233

The Canadian Mineralogist
Vol. 38, pp. 233-244 (2000)
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ABSTRACT

Pods and lenses of leucoamphibolite a few meters in maximum dimension contain quartz (Qtz) — plagioclase (PI) — 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 e$timates
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 580C at 7 kbar. The lack of kyanite in leucoamphibolites suggests a maximum P of about 7-8 kbar. PI-Qtz—Ep-Grt
assemblages without calcite suggegDHiich fluid compositions [general(H,0) > 0.8]. Fora(H;0) = 1.0, Grt—Ep—PI-Qtz—

H,0O equilibria produce calculated temperatures neatGéb7 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 occlveences, ot
investigators have suggested a miscibility gap and near-constant activity of anorthite over the sapg&ntron-microprobe

spot analyses in our study indicate that plagioclase compositions negrapfin~Ano occur within single grains and within
single samples. Other samples have compositions concentrated near ejther Amy, or compositions with Amn. These

results are consistent with petrological studies reported by other researchers.

Keywordsmineral equilibria, metamorphic plagioclase, pressure, temperature, fluid composition, amphibolite, Esplanade Range,
British Columbia.

SOMMAIRE

Des lentilles de leucoamphibolite quartzifere mesurant quelques meétres en dimensions maximales contiennent I'assemblage
quartz (Qtz) — plagioclase (Pl) — hornblende (Hbl) — grenat (Grt) — épidote (Ep), avec ou sans biotite (Bt). On les tronge dans
séquence de roches métasédimentaires tardi-précambriennes de la chaine Esplanade, dans le sud—est de la Colombie-Britannique.
Ces roches montrent un degré de métamorphisme allant de la zone a biotite supérieure a la zone a kyanite (Ky), définies dans le
roches pélitiques. Les équilibres parmi les minéraux, étudiés avec la banque de données de Berman, ménent a une estimation de
la pression (P), la température (T), et la composition de la phase fluide au cours du métamorphisme. On peut compagsr ces estim
avec les valeurs dérivées des roches pélitiques coexistantes afin de vérifier la concordance interne des variables. La
géothermométrie fondée sur I'échange Fe—Mg entre Grt et Bt indique un intervalle de températures allant de°638 a 580
7 kbar. L'absence de kyanite dans les leucoamphibolites fait penser que la pression maximale était d’environ 7-8 kbar. Les
assemblages a PI-Qtz—Ep—Grt sans calcite indiquent une phase fluide righe[¥(iH70) en général supérieur a 0.8]. Pour une
valeur dea(H,0) égale a 1.0, I'équilibre Grt—Ep—PI-Qtz{Hméne a une température calculée pres dd¥585 kbar. Quoiqu'il
y ait passablement de croisement, les estimations de P et de T faites a partir des leucoamphibolites ne concordent pas trés bie
avec celles dérivées des échantillons de pélite avoisinants. A la lumiere des exemples naturels, d’autres chercheués ont propos
I'existence d’une lacune de miscibilité et une activité de I'anorthite presque constante sur I'intenalie lLes résultats de nos
analyses a la microsonde électronique indiquent la présence de compositions prgetidedAn, a I'intérieur de cristaux et
au sein d'un méme échantillon. Dans d’autres échantillons, la composition du plagioclase est concentrée pasAiafAou
bien sa teneur en An est inférieure & 40%. Ces résultats concordent avec les études pétrologiques d’autres chercheurs.

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

§ E-mail addressghent@geo.ucalgary.ca
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INTRODUCTION logical and isotopic studies (Jones 1972, Jones & Ghent
1971, Ghent & De Vries 1972, Ghent 1975, Ghent &

Mineral assemblages in metamorphosed pelitic rock¥Neil 1985, Gal & Ghent 1990). Limited geochrono-
have long been used in pressure—temperature petrolpgiical studies indicate that metamorphism occurred in
netic grids €.g.,Carmichael 1978) and in mineral equithe Late Mesozoic (Ghent & McKee 1975). The meta-
libria to estimate pressure and temperatarg.(Ghent morphic isogradic surfaces have an outcrop pattern sug-
1976). In this paper, we compare estimates of pressugesting folding, but detailed structural and stratigraphic
temperature, and fluid composition in some less corstudies indicate that the relief on the isogradic surfaces
mon hornblende-bearing metasedimentary rocks in tleedominantly primary (Fig. 1). The Windermere rocks
Esplanade Range of southeastern British Columbia wislne folded into a major premetamorphic syncline with a
results derived from nearby pelitic rocks. We also exgentle northward plunge, suggesting little variation in
amine the phase relations of some metamorphic plaggiructural depth.
clase.

