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Abstract Internally consistent thermodynamic data folr .
endmembers and solid solutions derived in Part | of thigtroduction

work are used to predict phase relationships and compo-

sitions of solid solutions in good agreement with dire@ince the pioneering works of Karpov et al. (1976) and
experimental observations that were not used in the cdlielgeson et al. (1978), there has been a great deal of
bration. This “external” consistency with a large body dbcus on the use of internally consistent thermodynamic
experimental observations increases confidence in ajata for quantitative pedtogic calculations (e.g. Powell
plications to both petrogenetic grid and thermobaromegtnd Holland 1985, 1988; Holland and Powell 1990;
ric calculations. The predicted position of the univariafBerman 1988, 1991). While experimental phase equi-
FMAS equilibrium G#Cd=Opx+Si+Qz occurs be- librium studies have provided the foundations for quanti-
tween 7.8 kbar — 700C and 10.6 kbar — 110CC, in tative understanding of igneous and metamorphic rocks,
excellent agreement with available phase equilibrium rthermodynamic data provide the means to extrapolate
versals, and with thermobarometric results for botihom the laboratory to nature. This extrapolation is par-
higherP Opx+Si+Qz bearing and loweP Cd bearing ticularly important and challenging for calculation of
granulites. In these assemblages, garnet compositiopligse relationships in complex chemical systems (e.qg.
an excellent geobarometer and,@} content of Opx is Aranovich 1983, 1991) which afford closer approxima-
an excellent geothermometer, almost independent of otions of natural systems than the simplified systems most
er compositional variables. Comparison of temperatuaenenable to producing interpretable experimental data.
estimates from different exchange and net-transfer re&oxtrapolation is also important for geothermobarometry
tions for a number of samples representative of highalculations in which the deviations of mineral composi-
grade terranes demonstrates the ability of carefully chtions from those produced in experimental studies are
sen portions of Fe Mg minerals to preserve informationsignificant, and thé—T range of experimental accessi-
regarding a high temperature steady state during thbility is often well removed from the physical conditions
evolution. The equilibrium FsOk=AIm, based on the of rock equilibration. The potential drawback of the in-
Al O, content of Opx, offers the most robust thermomeernally consistent approach to quantitative calculations
try for the Opx-Gt assemblage because of its relativis that the data may not represent all experimental results
insensitivity to late Fe Mg exchange. Applications of sufficiently well to meet the most stringent extrapolation
this thermometer indicate that in many samples tlequirements. It is therefore important to demonstrate
Al O; content of Opx yields very similar temperatures tthat no loss of accuracy is introduced compared to the
Gt—Cd Fe-Mg exchange. For some high temperatunese, for example, of a geothermometer based solely on
samples, these temperatures are up td Tligher than the results of one experimental study. We show in the
calculated with the GtOpx Fe-Mg exchange ther- companion paper (Berman and Aranovich 1996; referred
mometer. to as Part I) that the combination of derived standard
state and mixing properties represents most experimen-
tal observations within the uncertainty of the measure-

L.Ya. Aranovich ments; we suggest that our calibration based on data for
Institute of Experimental Mineralogy, Chernogolovka, Russia many different equilibria results in an increase in overall
R.G. Berman [(]) accuracy over that obtainable from more limited data
Geological Survey of Canada, 601 Booth Street, sets that, in most cases, cannot separate between the
Ottawa, Ontario, Canada K1A OE8 standard and mixing energy contributions. This accuracy
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modynamic data that are not linked with mixing proper- ! : : : : : : :
ties through appropriate analysis of experimental data ,,qq] Kozl & Bohlen (1992)
(Berman 1988; Holland and Powell 1990).

In this paper we explore some of theayggical impli-
cations of the optimized thermodynamic data for olivine, 30004
orthopyroxene, garnet, cordierite, and ilmenite. We first
present calculated phase relationships in complex chem-
ical systems that serve as a basis for consideration aof 12000
many features in high-grade metamorphic assemblages
of pelitic to intermediate composition, and compare%
these calculations with natural observations. Compari3 110004
son with available experimental data will also serve a®
additional tests of the thermodynamic data derived i
Part|. We then discuss the implications of the thermody- 10000+
namic data for thermobarometric calculations for the
same assemblages.
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All computations were performed on a PC-486 with the ' _ _
Gibbs free energy minimization software, THERIAKFig. 1 C%mpt?]rnsg_n of a;/allableb?xpg%nﬁﬁntglt dg'ta(;mmt(ﬁe
; T iagram for the divariant assemblag —Rt=Si—Qz in the

desqubed by de Capitani and Bro_vvn (1987.)' ThermOdgMAST system, computed with Part | thermodynamic data. Sym-

namic data are those described in detail in Part | COljy|s show nominal experimental data, witamondsand trian-

bined with internally consistent data for other mineralgiesshowing Gt and Il compositions, respectiveljnesconnected

and fluids given by Berman (1988). to symbols show effect o#-0.01 X, compositional uncertainties
as well as direction from which final compositions were ap-
proached

Phase relations involving ilmentite

Comparisons with experimental data discussed in Part IAIthough Koziol and Bohlen (1992) did not attempt to

indicate that our derived properties for the ilmenite soliﬁgﬁ?fee E{?}Z Egr'\]ﬂsgilsfgé'“oory?r?eki)reg\(/egrr} n?gmaer (?t;]gelrl\-/a-
solution with low hematite component.03 X7 ! Y b

: : . ions (Fig. 1) suggests a close approximation to equilibri-
yield reasonable representation of the energetics on ? ; :
IIm-Gk (see abbreviations in Table 1, part 1) binary. Pre; Koziol and Bohlen (1992) note that their data yield

dicted phase relationships involving ilmenite provide anD_4'9’ while Green and Soley (1975) measured K
opportunity to further test our calibration, in addition tc\)/aléjels. e_xrougd 4.0_t|n synthes.,{.s expgnmenlts Iont_pyrollte
exploring some implications for geothermobarometr}"’/m olvine-basanite compositions. 'Jur caicuiations are
Koziol and Bohlen (1992) examined displacement of t i reasonable agreement with both these studies, vgth K
GRAIL equilibrium: r]ﬁcreasmg from 3.6 to 5.2 as-. increases from 0 to 1.

