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Abstract Internally consistent thermodynamic data for
endmembers and solid solutions derived in Part I of this
work are used to predict phase relationships and compo-
sitions of solid solutions in good agreement with direct
experimental observations that were not used in the cali-
bration. This “external” consistency with a large body of
experimental observations increases confidence in ap-
plications to both petrogenetic grid and thermobaromet-
ric calculations. The predicted position of the univariant
FMAS equilibrium Gt1Cd5Opx1Si1Qz occurs be-
tween 7.8 kbar – 7008 C and 10.6 kbar – 11008 C, in
excellent agreement with available phase equilibrium re-
versals, and with thermobarometric results for both
higher-P Opx1Si1Qz bearing and lower-P Cd bearing
granulites. In these assemblages, garnet composition is
an excellent geobarometer and Al2O3 content of Opx is
an excellent geothermometer, almost independent of oth-
er compositional variables. Comparison of temperature
estimates from different exchange and net-transfer reac-
tions for a number of samples representative of high-
grade terranes demonstrates the ability of carefully cho-
sen portions of Fe2Mg minerals to preserve information
regarding a high temperature steady state during their
evolution. The equilibrium Fs1Ok5Alm, based on the
Al2O3 content of Opx, offers the most robust thermome-
try for the Opx2Gt assemblage because of its relative
insensitivity to late Fe2Mg exchange. Applications of
this thermometer indicate that in many samples the
Al2O3 content of Opx yields very similar temperatures to
Gt2Cd Fe2Mg exchange. For some high temperature
samples, these temperatures are up to 1508 C higher than
calculated with the Gt2Opx Fe2Mg exchange ther-
mometer.

Introduction

Since the pioneering works of Karpov et al. (1976) and
Helgeson et al. (1978), there has been a great deal of
focus on the use of internally consistent thermodynamic
data for quantitative petrologic calculations (e.g. Powell
and Holland 1985, 1988; Holland and Powell 1990;
Berman 1988, 1991). While experimental phase equi-
librium studies have provided the foundations for quanti-
tative understanding of igneous and metamorphic rocks,
thermodynamic data provide the means to extrapolate
from the laboratory to nature. This extrapolation is par-
ticularly important and challenging for calculation of
phase relationships in complex chemical systems (e.g.
Aranovich 1983, 1991) which afford closer approxima-
tions of natural systems than the simplified systems most
amenable to producing interpretable experimental data.
Extrapolation is also important for geothermobarometry
calculations in which the deviations of mineral composi-
tions from those produced in experimental studies are
significant, and theP2T range of experimental accessi-
bility is often well removed from the physical conditions
of rock equilibration. The potential drawback of the in-
ternally consistent approach to quantitative calculations
is that the data may not represent all experimental results
sufficiently well to meet the most stringent extrapolation
requirements. It is therefore important to demonstrate
that no loss of accuracy is introduced compared to the
use, for example, of a geothermometer based solely on
the results of one experimental study. We show in the
companion paper (Berman and Aranovich 1996; referred
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-
ments; we suggest that our calibration based on data for
many different equilibria results in an increase in overall
accuracy over that obtainable from more limited data
sets that, in most cases, cannot separate between the
standard and mixing energy contributions. This accuracy
can also not be obtained from sets of endmember ther-
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modynamic data that are not linked with mixing proper-
ties through appropriate analysis of experimental data
(Berman 1988; Holland and Powell 1990).

In this paper we explore some of the geological impli-
cations of the optimized thermodynamic data for olivine,
orthopyroxene, garnet, cordierite, and ilmenite. We first
present calculated phase relationships in complex chem-
ical systems that serve as a basis for consideration of
many features in high-grade metamorphic assemblages
of pelitic to intermediate composition, and compare
these calculations with natural observations. Compari-
son with available experimental data will also serve as
additional tests of the thermodynamic data derived in
Part I. We then discuss the implications of the thermody-
namic data for thermobarometric calculations for the
same assemblages.

Calculated phase relations

All computations were performed on a PC-486 with the
Gibbs free energy minimization software, THERIAK,
described by de Capitani and Brown (1987). Thermody-
namic data are those described in detail in Part I com-
bined with internally consistent data for other minerals
and fluids given by Berman (1988).