FiELD RELATIONSHIPS PETROGRAPHY,
GEoLOGICAL SETTING AND PrEVIOUS WORK AND MINERAL CHEMISTRY

The Windermere Series (Late Precambrian) in the Layers and lenses of quartz leucoamphibolites
Esplanade Range consists of metasedimentary ro¢ksartz — garnet — plagioclase — hornblende calc-sili-
with lesser amounts of metabasalts. These rocks rargges) occur in southeastern British Columbia through-
in metamorphic grade from the biotite zone (greenschistit the Late Precambrian Windermere Group and
facies) to the staurolite—kyanite zone (amphiboliteocally within the Lower Cambrian metasedimentary
facies, Fig. 1), defined in pelitic rocks. Details of theocks. In the Esplanade Range (Fig. 1), these rocks oc-
mapping of the pelitic isograds are presented in Gherur within feldspathic psammites and grits, and range
(1975). Metamorphic rocks in the Esplanade Range aimdthickness from less than 2.5 cm to about 0.6 m
adjacent areas have been the subject of several peffeig. 2). The rocks generally lack a strong directional
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Fic. 1. Map of the Esplanade Range, British Columbia, sho
ing metamorphic isograds in pelitic rocks, thrust faults, and
sample localities. Fic. 2. Outcrop photograph of quartz leucoamphibolite.
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fabric (Fig. 2), and their textures are classified as TABLE2 REPRESENTATIVE COMPOSITIONS® OF MINERALS
granofelsic. Individual beds can be traced for diStANCES 1y popt Anasy RAKGE SOUTHEAS RN BRITISH COLUMBIA
as much as 15 m before they pinch out against

metapsammite. On the basis ofmineralo_gy, textures asnmdnple Gt Gt Bt Amp Pl B iim
the presence of trace amounts of calcite, we interpistss core  rim

these rocks to originally have been carbonate-bearing
layers and nodules. The typical mineral assemblagesis, wise 3696 3737 3748 4132 5993 3876

these rocks is hornblende — plagioclase — garnet — qudtfz 002 <002 096 062 na 003 5193
H : P -2 ALO; 20.53 21.36 17.40 16.94 25.51 28.42 -

— epidote. Some samples contain biotite, chloritgg S11s 2862 1903 1735  na 872 4363
titanite, calcite, and Fe—Ti oxides (Table 1; Ghent & Deno 338 394 010 026 na 0.03 (1)32
1 imi H H O 1.66 1.77 10.88 7.67 n.a. <0.03 .
Vries 1972)._S|mllar quartz Ieuco_amphlbol_lte pods 0(%’-?0 Se6 725  o0od 1195 785 2375 na
cur in the Mica Creek area and in the Solitude Range,o na  na 008 133 721 na  na
British Columbia (Gal & Ghent 1990). K0 na. na 980 029 004 ma  ma

. . F na. na. 0.62 0.21 na. na. -
These rocks are characterized by a high modal prgp - - 313 224 - 100 -
portion of quartz (34-53%, Ghent & Devries 1972
H A 99.69 100.31 99.52* 99.74* 100.55 100.71 97.17
p. 619). Garnet, hornblende, plagioclase, and epidote é‘f’@
rarely in direct contact, and the crystals are typically Number of atoms
irregular in shape (Flg._3; Ghent & De Vries 19725iapfu 2996 298 5653 6206 2658 2970 -
p. 623). Because of the irregular shape of the crystals, 0004 0014 2347 1794 1333 0030 -
particularly of garnet and plagioclase, it is difficult tosm 3000 3000 8000 8000 3991 3000 -
do detailed studies of zoning and modeling of crystallig 0001 0000 0109 0008 - 0002 1015
zation history. Representative results of electron-micret 1998 1976 0747 1205 - 2537 -
H H 2" 2.114 1.912 2.401 2.179 - 0.503 0.978
probe analyses are given in Table 2. The electron-njf; e Wl Gom . oom oo
croprobe analyses were done on an ARL SEMQ electres 0201 0211 2446 1717 - - 0.003
probe microanalyzer with nine wavelength-dispersioff. . N ims s . Tom ot
channels, housed at the Department of Geology and
i i i - - 0.006 1923 0373 1.950 0.800
Geophysics, University of Calgary. Data were correcte@a ) ) oo 0o 0s0 - 0022
according to the scheme of Bence & Albee (1968) USam 5 B - - 2000° 0995 195 0822
ing the programs of Nicholls & Stout (1988). N 0310
a . . - :
o . K - - 1.886* 0.056 -
Compositions of garnet, epidote, Sum 4 - - 1930 0366
and CaICIC amphlbOle Basis —24 -24 —44 —46 -16 -25 -6
charge charge charge charge charge charg? charge
Grains of garnet show chemical zoning, both within 40H"  ZOH 1 OH