' A similar compositional dependence of ks comput-
3 1lm+Si+2 Qz=AIm+3 Rt (a) edforFe-Mgexchange between Opxand Il. At 100D,

Kp increases from 8 to 13 going frodd-.=0 to 1. At
through addition of MgO, and concluded that-Fdg higher temperatures, this compositional dependence is
mixing in garnet is very near ideal. They reportincorpaeduced as the ilmenite solid solution becomes closer to
ration of up to approximately 2 weight % TiOn run ideal. Our calculated Kvalues reproduce within uncer-
product garnet, while Bohlen et al. (1983), in studyintpinties the 800-110@C measurements of Hayob et al.
equilibrium (a) in the Mg-Free system, considered JiQQ1993) which were utilized in Part I, as well as the major-
in garnet analyses to be due to dispersed Rt inclusioity.of the 800—1300C data of Bishop (1980) which were
Because of the ambiguity between these observationst included in the Part | calibration (Fig. 2). Although
we did not use the data of Koziol and Bohlen (1992) ianly two bulk compositions were studied, the latter data
the calibration described in Part I. Predicted phase reldearly show the large compositional dependence gf K
tions show excellent agreement with the experimentahich is important to account for in accurate thermody-
observations (Fig. 1). The garnet side of the divarianamic calculations. One half-bracket of Bishop’s at
loop lies within the uncertainties of, but at slightly les400C C indicates much higher Kthan our predictions
Fe-rich compositions than those determined by Koziahd than the data of Hayob et al. This half-bracket ap-
and Bohlen, consistent with the calculations which doears to represent a large overstepping of the equilibrium
not account for solution of TiQin garnet. composition produced by the use of highly metastable
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Fig. 2 Variation of K, with X, at 13 kbar for the equilibrium
Gk+Fs=En+Ilm. Symbols as in Fig. 1 XFs

Fig. 3 Mg-rich portion of computed Roseboom diagram for
—Opx atP=2 kbar, and 400-800CC. Insetshows isotherms over

sta_rt_lng mate”al_s consisting of a mixture of endmemb8|'£tire compositional range. Compositions of natural coexisting
geikilite+ferrosilite. Ol+Opx ffilled circles) taken from compilation by Sack and
The above comparisons indicate that ilmenite propeshiorso (1989). Note that fo%-.<0.10, Part 1 systematics predict
ties derived in Part | afford very reasonable approxim&et™>Xg. at temperatures below 80C
tion of phase equilibrium data involving low Feil-
menite. Fe-Mg exchange thermometers have been pro-
posed for the pairs Ol-Il (Andersen et al. 1991) and Opxaental studies (Medaris 1969; Matsui and Nishizawa
Il (Bishop 1980). The partitioning of FeMg between Il 1974; Fonarev 1987; Koch-Mueller et al. 1992). Rea-
and Cd is even more extreme, presenting an attracts@ens for the apparent disagreement with these experi-
possibility for geothermometry, albeit limited by the lonments have been discussed in detail by von Seckendorff
concentration of Mg in ilmenite at low temperature. Ouand O’Neill (1993). We can add to their arguments that
calculations again show that deviations from ideality ianly two experimental points withX2l<X2P*(X2!
these phases lead to a strong compositional depender€ell, 900 C; X2 =0.11, 1000C, Koch-Muller et al.
with K increasing from¥45-75 over the rang¥-.=0 1992) are inconsistent with the calculated isotherms
to 1 at 600 C and from*18 to 30 over the same compo<{Fig. 3) in terms of direction of approach to equilibrium
sitional range at 80CC. (see discussion in Part ). These inconsistencies can be
attributed to experimental difficulties such as X-ray de-
termination of final compositions, and possible lack of
Stability of orthopyroxeng olivine (+/—quartz) equilibrium due to extreme sluggishness of the reactions
with starting Mg-rich Opx. Apparent disagreement with
Figure 3 shows calculated Fég exchange isothermsthe natural observations deserves more detailed consid-
for coexisting olivine-orthopyroxene over the temperaration.
ture range 400—80CC. In accord with the experimental According to our calculations there is a point, at ap-
data on which they are in large part based (von SegikroximatelyX2P*=0.28 (see inset in Fig. 3), of intersec-
endorff and O’Neill 1993), our calculations indicate (1) &éion of the exchange isotherms, which divides them into
very small temperature dependence gf Which reflects two parts with the opposite temperature dependence (i.e.
the lack of suitability of this exchange couple as with the opposite sign of the integral enthalpy change of
geothermometer, and (2) that Ol is more Fe-rich thahe exchange reaction). Such a crossover point was not
Opx at all temperatures above 70D. Crossover of the observed in the experiments of von Seckendorff and
computed isotherms with the diagonal line representit@Neill (1993), butitis not precluded by them either (cf.
equal partitioning of Fe and Mg between Ol and Opxuns 41, 42, 121, 13/2, 1/1, 33, 38, and 34 in their
such that Ol becomes less Fe-rich than Opx, has bekble 2). Low-temperature extrapolation of our fit for
inferred from some natural observations (see referenthese extremely Mg-rich compaositions produces a cross-
listed in Sack and Ghiorso 1989) and from older experdver with the diagonal (Fig. 3) at temperatures below ca.
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700 C. For natural samples witkP! less than or equal to ture Fe-Mg resetting down to 600C (without operation
XCP* (compositions taken from Sack and Ghiorso 1988f the net-transfer reactions) would change coexisting
the|r Table Al) our calculations predlct equilibratiomompositions toX2”*=0.76 andX®!=0.90, leading to a
temperatures in the range 400-7%0) in broad agree- pressure determmatlon of less than 2 kbar (Fig. 4). This
ment with the gelogical environments in which theyimplies that pressure estimates from the-Qlpx—Qz
formed (serpentinites and tectonically emplaced pedssemblage in rocks subjected to slow cooling may cor-
dotites). These samples may well have undergone a prespond to a minimum rather than peak metamorphic
cess of low temperature reequilibration, rather than repressure.