Phase relations involving ilmentite

Comparisons with experimental data discussed in Part I
indicate that our derived properties for the ilmenite solid
solution with low hematite component (,0.03 Xmax

Hm )
yield reasonable representation of the energetics on the
Ilm-Gk (see abbreviations in Table 1, part I) binary. Pre-
dicted phase relationships involving ilmenite provide an
opportunity to further test our calibration, in addition to
exploring some implications for geothermobarometry.
Koziol and Bohlen (1992) examined displacement of the
GRAIL equilibrium:

3 Ilm1Si12 Qz5Alm13 Rt (a)

through addition of MgO, and concluded that Fe2Mg
mixing in garnet is very near ideal. They report incorpo-
ration of up to approximately 2 weight % TiO2 in run
product garnet, while Bohlen et al. (1983), in studying
equilibrium (a) in the Mg-Free system, considered TiO2

in garnet analyses to be due to dispersed Rt inclusions.
Because of the ambiguity between these observations,
we did not use the data of Koziol and Bohlen (1992) in
the calibration described in Part I. Predicted phase rela-
tions show excellent agreement with the experimental
observations (Fig. 1). The garnet side of the divariant
loop lies within the uncertainties of, but at slightly less
Fe-rich compositions than those determined by Koziol
and Bohlen, consistent with the calculations which do
not account for solution of TiO2 in garnet.

Fig. 1 Comparison of available experimental data withP2XFe

diagram for the divariant assemblage Gt2Ilm2Rt2Si2Qz in the
FMAST system, computed with Part I thermodynamic data. Sym-
bols show nominal experimental data, withdiamondsand trian-
glesshowing Gt and Il compositions, respectively.Linesconnected
to symbols show effect of+0.01XFe compositional uncertainties
as well as direction from which final compositions were ap-
proached

Although Koziol and Bohlen (1992) did not attempt to
reverse the Fe2Mg partitioning between garnet and il-
menite, the consistency of their experimental observa-
tions (Fig. 1) suggests a close approximation to equilibri-
um. Koziol and Bohlen (1992) note that their data yield
KD54.9, while Green and Sobolev (1975) measured KD
values around 4.0 in synthesis experiments on pyrolite
and olivine-basanite compositions. Our calculations are
in reasonable agreement with both these studies, with KD

increasing from 3.6 to 5.2 asXFe increases from 0 to 1.
A similar compositional dependence of KD is comput-

ed for Fe2Mg exchange between Opx and Il. At 10008 C,
KD increases from 8 to 13 going fromXFe50 to 1. At
higher temperatures, this compositional dependence is
reduced as the ilmenite solid solution becomes closer to
ideal. Our calculated KD values reproduce within uncer-
tainties the 800–11008 C measurements of Hayob et al.
(1993) which were utilized in Part I, as well as the major-
ity of the 800–13008 C data of Bishop (1980) which were
not included in the Part I calibration (Fig. 2). Although
only two bulk compositions were studied, the latter data
clearly show the large compositional dependence of KD,
which is important to account for in accurate thermody-
namic calculations. One half-bracket of Bishop’s at
10008 C indicates much higher KD than our predictions
and than the data of Hayob et al. This half-bracket ap-
pears to represent a large overstepping of the equilibrium
composition produced by the use of highly metastable
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Fig. 2 Variation of KD with XFs at 13 kbar for the equilibrium
Gk1Fs5En1Ilm. Symbols as in Fig. 1

Fig. 3 Mg-rich portion of computed Roseboom diagram for
Ol2Opx atP52 kbar, and 400-8008 C. Insetshows isotherms over
entire compositional range. Compositions of natural coexisting
Ol1Opx (f illed circles) taken from compilation by Sack and
Ghiorso (1989). Note that forXFe,0.10, Part 1 systematics predict
XOpx

Fe .XOl
Fe at temperatures below 8008 C

starting materials consisting of a mixture of endmember
geikilite1ferrosilite.

