the geothermobarometry of metamorphic rocks near a
kyanite–sillimanite isograd, Mica Creek, British Columbia.
Am. Mineral. 85, 9-13.

________ & GROVER, T.W. (1995): Calculation of the activity
of Al 2SiO5: applications to the geobarometry and
geohygrometry of garnet and staurolite zone metapelitic
rocks. Am. J. Sci. 295, 923-942.

________ & MCKEE, E.H. (1975): K–Ar dates for metamor-
phic minerals from the Esplanade Range, British Colum-
bia. Can. J. Earth Sci. 12, 1693-1695.

________ & O’NEIL, J.R. (1985): Late Precambrian marbles
of unusual carbon-isotope composition, southeastern Brit-
ish Columbia. Can. J. Earth Sci. 22, 324-329.

________ & STOUT, M.Z. (1994): Geobarometry of low-tem-
perature eclogites: applications of isothermal pressure–ac-
tivity calculations. Contrib. Mineral. Petrol. 116, 500-507.

________ & VALLEY , J.W. (1998): Oxygen isotope study of
quartz–Al2SiO5 pairs from the Mica Creek area, British
Columbia: implications for the recovery of peak metamor-
phic temperatures. J. Metamorph. Geol. 16, 223-230.

GORDON, T.M. (1992). Generalized thermobarometry: solution
of the inverse chemical equilibrium problem using data for
individual species. Geochim. Cosmochim. Acta 56, 1793-
1800.

________ (1998): WEBINVEQ thermobarometry: an experi-
ment in providing interactive scientific software on the
World Wide Web. Comput. Geosci. 24, 43-49.

________, ARANOVICH, L.YA. & FED’KIN, V.V. (1994): Ex-
ploratory data analysis in thermobarometry: an example
from the Kisseynew Sedimentary Gneiss Belt, Manitoba,
Canada. Am. Mineral. 79, 973-982.

GROVE, T.L., FERRY, J.M. & SPEAR, F.S. (1983): Phase transi-
tions and decomposition relations in calcic plagioclase. Am.
Mineral. 68, 41-59.

________, ________ & ________ (1986): Phase transitions in
calcic plagioclase: a correction and further discussion. Am.
Mineral. 71, 1049-1050.

HOLLAND, T. & POWELL, R. (1992): Plagioclase feldspars:
activity–composition relations based upon Darken’s
quadratic formalism and Landau theory. Am. Mineral. 77,
53-61.

JENKINS, D.M., NEWTON, R.C. & GOLDSMITH, J.R. (1985):
Relative stability of Fe-free zoisite and clinozoisite. J.
Geol. 93, 663-672.

JONES, J.W. (1972): An almandine garnet isograd in the Rogers
Pass area, British Columbia: the nature of the reaction and
an estimation of the physical conditions during its forma-
tion. Contrib. Mineral. Petrol. 37, 291-306.

________ & GHENT, E.D. (1971): Zoned siderite porphy-
roblasts from the Esplanade Range and northern Dogtooth
Mountains, British Columbia. Am. Mineral. 56, 1910-1916.

KRETZ, R. (1983): Symbols for rock-forming minerals. Am.
Mineral. 68, 277-279.

MÄDER, U.K., PERCIVAL, J.A. & BERMAN, R.G. (1994):
Thermobarometry of garnet – clinopyroxene – hornblende
granulites from the Kapuskasing structural zone. Can. J.
Earth Sci. 31, 1134-1145.

MCMULLIN , D.W.A., BERMAN, R.G. & GREENWOOD, H.J.
(1991): Calibration of the SGAM thermobarometer for
pelitic rocks using data from phase equilibrium experi-
ments and natural assemblages. Can. Mineral. 29, 889-908.

NEWTON, R.C., CHARLU, T.V. & KLEPPA, O.J. (1980): Thermo-
chemistry of the high structural state plagioclases.
Geochim. Cosmochim. Acta 44, 933-941.

NICHOLLS, J. & STOUT, M.Z. (1988): Picritic melts in Kilauea –
evidence from the 1967–1968 Halemaumau and Hiiaka
eruptions. J. Petrol. 29, 1031-1057.

REBBERT, C.R. &. RICE, J.M. (1997): Scapolite–plagioclase
exchange: Cl–CO3 scapolite solution chemistry and impli-
cations for peristerite plagioclase. Geochim. Cosmochim.
Acta 61, 555-567.

SMITH, J.V. (1974): Phase equilibria in plagioclase. In Feldspar
Mineralogy (P.H. Ribbe, ed.). Rev. Mineral. 2, 223-239.

SPEAR, F.S. (1980): NaSi  CaAl exchange equilibrium be-
tween plagioclase and amphibole: an empirical model.
Contrib. Mineral. Petrol. 72, 33-41.

________ (1993): Metamorphic Phase Equilibria and Pres-
sure – Temperature – Time Paths. Mineralogical Society
of America, Washington, D.C.

Received October 6, 1999, revised manuscript accepted Feb-
ruary 3, 2000

233 38#1-fév.00-2119-19 31/05/00, 9:55244