resenting complete disequilibrium due to different reac-

tion rates of Ol and Opx with a hypothetical Mg-reser-

voir as suggested by von Seckendorff and €IN(1993). Stability of orthopyroxene magnetite-quartz

The olivine-orthopyroxene-quartz assemblage w
one of the first quantitatively calibrated geobarometers
(Bohlen et al. 1980; Bohlen and Boettcher 1981), and o815t 1/2 0,=Mt+3 Qz (b)
calculations (Fig. 4) confirm its validity as a geobarome-
ter. It should be noted that, although our predictdinits the maximum Fe-content of Opx at oxygen fugac-
olivine composition in equilibrium with orthopyrox-ities above that of the QFM buffer, and is important as a
enetquartz at any specific temperature is slightly lesexybarometer” for high-grade metamorphic rocks of a
Fe-rich than determined in these studies (see Part 1), tlegiety of bulk compositions (Fonarev 1987). Experi-
position of the F¢(Fe+Mg) isopleths on &—T diagram mental observations on the compaosition of Opx equili-
(Fig. 4) coincides well with those determined experbrated with Mt and Qz at temperatures between 700 and
mentally by Bohlen and Boettcher (1981). 850 C, pressures of 1 and 5 kbar, afy) buffered by

In spite of the fact that the Opx isopleths have a velNi—NiO were reported by Fonarev etal. (1976) and
shallow dP/dT slope, suggesting a minimal temperaturEonarev (1987). These data are important for indepen-
dependence of pressure readings for this geobarometlEmt assessment of the mixing properties of Opx on the
there is an indirect influence of temperature. For exarin-Fs join, as well as the standard state properties of
ple, a rock with bulk F¢(Fe+Mg)=0.8 equilibrated at ferrosilite. They were not incorporated into the analysis
800° C and 4 kbar should contaiX2?*=0.78 and of Part | because of ambiguities in the experimental de-
X2!=0.88 (Fig. 4, see also Fig. 7, Part I) Low-temperdermination of Opx composition. Contradictory interpre-

tations have been given to the data by Fonarev (1987) and
. . . Lindsley (1980); the former suggesting a positive/d
Bohl;n&Boletcher[;%l] l ' dX:. slope of the phase boundary, and the latter a nega-
L tive slope.

Figure 5 shows — X, sections at two pressures that
were experimentally investigated, calculated for this as-
- semblage with the thermodynamic parameters derived in
Part I. Our systematics predict a very slight negative
T—Xre @ rather diplomatic compromise to Lindsley’s
- (1980) and Fonarev’s (Fonarev etal. 1976; Fonarev

e equilibrium:
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Fig. 4 Comparison of computed isopleths of Opx (labelled at
5 mol% Fs intervals) with experimental observations by Bohlelkig. 5 T—X:.diagram for the assemblage Opkit+Qz at oxygen
and Boettcher (1981)Trianglesshow P—T conditions, adjusted fugacities buffered by NiNiO and pressures of 1 and 5 kbar.
for experimental uncertainties, at which Opx of the correspondingbelled curves calculated with thermodynamic data from Part I.
Fs content was found stabl8quaresshow conditions where Opx Symbols as in Fig. 1, with data at 1 kbaio{id symbolsand 5 kbar
broke down to the divariant assemblage G{X+Qz. Opposite (open symbolsof Fonarev et al. (1976triangle§ and Fonarev
ends of attached lines show nominal experimeBtall conditions (1987,square$
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vations on compositional changes of Opx during they of Perkins’ brackets was questioned by Perkins
course of reaction (b), particularly if the compositions fL983) and Wood and Holloway (1984).
Opx reported by Fonarev (1987), rather then those re-Some peculiarities of the univariant boundary are
ported in the earlier publication (Fonarev et al. 1976)orth noticing here: the strong variation in the curvature
are taken. of the univariant boundary, and the significantly lower
solubility of grossular component on the sillimanite side
of the curve. Both these features stem from the fact that
Garnet-orthopyroxene phase relations in CMAS the univariant reaction is the “extremal” type (Prigogine
and Defay 1954; Korzhinskii 1973). At a certain bulk
Experimental observations on stability of pyropecomposition, reactions of this type become degenerate,
grossular garnet relative to OgAn+Sil in the quartz- involving a lesser number of phases than in the general
saturated portion of the system CMAS (Hensen 1976ase. For the reaction under consideration this composi-
Perkins 1983) were not included in the thermodynamion is close to Py,Gr,,, where ALSiO; is not needed to
data retrieval described in Part 1, and provide an indealance the reaction. Small deviation from this composi-
pendent test for the derived garnet solution propertiestas is caused by appreciable solubility of 8 in Opx.
well as standard properties of the minerals involved.
The position of the univariant curve together with com-
puted X3! and xg,gg3, are shown in Fig. 6. AgreementGarnet-orthopyroxene-cordierite phase relationships
between our calculations and independent experimerntaFMAS
results is reasonably good. Our calculations indicate 7%
grossular component at 1300 and 15.3 kbar (Fig. 6), The P—T diagram portraying phase relations between
in excellent agreement with experimental observatiogarnet, orthopyroxene and cordierite/— sillimanite,
(6—7% grossular) at the sanie-T conditions (Perkins quartz (Fig. 7) has many important implications as well
1983), Our calculated curve is at slightly lower pressugs representing an extremely sensitive test of thermody-
than the lowest temperature brackets obtained by Perkivemic properties derived in Part |. The principal feature
(1983), but is consistent with Hensen’s (1976) data. xfi this diagram is the univariant curve separating
the basis of their own thermodynamic analysis, the vali@px+Si from Gt+Cd assemblages in silica-saturated
rocks. The lowest pressure of this boundary, computed
with the data of Part |, is approximately 8 kbar, indicat-