The above comparisons indicate that ilmenite proper-
ties derived in Part I afford very reasonable approxima-
tion of phase equilibrium data involving low Fe31 il-
menite. Fe2Mg exchange thermometers have been pro-
posed for the pairs Ol-Il (Andersen et al. 1991) and Opx-
Il (Bishop 1980). The partitioning of Fe2Mg between Il
and Cd is even more extreme, presenting an attractive
possibility for geothermometry, albeit limited by the low
concentration of Mg in ilmenite at low temperature. Our
calculations again show that deviations from ideality in
these phases lead to a strong compositional dependence
with KD increasing from¥45–75 over the rangeXFe50
to 1 at 6008 C and from¥18 to 30 over the same compo-
sitional range at 8008 C.

Stability of orthopyroxene1olivine (1y2quartz)

Figure 3 shows calculated Fe2Mg exchange isotherms
for coexisting olivine-orthopyroxene over the tempera-
ture range 400–8008 C. In accord with the experimental
data on which they are in large part based (von Seck-
endorff and O’Neill 1993), our calculations indicate (1) a
very small temperature dependence of KD, which reflects
the lack of suitability of this exchange couple as a
geothermometer, and (2) that Ol is more Fe-rich than
Opx at all temperatures above 7008 C. Crossover of the
computed isotherms with the diagonal line representing
equal partitioning of Fe and Mg between Ol and Opx,
such that Ol becomes less Fe-rich than Opx, has been
inferred from some natural observations (see references
listed in Sack and Ghiorso 1989) and from older experi-

mental studies (Medaris 1969; Matsui and Nishizawa
1974; Fonarev 1987; Koch-Mueller et al. 1992). Rea-
sons for the apparent disagreement with these experi-
ments have been discussed in detail by von Seckendorff
and O’Neill (1993). We can add to their arguments that
only two experimental points withXOl

Fe,XOpx
Fe (XOl

Fe
50.11, 9008 C; XOl

Fe50.11, 10008 C, Koch-Muller et al.
1992) are inconsistent with the calculated isotherms
(Fig. 3) in terms of direction of approach to equilibrium
(see discussion in Part I). These inconsistencies can be
attributed to experimental difficulties such as X-ray de-
termination of final compositions, and possible lack of
equilibrium due to extreme sluggishness of the reactions
with starting Mg-rich Opx. Apparent disagreement with
the natural observations deserves more detailed consid-
eration.

According to our calculations there is a point, at ap-
proximatelyXOpx

Fe 50.28 (see inset in Fig. 3), of intersec-
tion of the exchange isotherms, which divides them into
two parts with the opposite temperature dependence (i.e.
with the opposite sign of the integral enthalpy change of
the exchange reaction). Such a crossover point was not
observed in the experiments of von Seckendorff and
O’Neill (1993), but it is not precluded by them either (cf.
runs 41, 42, 13y1, 13y2, 1y1, 33, 38, and 34 in their
Table 2). Low-temperature extrapolation of our fit for
these extremely Mg-rich compositions produces a cross-
over with the diagonal (Fig. 3) at temperatures below ca.
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7008 C. For natural samples withXOl
Fe less than or equal to

XOpx
Fe (compositions taken from Sack and Ghiorso 1989,

their Table A1), our calculations predict equilibration
temperatures in the range 400–7508 C, in broad agree-
ment with the geological environments in which they
formed (serpentinites and tectonically emplaced peri-
dotites). These samples may well have undergone a pro-
cess of low temperature reequilibration, rather than rep-
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 O’Neill (1993).

The olivine-orthopyroxene-quartz assemblage was
one of the first quantitatively calibrated geobarometers
(Bohlen et al. 1980; Bohlen and Boettcher 1981), and our
calculations (Fig. 4) confirm its validity as a geobarome-
ter. It should be noted that, although our predicted
olivine composition in equilibrium with orthopyrox-
ene1quartz at any specific temperature is slightly less
Fe-rich than determined in these studies (see Part I), the
position of the Fey(Fe1Mg) isopleths on aP2T diagram
(Fig. 4) coincides well with those determined experi-
mentally by Bohlen and Boettcher (1981).