crystals and among crystals in the same sample. The

maximum range for SpO'[ ana|yses is: almandine (a|n§]§esults of electron-microprobe analyses. n.a.: not analyzed; * total minus oxygen
44 73 19% : 5 17 1% ivalent of fluorine; also includes 0.26% BaQ. x includes 0.015 Ba atoms; a:
to moito, Spessartlne (SpS) to moi~, pyrolﬁﬁudes 0.002 K atoms. e: Fe as Fe,0y; f: Fe™. Abbreviations after Kretz (1983).

(prp) 3 to 17 mol%, and grossular (grs) 8 to 34 mol%.

The maximum compositional range within a single crys-

TABLE 1. MINERAL ASSEMBLAGES IN QUARTZ-BEARING tal is in CV-239, with the almandine component rang-
LEUCOAMPHIBOLITES (CALC-SILICATE) SAMPLES, .
ESPLANADE RANGE. BRITISH COLUMBIA ing from 48 to 61 mol%, and the grossular component
ranging from 32 to 19 mol%. We used garnet edges for
sample Gt Amp Pl Bt bp Other calculations of mineral equilibria. Crystal edges typically
show minimum values of spessartine + grossular and
Va3 @ . . . m maximum values of almandine and pyrope components.
CV-95(G)  x < « « « cimmTn | EPidote shows anarrow range of composition, rang-
CV-105(B) « « x Chi ing from 9 to 16 mol% of the “pistacite” (Ps) compo-
CV-207 (G) x * x x Chi-1lm nent. The maximum compositional range within a single
CV-215(8) x x x Ilm-Ttn crystal is Pg to Pge. Titanium contents range from 0.01
CV-239(S) x x x % Ci-lim-Ttn  t0 0.03 wt.% TiQ, Mn, from 0.03 to 0.24 wt.% MnO,
GH92(8) x x and Mg, from 0.03 to 0.14 wt.% MgO.
GH-111(S)  * x x x

Calcic amphibole is typically high in Al, with val-
ues as high as 17.8 wt.%,8k. Titanium contents are
Quartz is present in each sample. Abbreviations after Kretz (1983); Grt: garnet, USUa”y near 0.10 wt.% Tlp Potassium contents are
Amp: Ca-amphibole, PI: plagioclase, Bt: biotite, Ep: epidote, Rt: rutile, Ttn- titanite, .

Tlm: ilmenite, Chl: chlorite. (B): upper biotite zone; (G): garnet zone; (8): staurolite typ|Ca”y less than 0.3 wt.% doa and Na contents are
zone. : present. usually near 1.5 wt.% N@&. A comparison of these
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Fic. 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.

compositions with proposed correlations of calcic anequilibrium assemblage. This interpretation was based
phibole composition with pressure and temperature @ Spear’s evidence that plagioclase and amphibole
rendered difficult by the fact that the published correlavere in cation-exchange equilibrium (Spear 1980). An
tions are based upon calcic amphiboles from metaxchange relation exists between anorthite (CaAl) and
basites. One example indicates the difficulty. Ernst &lbite (NaSi) in plagioclase and tschermakite\g'aAl)

Liu (1998) correlated the Ti and Al contents of the calnd glaucophane (W&'V'Si). In our study, we have
cic amphibole with pressure and temperature. If we pldocumented ~Ap and ~Aryg within single grains (CV—
our data on their diagrams, we get implausible resul#3). Andesine (~As) typically occurs within the core
As an example, using the Ti content of the amphibole of grains, and more calcic plagioclase (véroccurs
Table 2 (CV-95, 0.92 wt.% Tipand plotting it on their on the rims, but compositions near sAlso occur at
Figure 10 (p. 962) yields a temperature neaf60ft P  grain margins and in small grains. No compositions near
=10 kbar. The Al content, 16.9 wt.%283, would in- Anggwere observed, but several compositions are in the
dicate a pressure greater than 25 kbar (extrapolatedyaige Arg_s2 Other compositions determined by spot