20000 1 1 1 1 1 1 . . . . . .
o Hensen (1976) CNIAS Systern ing the relatively high pressure origin of hypersthene-sil-
O Perkins (1983) limanite-quartz gneisses described in many ancient
19000 - granulite-facies terranes (Harley 1989 and references
&
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thermodynamic data (with fully hydrated cordierite) show univari-
Fig. 6 Comparison of experimental observations by Hensemt equilibrium bold curve, as well as isopleths of 10XE! (num-
(1976, diamond$ and Perkins (1983square$ in the system bers inside boxdsand ALO, content of Opx (1 mol% intervals,
CaO-MgO—AIl,0,—Si0O, with univariant curve lfold) for the ovalg.P—T positions of natural samples with the most Mg-rich Gt
equilibrium Gt-Qz=Opx+An+Sil/Ky, calculated with thermo- (Mg#=51) in the assemblage &Opx+Crd+Qz and the most
dynamic data of Part I. Numbers above and below the curve sh&e-rich Gt (Mgik=57) in the assemblage GOpx+Sil+Qz are
XgrandXs,, respectively. Symbols as in Fig. 4. Pronounced curvglotted asfilled squareand circles, respectively.Solid and open
ture of the reaction is caused by compositional degeneracy dramondsshow nominal experimental brackets (assuming 10%
which the Ca:Mg ratio in Gt becomes identical to that of thé&iction correction for talc pressure cells) for the univariant equi-
assemblage OpxAn at X;,=0.33) librium from Bertrand et al. (1991)
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therein). It also shows that formation of the GpRi—Qz Isopleths of A}JO; in orthopyroxene have a negative
assemblage is restricted to metapelite compositions wilope onP—T diagram (Fig. 7), which differs strongly
relatively high bulk Mg (Mg+Fe) ratios ©0.5). Al- from the previously published results (Aranovich and
though generally similar to the previously publisheBodlesskii 1989; Hensen and Harley 1990). This differ-
grids (Aranovich and Podlesskii 1989; Hensen arghce is caused primarily by a significantly lower Al-con-
Harley 1990), our calculations (Fig. 7) differ from thdent in Opx in FAS predicted by the present study in
previous studies in some important details. First, we praecord with new experimental observations by Ara-
dict the transition at 1-2 kbar lower pressure, and corneevich and Berman (1995, 1996). It may have important
spondingly more Fe-rich garnet composition along thmplications for deciphering reaction textures in high-
univariant curve. According to our calculations the lowegrade rocks: for assemblages lacking primary Opx, de-
limit for Mg # of garnet equilibrated with OpxSi+Qz velopment of Cd-Opx coronas around Gt should be in-
is about 50, compared to 70 calculated by Aranovich aditative of decompression, while for those having matrix
Podlesskii (1989) and about 65 inferred by Hensen afpx it could be just as well related to cooling. Problems
Harley (1990). Support for the grid presented hemessociated with applications of Al-in-Opx thermometry
comes from reports of garnet as low in Mas 57 and 55 will be further discussed below under “geothermo-
(circles in Fig. 7) in Opx-Si—Qz gneisses from the Al- barometry”.

dan Shield (Perchuk etal. 1985; Aranovich and Pod- Cordierite has been reported in textural equilibrium
lesskii 1989) and Varpaisjarvi, Central Finland (Holttavith the assemblage garnet-orthopyroxene-quartz with
et al., work in preparation), respectively. In addition, thgarnet as magnesian as Mg51 (square in Fig. 7; Su-
predicted univariant boundary is in excellent agreemetatm block of the Aldan Shield; Aranovich 1991) and
with high-temperature reversals on this reaction obtain®ty+# =54 (Enderby Land, Antarctica; Ellis et al. 1980).
by Bertrand et al. (1991). Unfortunately, run products df “fluid-absent” conditions had dominated during gran-
this study were compositionally extremely heterogedite-facies metamorphism, the transformation from
neous, preventing meaningful comparisons with our preerdierite- to sillimanite-bearing garnet-orthopyroxene
dicted compositions. assemblages should have taken place at much more Fe-

Our calculated compositions of Opx and Cd along thréch garnet compositions (Aranovich and Podlesskii
univariant curve do not reveal the maxima in Mgug- 1989, their Fig. 5). This implies that at least in some
gested by Hensen and Harley (1990). Rather they showraas a fluid phase was physically present during the
steady increase in Mg with increasing temperature.high-grade metamorphic event, a conclusion reached al-
The computed curvature of the univariant boundary $ by Hensen and Harley (1990) on similar grounds.
also not as pronounced as that proposed by Hensen and
Harley (1990). The “extremal” nature of the curve (a
pressure maximum exists above 11@) is dictated in Geothermobarometry implications
this case by the fact that the bulk M@lg+Fe) ratio of
the low pressure assemblage+®&d becomes equal toln this section we highlight a few implications associated
that of Opx. with application of the systematics derived in Part | to