In spite of the fact that the Opx isopleths have a very
shallow dPydT slope, suggesting a minimal temperature
dependence of pressure readings for this geobarometer,
there is an indirect influence of temperature. For exam-
ple, a rock with bulk Fey(Fe1Mg)50.8 equilibrated at
8008 C and 4 kbar should containXOpx

Fe 50.78 and
XOl

Fe50.88 (Fig. 4, see also Fig. 7, Part I). Low-tempera-

ture Fe2Mg resetting down to 6008 C (without operation
of the net-transfer reactions) would change coexisting
compositions toXOpx

Fe 50.76 andXOl
Fe50.90, leading to a

pressure determination of less than 2 kbar (Fig. 4). This
implies that pressure estimates from the Ol2Opx2Qz
assemblage in rocks subjected to slow cooling may cor-
respond to a minimum rather than peak metamorphic
pressure.

Stability of orthopyroxene1magnetite1quartz

The equilibrium:

3 Fs11y2 O25Mt13 Qz (b)

limits the maximum Fe-content of Opx at oxygen fugac-
ities above that of the QFM buffer, and is important as a
“oxybarometer” for high-grade metamorphic rocks of a
variety of bulk compositions (Fonarev 1987). Experi-
mental observations on the composition of Opx equili-
brated with Mt and Qz at temperatures between 700 and
8508 C, pressures of 1 and 5 kbar, andfO2

buffered by
Ni2NiO were reported by Fonarev et al. (1976) and
Fonarev (1987). These data are important for indepen-
dent assessment of the mixing properties of Opx on the
En-Fs join, as well as the standard state properties of
ferrosilite. They were not incorporated into the analysis
of Part I because of ambiguities in the experimental de-
termination of Opx composition. Contradictory interpre-
tations have been given to the data by Fonarev (1987) and
Lindsley (1980); the former suggesting a positive dTy
dXFe slope of the phase boundary, and the latter a nega-
tive slope.

Figure 5 showsT2XFe 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
T2XFe, a rather diplomatic compromise to Lindsley’s
(1980) and Fonarev’s (Fonarev et al. 1976; Fonarev
1987) interpretations. More importantly, however, our
calculations are consistent with the experimental obser-

Fig. 4 Comparison of computed isopleths of Opx (labelled at
5 mol% Fs intervals) with experimental observations by Bohlen
and Boettcher (1981).Trianglesshow P2T conditions, adjusted
for experimental uncertainties, at which Opx of the corresponding
Fs content was found stable.Squaresshow conditions where Opx
broke down to the divariant assemblage Opx1Ol1Qz. Opposite
ends of attached lines show nominal experimentalP2T conditions

Fig. 5 T2XFediagram for the assemblage Opx1Mt1Qz at oxygen
fugacities buffered by Ni2NiO and pressures of 1 and 5 kbar.
Labelled curves calculated with thermodynamic data from Part I.
Symbols as in Fig. 1, with data at 1 kbar (solid symbols) and 5 kbar
(open symbols) of Fonarev et al. (1976,triangles) and Fonarev
(1987,squares)
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vations on compositional changes of Opx during the
course of reaction (b), particularly if the compositions of
Opx reported by Fonarev (1987), rather then those re-
ported in the earlier publication (Fonarev et al. 1976),
are taken.

Garnet-orthopyroxene phase relations in CMAS

Experimental observations on stability of pyrope-
grossular garnet relative to Opx1An1Sil in the quartz-
saturated portion of the system CMAS (Hensen 1976;
Perkins 1983) were not included in the thermodynamic
data retrieval described in Part 1, and provide an inde-
pendent test for the derived garnet solution properties as
well as standard properties of the minerals involved.
The position of the univariant curve together with com-
puted XGt

Gr and XOpx
Al2O3

, are shown in Fig. 6. Agreement
between our calculations and independent experimental
results is reasonably good. Our calculations indicate 7%
grossular component at 13008 C and 15.3 kbar (Fig. 6),
in excellent agreement with experimental observations
(6–7% grossular) at the sameP2T conditions (Perkins
1983), Our calculated curve is at slightly lower pressure
than the lowest temperature brackets obtained by Perkins
(1983), but is consistent with Hensen’s (1976) data. On
the basis of their own thermodynamic analysis, the valid-

ity of Perkins’ brackets was questioned by Perkins
(1983) and Wood and Holloway (1984).