a temperature of 55C. analyses are in the range As(Fig. 4). Spear (1980)
also found andesine commonly in cores of grains and
Plagioclase compositions bytownite at the rims. Grovet al. (1983) interpreted

intermediate compositions betweenzdmand Argg as

The interpretation of subsolidus phase relationshipsixtures. We examined a plot of tie lines connecting
of plagioclase has been a long-standing problem f¥auwsa (~0.1) in calcic amphibole rims againsi,
mineralogists and petrologists.g.,Smith 1974). Mis- (~0.90) in plagioclase rims. The tie lines for our samples
cibility gaps between ~Ayand ~Ans (peristerite), be- cross those presented by Spear (1980), but there is a
tween A and Any; (HUttenlocher), and between An large uncertainty in the calculation of Main a calcic
and Anys (Baggild) have been documented. A temperamphibole, and the calcic amphiboles from British Co-
ture—composition phase diagram for plagioclasg.( Ilumbia are different in composition from those consid-
Spear 1993, p. 82) indicates that at temperatures lesed by Spear (see discussion above).
than about 80TC or so, there is a miscibility gap, re- Ferry (1980) did not find coexisting andesine and
ferred to as the Voll gap. This gap suggests possilidgtownite, but found evidence that compositions of
coexistence of oligoclase and anorthite at lower temAn and ~Anryg are strongly favored. We have found
perature. With increasing temperature, the oligoclasémilar evidence in our study (Fig. 4). For example,
increases in anorthite content. sample CV-215 contains only bytownite—anorthite

Groveet al. (1983, 1986) have argued that coexisttAngs_gp, Whereas CV-95 contains oligoclase—andesine
ing Angg and Anrgg near Thetford, Maine are a stablgcores Ans_sszoned to Aps_s See Fig. 4).



MINERAL EQUILIBRIA IN LEUCOAMPHIBOLITES, B.C. 237

CV-43 CV-239
5 T T T T T T 7T ST T T T T T T T T T
w 4 og A 8 44 m A
2 w
> >
o o oo Cv-215
c 3 r im] —
o o 6P T T T
© o
g 2 im) w1 & 29 O 5] o A
£ £ &
= 2 Ly ]
Z 0k mo O 0o < 14 O mmmy 5 47
c
o 3
e 3. oo
0 0 T o
20 30 40 50 60 70 80 90 100 20 30 40 5C 60 70 80 90 100 8 5. |
Mole % An Mole % An g
CV-95 GH-111 z ] oo
& T T T T T T T 6
0+ T
51 [mm i 5 ] 20 30 40 53 60 70 81 90 103
@« wy
2 3 Mole % An
= 44 me e O
& o)
% 1c
o ,
5 3 o D 5% Spot analyses include both
g 1% cores and rims
L9 24 0 oo Q 2-
£ £
= 13
< 1 4omn oooo zZ m 0 ooo
0+ rr—TTT G
20 30 40 50 60 70 80 90 100 200 3¢ 40 50 60 70 80 90 10C
Mole % An
Mole % An

Fic. 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.

PHAsE EQuUILIBRIA Reviews of activity—composition relationships in pla-
gioclase were made by Newtehal. (1980), Fuhrman
Thermodynamic database & Lindsley (1988), Elkins & Grove (1990) and Holland

& Powell (1992). These studies have emphasized the
In the phase-equilibrium calculations, we have usdudgh structural-statd.¢., disordered) plagioclase,g.,
the program of Broweet al. (1988) and the thermody- Newtonet al. (1980). Rebbert & Rice (1997) recently
namic database of Berman (1988) for the phase compeviewed activity—composition relations in plagioclase
nents. The solution models used were: garnet: Bermbhased upon plagioclase equilibria with a variety of co-
(1990); plagioclase: Fuhrman & Lindsley (1988); biexisting minerals. None of the activity—composition re-
otite: McMullin et al. (1991); calcic amphibole: Mader lationships calculated at 580 suggest a close approach
et al. (1994); epidote: (1-3%r), whereXg. is the mole to a constant value of the activity of anorthite between
fraction of F&* in octahedral sites (Jenkiasal. 1985); Xa,0.4 and ~0.9 (Fig. 5). In a section below, we exam-
titanite: Xca* X1i); Ghent & Stout (1994), whed&,is  ine the consequences of this disagreement on a calcula-
the mole fraction of Ca in the 8-fold site, axg is the tion of mineral equilibria involving{an = 0.4.
mole fraction of Ti in the octahedral site.
Discussion of critical mineral equilibria
Activity-composition relations in plagioclase
Because of the variety of minerals present in the
Activity—composition relations in plagioclase havequartz leucoamphibolites, there are several pertinent
been determined by thermochemical studies and phase-equilibria relationships. We discuss each of these
analysis of plagioclase coexisting with various minerah turn.
assemblages at estimated pressures and temperatures.
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1 L L L L 1 1 ! L 1 TABLE 3. CRITICAL PHASE-EQUILIBRIA
@ REFERRED TO IN THIS PAPER
.9 - L