Garnet Mgk in the divariant assemblages -€€d deciphering thé—T conditions of equilibration of high-
+0px+Qz, Gt+Cd+Sil+Qz and G#Opx+Sil+Qz is grade metamorphic assemblages. These calculations have
extremely sensitive to pressure variations (Fig. 7) anggen made using the TWQ software of Berman (1991).
therefore, can be used as a geobarometer independent of
any other compositional parameters. The only cause fqr
caution is in the pressure dependence of the isop|ethS(%ﬂrnet—orthopyroxene geothermometer
the activity of cordierite which itself depends on wate
activity. Our calculations show that the garnet isopleth
which correspond to the divariant equilibrium-8Qz=
Opx+Cd, can be amaximum of 2 kbars lower in pressurgpst py=Alm+3 En (c)
in the limiting case of anhydrous cordierite.

Cordierite stability is known to be significantly influ-has been experimentally investigated in several laborato-
enced by the presence and composition of a fluid phases (Kawasaki and Matsui 1983; Harley 1984; Lee and
(e.g. Newton 1972; Aranovich and Podlesskii 19893anguly 1988; Eckert and Bohlen 1992). Our calcula-
Both dry Py,is=0) and pure CQ(P=P.s,) conditions tions summarizedin Part|demonstrate that derived ther-
lead to an increased stability field of the Op8i+Qz modynamic properties agree within uncertainties with
assemblage at the expense of4@al. It is important to almost all data from these four studies that involved crys-
note, however, that at higher pressure, where the solutiélline starting materials. Because of the use in Part | of
ity of H,O and CQ molecules in the cordierite structurakthe entire combined experimental data set, our calibra-
channels becomes almost identical, the difference ken for equilibrium (c) is significantly different from
tween the location of the univariant curve becomes veany based solely on one set of experiments.
small, as is well illustrated in the experimental observa- Termperatures computed for coexisting garnet-or-
tions by Bertrand et al. (1991). thopyroxene pairs in a variety of glgic environments

eothermometry based on the exchange of Mg be-
Ween garnet and orthopyroxene, via the equilibrium:
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Table 1 Temperatures com- o o S
puted for natural samples with Area/Reference #  Average Range  Xg, Xer Xok

the Fe-Mg Opx—Gt exchange

equilibirum (c) Aldan Shield 3 860 825-880 0.35-0.52 0.01-0.02  0.05-0.11
Aranovich (1991)
Furua Complex 13 797 652-919  0.59-0.75 0.16-0.17  0.02-0.03
Coolen (1980) 12 809 743-919  0.59-0.75 0.16-0.17  0.02-0.03
Asuanipi Complex 11 752 643-829  0.58-0.70 0.03-0.04  0.05-0.07
Percival (1991) 10 763 694-829  0.58-0.69 0.03-0.04  0.05-0.07
Oaxaca 4 765 700-809 0.72-0.77 0.07-0.19  0.01-0.03
Mora and Valley (1985)
Adirondacks 2 665 619-711  0.98-0.99 0.21 0.003-0.005
Jaffe et al. (1978)
Arendal, Norway 6 750 720-793  0.66-0.85 0.09-0.19  0.01-0.03
Lamb et al. (1985)
Bamble, Norway 10 699 646-746  0.60-0.90 0.02-0.20 0.01-0.06
Harlov (1992)
Adirondacks 5 714 653-851  0.85-0.89 0.17-0.22  0.013
Jen and Kretz (1981) 4 680 653-707  0.85-0.87 0.18-0.22  0.013
Antarctica 7 708 630-988  0.48-0.82 0.02-0.20 0.01-0.11
Sandiford/1985) 6 671 630-760 0.48-0.82 0.02-0.20 0.01-0.11
Otter Lake 3 742 666-844  0.77-0.80 0.18-0.21  0.008-0.009
Perkins et al. (1982)
Minto Block 6 691 580-800 0.64-0.79 0.03-0.08 0.02-0.06
Begin and Pattison 5 713 654-800 0.64-0.79 0.03-0.08 0.03-0.06
(1994)
Nain Complex 17 811 631-1140 0.64-0.85 0.01-0.05 0.03-0.06
Berg (1977) 12 735 631-785 0.64-0.85 0.01-0.05 0.03-0.06

are presented in Table 1. If compositional zoning in gasurrounded or in contact with quartz or feldspar (e.g.
net andor orthopyroxene was reported in the originaPattison and Begin 1994; Florence and Spear 1991) leave
publications, temperature estimates have been calculdliéte doubt that low temperature reequilibration via dif-
using compositions of the cores of the minerals. THasive exchange is a common, if not unavoidable feature
results in Table 1 indicate that our systematics producen slowly cooled metamorphic rocks. These observations
estimates broadly consistent with the mdogic intuition are also supported by theoretical simulations of diffu-
— mineral facies approach. The temperatures obtaingdn profiles in minerals (e.g. Chakraborty and Ganguly
for each complex generally fall withir-75° C of the 1992). Considerable uncertainty remains, however, re-
average value, indicating reasonable clustering offthegarding the extent to which these low-temperature pro-
estimates but not without the effects of late stage reequesses affect core compositions of low-diffusive miner-
libration in some samples. We consider this an encouras, in particular garnet, which is involved in the most
ing feature of the systematics given the wide range of &ffective geothermometers. As pointed out by Pattison
and Opx compositions covered by the data in Table 4nd Begin (1994), kinetic modelling does not provide an
Especially notable are the temperature estimates farambiguous solution to this problem because cooling
Adirondaks samples with extremely Fe-rich garnet ametes of the rocks are unknown and uncertainties of ex-
orthopyroxeneX-.=0.98-0.99, Jaffe et al. 1978), whichperimentally determined diffusion coefficients are large
are in excellent agreement with temperatures computeglough to permit contradictory results from diffusion
for more typical compositions found in the Adirondakgrofile simulations.
(Johnson and Essene 1982). In general, our computedOur calculations do not reveal any significant temper-
temperatures average about 30-60lower than those ature underestimates suggested by some authors to be a
based on the calibration of Lee and Ganguly (1988). typical feature of the FeMg exchange thermometers in

A central point of contention in recent applications dfigh-grade rocks (e.g. Pattison and Newton 1989; Frost
geothermobarometry concerns the ability offidg ex- and Chacko 1989; Harley 1989), although a certain
change thermometers to recover “near-peak” tempeganount of lower temperature resetting is indicated for a
tures for relatively slow cooled rocks (e.g. Pattison arfdw samples in Table 1 taken by themselves. For less am-
Newton 1989; Frost and Chacko 1989; Harley 198®jguous conclusions to be drawn, computed-Myg ex-
Fitzsimons and Harley 1994; Pattison and Begin 1994hange temperatures must be compared with estimates
Detailed compositional maps which show large, stedgased on a compositional parameter assumed to be more
gradients in F&(Fe+Mg) at contacts between ferromageonservative with respect to low-temperature reequili-
nesian minerals, and little to no gradients where garnetigtion. The AJO, content of Opx has been suggested by
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Fig. 8 Difference between temperatures computed withQ3l T, \, (Fig. 8b). Observation of Fig. 8a shows that
content of Opx gquares F,_n;, triangles Tyg_a)) versusXy, in éTF%Al —Teemg) IS always less thanT{,,_a—Tremg)-

Opx @), andTe._uq (b). Zero line denotes ideal correspondenc : I : _
of the thermoFme'zvtlgers. Note the much closer correspondence ?c]( ecting the fact that these three equilibria are notinde

Tee mg Of Tee ar than Ty, A ¢ P—T diagram showing linear pendent, with reaction (d) havinga-T slope intermedi-

dependence among the exchange equilibrium+Py=En+Alm ate between those of (¢) and (e) (Fig. 8c). In addition, the

and the two net transfer equilibria FOk=Alm and EntOk=Py |arger standard enthalpy change of equilibrium (d)
(—35.5 k¥mol) makes it more robust relative to equi-

: . librium (e) (—4.7 k¥mol). For these reasons, subsequent
many authors (Aranovich and Podlesskii 1989; Anoviigiscussion will only consider the more reliable tempera-
1991, Fitzsimons and Harley 1994, Pattison and Begjfires based Ofice o aNdTee
1994) to be less sensitive to low temperature reequilibra- | Figs. 8a and 8b, individual points are rather equally
tion because it is governed by net transfer reactions thadtriputed around the zero base line that denotes perfect
have much higher activation energies than the-Mg agreement between the two thermometers, suggesting no
interdiffusion process. _ tendency of the exchange thermometer to underestimate

In order to evaluate these suggestions, we have COfBmperature. About 70% of the squares plot witkifi—
puted temperatures for the samples in Table 1 notonly 95 C of the zero base line, demonstrating reasonably
the basis of the FeMg exchange equilibrium (c), butgood agreement between the two thermometers. That re-
also the net transfer equilibria: action (d) appears to monitor somewhat higfierlues

_ than the exchange reaction (c) (Fig. 8b) reaffirms that
3 FstAl,0;=Alm (d) the Fe-Mg exchange freezes in at a lower temperature
3 Ent+AlLO,=Py (e) than Alnettransfer. Onthe other hand, one may question

whether equilibrium has been attained between Gt and

Equilibrium (e) has been used extensively as a geOpx in this temperature range, particularly for the most
barometer in ultramafic systems (e.g. Finnerty and Boy-rich samples with very low AD, contents of Opx
1984) and a geothermometer in more acid compositio(see Table 1) T.. 4 Vvalues for these samples range
(e.g. Pattison and Begin 1994; Fitzsimons and Harléyom 770 to 640 C, in reasonable agreement with corre-
1994). To our knowledge equilibrium (d) has not beesponding regional estimates (Johnson and Essene 1982)
applied previously as a geothermometer. Here we referftw the Adirondacks, whil@-,_,, is far too low for many
temperatures calculated with equilibria (c), (d) and (e) aamples to be explained with any equilibrium model. For
Tee-mgr Tre—ai, @aNd Ty, 4 respectively. the samples with relatively high:. g, the net-transfer

Forthe samplesin Table 1 we calculated temperaturesction (d) in many cases gives lower temperatures esti-
using all three equilibria. The results of these calculmates than the exchange reaction (Fig. 8b).
tions, expressed as a difference between temperature esFhe ability of Fe-Mg exchange thermometers to re-
timates from the net-transfer and exchange reactions aower near-peak metamorphic temperatures in high-
plotted as a function o, ., in Opx (Fig. 8a) and grade rocks can be further assessed by detailed compari-
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Table 2 ComputedP—T val-

ues for selected natural sam-

plest

2T, computed from F$Ok=
Alm; T, computed with
Gt—0Opx exchange equilibri-
um; T; computed with G+Cd
exchange equilibrium;

P, computed with Py Qz
=En+Cd; T,—P, computed
from intersection o, with
Alm+Qz=Fs+fCd equilibri-
um.

P Samples with strongly zoned

garnet;P, computed from
Py+Gr+Qz=En+An.