v o

08 - o ﬁ @ B (1) annite + pyrope = phlogopite + almandine
o : O 2) 5 tremolite + 3 almandine = 5 “Fe-tremolite” + pyrope
= p7- o 0 L 3) tschermakite + almandine = “Fe-tschermakite” + pyrope
g ' O (4) 3 anorthite = grossular + 2 kyanite + quartz
O 0.6 - O L (5) 4 clinozoisite - quartz = 5 anorthitc + grossular + 2 H,0
% o O (6) 2 dlinozoisite + CO, = 3 anorthite + calcite + H,0
v 05 - L {7 calcite + rutile + quartz = titanite + CO,
o % O Holland & Powell (8) 2 clinozoisite + titanite = rutile + grossular + 2 anorthite + H,0
:g 04 - L 9 2 clinozoisite + rutile + quartz = titanite + 3 anorthite + H,0
= O Newton et al (10)  grossular + 2 paragonite + 3 quartz = 3 anorthite + 2 albite + 2 H,Q

2
g 0.3 - [ﬁ r (11)  annite + 2 paragonite + 3 quartz = muscovite + almandine + 2 albite + 2 H,0
O  FEkins & Grove (12) 2 paragonite + phlogopite + 3 quartz = pyrope + muscovite + albite + 2 H,0
0.2 - r (13)  anorthite + 2 calcite + quartz = grossular + CO,
(14) 2 clinozoisite + 5 calcite + 3 quartz = 3 grossular + 5 CO, + FLO
6.1 - Calculated ot 850°C -
0.0 - Note that “Fe-tremolite” and “Fe-tschermakite” do not conform to the IMA-approved
T T T T T T T

terminology of amphibole-group minerals.

00 041 02 03 04 05 06 07 08 09 1.0
Mole fraction of anorthite
sence of calcite, constrain the fluid’s composition to
Fic. 5. Calculated activity—composition relations forrelatively high values ak(CO;) (Table 3, equation 6).
plagioclase at 55C, using various expressions for the Less precise limits on pressure, temperature and fluid

Margules parameters. compositions can be made using equilibria involving Ti-

bearing phases. For equilibria involving £Q@able 3,
equation 7), the lack of calcite + rutile in the presence
of titanite + quartz sets a limit o{§(CO,) at a given
temperature and total pressure.

An important geothermometer based upon Fe—Mg
exchange equilibrium is that between garnet and biotiEstimation of P-T—X(yD)

(e.g.,Ferry & Spear 1978, Table 3, equation 1). One of

the advantages of this equilibrium is that it can be com- In the section that follows, we discuss the methods
pared with garnet-biotite Fe—-Mg exchange geothermosed to estimate P—X{H,0) by presenting the details
metry in nearby pelitic rocks. for one sample, CV-95 (garnet zone). Where possible,

Maderet al. (1994) have empirically calibrated thewe compare our estimates with those derived from
Fe—Mg exchange between amphibole and garnet apeditic rocks (Tables 4, 5, and 6).
geothermometer (Table 3, equations 2 and 3). They sug- Garnet-biotite Fe—Mg exchange geothermometry for
gested that the Fe—Mg exchanges between tremolitehree pairs yields 538 10°C (one standard deviation)
“Fe-tremolite” (Fe-tremolite is not an IMA-recognizedat 7 kbar. This equilibrium has a dP/dT slope of about
name) and Mg—Fe garnet and tschermakite — “F8&2C/kbar. The intersection of the P-T curves for equi-
tschermakite” (Fe-tschermakite also is not a recognizéidrium (4), 3 an = grs + 2 ky + gtz, and for the garnet—
name) and Mg—-Fe garnet are the most robust geothkistite Fe—Mg exchange is 54D and 7.6 kbar. The lack
mometers. of kyanite in this sample suggests that this is the upper