¢ Samples containing
Grt+Opx+PIl+Qz; P, com-
puted from Gr-Py+Qz
=En+An

9 Samples containing
Grt+Cd+Sil+PI+Qz; P, and
P, computed from Py Si+Qz
=Cd and GrSi+Qz=An, re-
spectively;T,=T,

¢ Samples containing
Grt+Opx+PI+Qz; P, com-
puted from Py Qz=En+Si;

1
860

900
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sons of the temperature readings of these two thermome-
ters in individual rocks. We performed such tests on well
documented samples of GCd+Opx+Qz gneisses
from the contact aureole of the Nain anorthosite massif
(Berg 1977), as well as granulites of the Minto block,
Northern Quebec (Begin and Pattison 1994) and Aldan
shield, Eastern Siberia (Perchuk et al. 1985; Aranovich
1991). Most samples (e.g. Fig. 9) show good agreement
between garnet-cordierite and garnet-orthopyroxene ex-
change temperature$,(andT;, respectively, of Table 2),
with a general tendency (excluding Nain samples with
zoned Gt) towards slightly lower temperatures (0-
100 C) for the Gt-Opx thermometer. Gt-Cd exchange
temperatures are, however, in excellent agreement with
temperatures based on equilibrium (d). As the latter are
much less sensitive than the Gt-Opx exchange equilibri-
um to late Fe-Mg reequilibration, the lower Gt-Opx ex-
change temperatures may indicate somewhat higher
Fe—Mg diffusivity in Opx relative to Cd and Gt in this
temperature range.

Several samples of Berg’s (1977) give unrealistically

high temperatures with both thermometers when core

ompositions of the garnets were used in the calculations
(Jable 2). Berg reports that symplectic coronas of
Opx+Cd around compositionally zoned garnet are a

Sample Ref Xok Xpy P,—T, T,@P, T,@P, P,-T,
LRD-72 Berg (1977) 0.039 0.348 6.4-806 793 805 6797
Kl 3557 0.042 0.140 3.0-870 770 875 3.5-820
2-893 0.27 0.188 4.2-780 782 820 4.1-800
2-1833 0.056 0.191 3.4-887 778 785 4.3-780
2-145% 0.054 0.335 7.2-980 1170 900 7.1-1015
2-1637 0.054 0.206 4.4-935 920 830 4.8-875
K1 3909 0.048 0.163 3.8-890 855 860 4.1-857
2-625 0.039 0.165 2.8-800 690 750 3.6-725
2-1726 0.034 0.172 3.1-790 710 745 3.6-730
RAWN-437 0.026 0.168 2.7-735 645 730 3.1-690
2-1572 0.047 0.292 6.3-915 990 910 6.2-945
2-1578 0.032 0.244 5.8-850 985 860 5.5-915
2-148¢ 0.039 0.285 6.3-885 1010 890 6.0-945
NK 420B 0.044 0.224 3.9-810 690 755 4.5-725
NU-69 0.043 0.213 3.2-780 635 690 4.2-660
2-275 0.042 0.231 4.1-810 730 735 4.7-735
74-98a 0.047 0.146 2.7-850 725 780 3.5-755
2-1572r 0.044 0.230 4.5-845 780 810 4.8-800
c 10B° Begin and 0.033 0.187 5.6-840 765
B 69F° Pattison (1994) 0.027 0.188 4.6-745 690
P 88 0.040 0.225 7.3-910 812
P 69 0.022 0.206 3.2-650 570
B 74B 0.58 0.346 5.3-800 670 782 6.2-750
B 58 0.046 0.320 4.8-770 650 780 5.9-740
s 0.770 0.344 7.3-775 6.5-772
p 79 0.731 0.299 6.9-767 6.5-765
KU14316 Holtta et al. (in prep) 0.090 0.546 7.8-900 795 - 10.2-800
Sut-2 Aranovich 0.049 0.465 7.7-845 850 780 7.8-820
Sut-6F (1991) 0.091 0.643 9.7-960 890 — 11.2-885
Tok-18 0.113 0.551 7.8-970 800 - 10.9-830
0.079 0.551 8.4-850 840 8.4-842

P, computed from intersection Tok-18/1°

of T, and B,




34

8000 1w ' : ! ’ ' : : positions of the minerals surrounded by coronas for re-
trieving P—T conditions of their formation is unjustifi-
able and should lead to erroneous conclusions regarding
2-1572] [K-3909] | the P—T evolution of rocks. Conversely, in high-grade
rocks lacking prograde zoning and textural evidence of
L reaction relationships among minerals, it seems reason-
able to use core compositions for recovering “near-peak”

- physical conditions of high-grade metamorphism. Some
caution is needed, however, as detailed compositional
of ] maps (Pattison and Begin, 1994) indicate that some
| Fe—Mg reequilibration of Opx and Gt cores may occurin
high temperature granulites.
- L Formation of Opx-Cd coronas is a typical feature of
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\ many high-grade metamorphic rocks of the appropriate
- bulk composition and is usually explained by rapid de-
compression (e.g. Harley 1989 and references therein).
Our systematics suggest that cooling could also be a fac-
3000 L : . : . tor if primary Opx was involved in the corona-forming
02 03 04 05 04 reaction. A significantly lower Al content of corona Opx
Xre relative to that of the matrix Opx would be characteristic
Fig. 10 P—Xc.diagram showing divariant loop for the assemblagin the latter case (see Fig. 7). The sampl_es described by
thCdfOpfoQz. See text for discussion of evolution of twoBerg (1977) (_jo not, _however, contain primary pr and
coronitic samples described by Berg (1977) therefore their reaction textures should be attributed to
decompression. Rocks with different bulk ffEe+Mg)
ratio must initiate reaction during decompression at dif-
ferent pressures. Fig. 9illustrates this point for several of
erg’s (1977) samples. Sample 2-1572 which has a Gt
core composition of M¢ =30 should start to react to
high Mg—Gt+Qz=lower Mg—Gt+Opx+Cd (fy more Fe-rich Gt Opx+Cd at about 6 kbar, while garnet
with Mg# =18 (sample KI3909) would remain unreact-
Hence the core compositions of garnets in these sampdesup to 4 kbar. If core compositions of the garnets were
may be considered as relics of the “starting materialised inP—T calculations this would have produced an
while those of the outer parts of garnet grains shouétbparenP-difference between the two samples of about
more closely correspond to equilibrium with Opx an@ kbar and the erroneous conclusion of a non-isobaric
Cd. Details are not given, however, as to which specifarigin of the corresponding parts of the Nain complex.
samples contain these textural features. For one of thethe same time if the composition of the outer parts
samples $2-1572), Berg gave a detailed compositiongbut not the extreme rims affected by low-temperature
profile of the garnet (Opx and Cd are almost homog&e—Mg exchange) of the garnet in the first sample are
neous). Temperatures calculated on the basis of near-taken, bothT andP estimates for these samples become
compositions (800C) of minerals for this samplet#(2- very similar (800—-850C, 4-4.8 kbar; Table 2). Itis note-
1572rin Table 2) are much lower than those based on therthy that the more Fe-rich garnet (KI3909 is almost
core compositions (95@) and agree very well with theunzoned (except for the very narrow outer parts of the
estimates from other samples by Berg (1977). grains in direct contact with cordierite (Fig. 3 of Berg
It can be argued that the rim compositions of garn&®77). So far as diffusivities of Mg and Fe in garnet are
may not represent the original equilibrium ones becausinilar (Chakraborty and Ganguly 1992), at least in the
of later-stage cooling undergone by the rocks. Detailéichited compositional range of the Fe-rich garnets, the
observations show that the late-stage intergranular diffdifference in zoning profiles between the two garnets
sion caused by such cooling generally affects only tlappears to be due to the difference between“starting”
very outer parts of FeMg minerals at their mutual con-(nonequilibrium core) and “final” (equilibrium near-
tacts and is readily recognizable by the steep composim) compositions for each of them rather than the dif-
tional gradient it normally produces (e.g., Berg 1977erence in the rate of diffusional homogenization. The
Perchuk et al. 1985) as well as close correspondenceabbve example shows also how dangerous could be an
compositional changes in the adjacent mineral grainsattempt to calibrate garnet-orthopyroxene geothermo-
the progress of the exchange reactions. Compositionsiarometers basing on the naturally occurring assem-
the inner parts of the grains (but still removed from thielages, especially those containing reaction textures.
cores) which exhibit much shallower compositional gra- Two samples (S2 and P79 in Table 2) described by
dients, or contacts with leucocratic minerals seem to Begin and Pattison (1994) contain the assemblage
better candidates for geothermobarometry of coron@t+Cd+Sil+PI+Qz. TWQ calculations show very good
bearing samples. In any event employing the core comgreement between Gt-Cd exchange temperatures for

4000 -

0.

Gt + Opx + Cd + @z

common feature in these rocks, suggesting their for
tion in the course of the continuous reaction:
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these samples and those that also contain Opx (B74B atdr and AJO, content of Opx is an excellent geo-
B58 in Table 2), as well as with-._,, for the latter sam- thermometer, independent of other compositional vari-
ples. Gt-Opx exchange temperatures are consideraables.
lower for most samples (up to 13Q), again suggesting Comparison of temperature estimates from different
susceptibility of Opx to compositional reequilibration aéxchange and net-transfer reactions for a number of sam-
lower temperature. It should be noted, however, that tpées representative of high-grade terranes demonstrates
differences between our results with the two thermomthe ability of carefully chosen portions of Fég min-
ters are not as extreme as Begin and Pattison (1994) aahls to preserve information regarding a high tempera-
culated on the basis of Harley’s (1984) experimenttire steady state during their evolution. Relative insensi-
data. tivity of the equilibrium Fs-Ok=AIm to late Fe-Mg

For the Aldan Shield samples containing#®px reequilibration, makes this new thermometer the most
+Sil (last three samples in Table 2), our systematicebust for the Gt Opx assemblage. Applications of this
again give Te._,, higher than those calculated fronthermometer yield consistenttemperature estimates rela-
Tee_mg » SUggesting some resetting of the latter thetive to Gt-Cd Fe-Mg exchange temperatures, but
mometer for these very high temperature rocks. One sgmewhat higher temperatures than recorded by the
the samples (Tok-18, Aranovich and Podlesskii 198%t—Opx Fe-Mg exchange thermometer.
represents an Archean granulite basement reworked and
uplifted during a major Proterozoic event in the Stanovgytknowledgements We gratefully acknowledge the generous
fold belt, Eastern Siberia (Karsakov 1978; Perchuk et ghpport received by LYA from the Continental Geoscience Divi-

1985). It is characterized by complex textural featur%@?” of the Geological Survey of Canada. We also appreciate the
) elpful review provided by E. Froese. This paper is a contribution

compatlb_lg-:- with its longP—T history (AranOV'Ch and to IGCP #304 (Lower Crustal Processes), and isoldgical Sur-
Podlesskii 1989), and also by a very high,@} content vey of Canada contribution number 41294.
of the core of Opx (11 wt% AID;). This composition
yieldsTe._ o, =¥1000 C, which is about 170C higher
than that based oM.\, (Table 2). An alternative ex-
planation to low-temperature FéMg reequilibration References
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