These rocks do not contain a reaction assemblarait of metamorphic pressure at this temperature.
that is both vapor-absent and pressure-sensitive. TheGarnet—hornblende Fe—-Mg exchange suggests a
equilibrium anorthite — grossular — AliOs — quartz temperature of about 570 for equilibrium (2) and
(Table 3, equation 4), in the presence of garnet — pl50°C for equilibrium (3) at 7 kbar. These equilibria
gioclase — quartz and the absence of kyanite, can be usade a dP/dT slope of aboltEkbar.
to set a maximum possible limit on metamorphic pres- For equilibrium (5), the estimated temperature is
sure at a given temperature. about 560C at 7 kbar foa(H,0) = 1.0.

If an activity of HO is assumed, the equilibrium  We examined the equilibria on aX{H,0) diagram
among anorthite, clinozoisite, grossular, quartz, ar(ig. 6) for the assemblage plagioclase — garnet — epi-
H,O (Table 3, equation 5) can be used to estimate tedote — quartz — fluid without calcite. Equilibrium (6)
perature at a given pressure. intersects other equilibria at T = 5825°C andX(COy)

A test of the reasonableness of the assumption tkaD.2+ 0.19 at 7+ 1 kbar [note 1%(H,0) = X(CO,),
a(H,0) = 1.0 can be made by calculation offa- Fig. 6]. These results are consistent with the garnet—
X(CO,) diagram at constant pressure. The occurrenbtite Fe—Mg exchange geothermometry. The inference
of garnet, epidote, plagioclase and quartz, and the abat these leucoamphibolite pods were originally car-
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TABLE 4. SUMMARY OF PRESSURE - TEMPERATURE - FLUID qUartZ at T > 40‘&: and P < 10 kbar at Oxygen ngaCi-
COMPOSITION ESTIMATES USING PTAX . .
ties calculated with the Connolly & Cesare model of
excess graphite and the atomic ratio H/O of water, 2:1.

Sample Eqnl Equ2 Eqn3 Eqn4 Egqn5 Egqn6é Eqn7
T°C T°C T°C Pkbar T°C XCO,) X(CO,) o ) )
T°C T°C Application of INVEQ to estimation of pressure
and temperature
Cv-43 480 485 <8.4 565 <0.2 <0.2
© 350 70 In the INVEQ method (Gordon 1992, 1998, Gordon
CV-95 530 s70 550 <76 se0 <02 <oz  etal.1994, Ghent & Gordon 2000), P and T estimates
© £10 550 535 are found by finding the best-fit hyperplane to the par-
CV-105 s65 580 <62 tial molar free_ _energies of all pha_se components rather
®) £60  *55 550 than the traditional method of using a set of indepen-
V207 w0 575 565 < dent equilibria,e.g.,the approach of Berman (19_9_0).
(©) 5 15 £15 550 The INVEQ approach has the advantage of providing a
measure of misfit for each individual phase component
Cv-215 545 465 425 <7.6 555 <03 <0.2 . . . .
® 5 550 555 and an easily computed region of confidence. This pro-
s ss0 <05 <on gram calculates only vapor-absent equilibria. In Table
A oo w2 2 5 we report the calculated values of pressures and tem-
peratures using the following phase components: quartz,
o o0 anorthite, albite, pyrope, almandine, grossular, clino-

zoisite, tremolite, “Fe-tremolite”, tschermakite, “Fe-
i1l 505 495 <68 535 <03 tschermakite”, pargasite, and “Fe-pargasite”. We
) 550 530

calculated pressures and temperatures for CMASH
Eauations 1.2 and 3 caleulated at 7 kbar. Equation 4 mai - (CaO-MgO—-AyO3—-SiO—-H,0), CFMASH (with FeO),
'quatlons . 4, ani calculated at ar, BEquation 4! maximuim pressure af M .
Equation 5 calculated at 7 kbar, a(H,0) = 1.0; Equation 6: X(CO,) at the specified and NCFMASH (Wlth NQO) The method of calculat-
temperature and 7 kbar total pressure, Equation 7: calculated at 550°C and 7 kbar
total fluid pressure. (B): upper biotite zone, (G): garnet zone, (8): staurolite zone.

TABLE 5. APPLICATION OF INVEQ TO QUARTZ LEUCOAMPHIBOLITES,
ESPLANADE RANGE, SOUTHEASTERN BRITISH COLUMBIA

bonate-rich suggests that the initial metamorphic fluig-
could have been richer in GCbut that once all of the sampie CMASH CFMASH NCEMASH
calcite or dolomite or both had been used up in reac- (;d%e*v’ ‘;’“;) (STtdCd; gﬂ’;) (;;%es‘;af;)
tions, the final composition of the fluid that equilibrated ' ’ )
with these minerals would be,8-rich.

The sample contains titanite plus quartz and lacks * 530y P P
calcite + rutile. For equilibrium (7), the calculated T—
X(CO,) diagram indicateX(CO,) < 0.2 at 556C and 7 V** ks o seny (51567 ble
kbar total fluid pressure. We attempted to use other equi-
libria involving Ti-bearing phases to set limits on P anfl¥-19% na ?2227 9515;’)2 ;"2216 852017)5
T. The equilibria (8), 2 clinozoisite + titanite = rutile + ’ ’
grossular + 2 anorthite +,8, and (9), 2 clinozoisite + Cv-207 na. 565, 7059 565, 6888
rutile + quartz = titanite + 3 anorthite +®l, yield in- 0,549 (9,859
consistent results on a P-T diagram waitH,0) = 1.0. cv-215 na 467,7864 467, 7754
The assemblage lacks rutile, but rutile lies on the high- (15,539 (14.522)
temperature side of equation (8) and on the low-terav-239 1093, 9890 557, 9047 556, 8890
perature side of equation (9). This finding suggests that (73, 520) (18, 545) (17, 527)
either the titanite is not in equilibrium with the othegy o, na 546, 5943* 544, 5809%
minerals or that the thermodynamic data are inaccurate. (19, 814) (20, 755)

Connolly & Cesare (1993) have suggested that a G-, 1219, 10380 519, 8992 519, 8835
O-H fluid produced by the equilibration of,® and (77, 514) (17, 548) (15, 530)

excess graphite must maintain the atomic ratio H/O ef
water, 2:1. HO is the dominant species relative to LCOcMmaSH: Ca0-Mg0O-ALO,-8i0,H,0, F: FeO, N: Na0.

and CH at 550C and 7 kbar for these restrictiong’hase components are: grossular, pyrope, almandine, clinozoisite, tremolite, “Fe-

. .. tremolite”, tschermakite, “Fe-tschermakite”, pargasite, “Fe-pargasite”, albite,

(COﬂnO”y & Cesare 19931 Flg 1a1 p. 380) This Infera'northite, and quartz. The standard deviation (std dev) is shown in parentheses. n.a.:

ence is consistent with the estimates QOH:OZ for  not applicable, no epidote present. * For Gh-92, temperature, pressure estimates are

means of five sets of Pl, Grt, and Amp compositions. Note that “Fe-tremolite”,

_the binary SyStem discussed aboye' In addition’ ilmen_lgé-tschennakite” and “Fe-pargasite” do not conform to the IMA-approved
is the only Fe—Ti—O phase predicted to be stable wiidaninology of amphibole-group minerals.
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Fic. 6. Temperaturex{H,0O) diagram at 7000 bars total fluid pressure. For sample CV95—
1, the assemblage epidote — quartz — garnet — plagioclage (fltdd) and the lack of
calcite constrain the equilibrium to lie along equilibrium (5) and at higher values of
X(H,0) than 0.76.

ing variances for P and T quoted in the tables is digesults from INVEQ are, for NCFMASH, 5190.8 kbar,
cussed in Ghent & Gordon (2000), and uses a defauland for CFMASH, 5.& 0.8 kbar.

priori estimated error ofl kJ for each phase compo- A comparison of the P—T values using PTAX and
nent. For sample GH-92, we obtained results on filBIVEQ results calculated with either CFMASH and
different sets ofplagioclase, garnet, and hornblend®CFMASH shows that the latter two are within the
compositions and calculated a mean and standard &lariance. To make comparisons, we can extrapolate the
viation with the P and T calculated from INVEQ. Thes®TAX estimates to the pressure estimated from INVEQ
values can be compared with the results of Fe—Mg efor each sample, using a typical gradient Y€ kbar.
change thermometry between garnet and hornblend@leere is no systematic difference between the estimates
calculated from the same five datasets using PTAX (tlrased upon the different methods, but it must be em-
program of Browret al. 1988). For the PTAX calcula- phasized that we did not estimate pressure directly us-
tions, the results from equations (2) and (3) are:4550ing PTAX.

10 and 570+ 20°C, respectively. The values from A comparison of the results of PTAX and INVEQ
INVEQ are, for NCFMASH 546+ 19°C and for forthe same dataset and phase components of CV—43 is
CFMASH, 544+ 20°C. The upper limit on pressurepresented in Figure 7. Only stable equilibria from PTAX
calculated from PTAX is 6.9 kbat 550C, and the are plotted. Note the large number of intersections for
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Fic. 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@%ihd 7032 bars is
calculated from INVEQ for the same phase components. Ellipse is 68.3% confidence
limits using a default uncertainty @f. kJ for each phase component. See text for dis-
cussion.

the PTAX calculations, which are extremely difficult to2 prg + 3 qtz = muscovite (ms) + alm + 2 ab +.DH
interpret. The estimated P and T and the associated @r2) 2 prg + phlogopite (phl) + 3 gtz = prp + ms + ab +
ror ellipse are generated by INVEQ with the aforemer2 H,O (Table 3). There is a poor correlation of Fe—Mg
tioned uncertainty of1 kJ for each phase componentgarnet—biotite exchange temperatures with metamorphic
This provides a more realistic estimate of the uncertaintyade (see also Ghent & Valley 1998). The estimated
than does an average of the intersections (see Bernnange of temperature from the garnet “isograd” to the
1991). staurolite “isograd” is about 76 (Spear 1993, p. 355).
A plot of P—T estimates for leucoamphibolites and
PTX ComPARISONS pelites is presented in Figure 8. Since there are no direct
estimates of pressure for the leucoamphibolites, we have
P-T-X(H-0) estimates for pelites from the Esplaplotted temperature estimates for garnet—biotite Fe—Mg
nade Range are presented in Table 6. Pressures and &mhange geothermometry at 7 kbar and have averaged
peratures have been estimated from garnet — plagioclalse two estimates of temperature for Fe—Mg garnet—
— muscovite — biotite — quartz equilibriag.,Ghent & hornblende exchange geothermometry and, for clarity,
Grover 1995). Fluid compositions have been estimatgibtted them at 7.2 kbar. The temperature estimates for
using the following equilibria: (10) grs + 2 paragonitehe pelites do not show a consistent increase from the
(prg) + 3 qtz =3 an + 2 ab +2@; (11) annite (ann) + garnet zone to the staurolite zone, but they generally
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TABLE 6. ESTIMATES OF PRESSURE, TEMPERATURE,
AND FLUID COMPOSITION FOR PELITIC ROCKS,
ESPLANADE RANGE, BRITISH COLUMBIA

give higher temperatures than the temperatures esti-
mated from the leucoamphibolites. Pressure estimates

from the pelites are generally higher than the maximum

xuo) Possible pressures estimated from the lack of kyanite in

leucoamphibolites (Fig. 8, Table 4).

Sample no. Pressure, kbar T, °C

CV-99 (G) 86 565 05
CV-113 (G) 8.5 575 0.4
CV-114 (8) 88 630 0.6
CV-150 (S) 77 555 0.5
GH-115 (S) 6.3 560 0.5
GH-117 (G) 9.1 625 0.9
Gh-129 (S) 7.6 545 0.4
TH-313 (G) 75 525 02
TH-346 (G) 8.1 515 02
JH-348 (G) 7.7 520 0.2

We can compare closely spaced samples directly. As
an example, leucoamphibolite CV-95 gives garnet-bi-
otite Fe—Mg temperature of 53010°C at 7 kbar, and
pelite CV-113 gives a temperature of 2%t 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(H,0) = 1.0. Fluid compositions
estimated for CV-95 hav§H,0) > 0.8, but equilibria
(10), (11), and (12) for CV-113 givgH,0) = 0.4 at
575°C and 8.5 kbar total pressure. The problem of esti-

X(H,0) 1s [1 - X(CO,)]. See text for explanation of the calculations.

mating X(H»0) in medium-grade pelites has been dis-
cussed elsewhere.@., Ghent & Grover 1995). The

] O | | | 1
O Fe-Mg grt-amp
O Fe-Mg grt-bt R
o4 X CKFMASH pelite X i
_ X . :
O X
Q G
7 8 | X i
C S
— X sS_X
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Fic. 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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