Some peculiarities of the univariant boundary are
worth noticing here: the strong variation in the curvature
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
the univariant reaction is the “extremal” type (Prigogine
and Defay 1954; Korzhinskii 1973). At a certain bulk
composition, reactions of this type become degenerate,
involving a lesser number of phases than in the general
case. For the reaction under consideration this composi-
tion is close to Py67Gr33, where Al2SiO5 is not needed to
balance the reaction. Small deviation from this composi-
tion is caused by appreciable solubility of Al2O3 in Opx.

Garnet-orthopyroxene-cordierite phase relationships
in FMAS

The P2T diagram portraying phase relations between
garnet, orthopyroxene and cordierite1y2 sillimanite,
quartz (Fig. 7) has many important implications as well
as representing an extremely sensitive test of thermody-
namic properties derived in Part I. The principal feature
of this diagram is the univariant curve separating
Opx1Si from Gt1Cd assemblages in silica-saturated
rocks. The lowest pressure of this boundary, computed
with the data of Part I, is approximately 8 kbar, indicat-
ing the relatively high pressure origin of hypersthene-sil-
limanite-quartz gneisses described in many ancient
granulite-facies terranes (Harley 1989 and references

Fig. 7 P2T grid for the assemblage Gt1Cd1Opx1Sil1Qz in the
system MgO2FeO–Al2O32SiO2. Curves computed with Part I
thermodynamic data (with fully hydrated cordierite) show univari-
ant equilibrium (bold curve), as well as isopleths of 100XGt

Fe (num-
bers inside boxes) and Al2O3 content of Opx (1 mol% intervals,
ovals). P2T positions of natural samples with the most Mg-rich Gt
(Mg'551) in the assemblage Gt1Opx1Crd1Qz and the most
Fe-rich Gt (Mg'557) in the assemblage Gt1Opx1Sil1Qz are
plotted asf illed squareand circles, respectively.Solid and open
diamondsshow nominal experimental brackets (assuming 10%
friction correction for talc pressure cells) for the univariant equi-
librium from Bertrand et al. (1991)

Fig. 6 Comparison of experimental observations by Hensen
(1976, diamonds) and Perkins (1983,squares) in the system
CaO2MgO2Al2O32SiO2 with univariant curve (bold) for the
equilibrium Gt1Qz5Opx1An1SilyKy, calculated with thermo-
dynamic data of Part I. Numbers above and below the curve show
XGr andXOk, respectively. Symbols as in Fig. 4. Pronounced curva-
ture of the reaction is caused by compositional degeneracy in
which the Ca: Mg ratio in Gt becomes identical to that of the
assemblage Opx1An at XGr50.33)
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therein). It also shows that formation of the Opx2Si2Qz
assemblage is restricted to metapelite compositions with
relatively high bulk Mgy(Mg1Fe) ratios (.0.5). Al-
though generally similar to the previously published
grids (Aranovich and Podlesskii 1989; Hensen and
Harley 1990), our calculations (Fig. 7) differ from the
previous studies in some important details. First, we pre-
dict the transition at 1–2 kbar lower pressure, and corre-
spondingly more Fe-rich garnet composition along the
univariant curve. According to our calculations the lower
limit for Mg' of garnet equilibrated with Opx1Si1Qz
is about 50, compared to 70 calculated by Aranovich and
Podlesskii (1989) and about 65 inferred by Hensen and
Harley (1990). Support for the grid presented here
comes from reports of garnet as low in Mg' as 57 and 55
(circles in Fig. 7) in Opx2Si2Qz gneisses from the Al-
dan Shield (Perchuk et al. 1985; Aranovich and Pod-
lesskii 1989) and Varpaisjarvi, Central Finland (Holtta
et al., work in preparation), respectively. In addition, the
predicted univariant boundary is in excellent agreement
with high-temperature reversals on this reaction obtained
by Bertrand et al. (1991). Unfortunately, run products of
this study were compositionally extremely heteroge-
neous, preventing meaningful comparisons with our pre-
dicted compositions.

Our calculated compositions of Opx and Cd along the
univariant curve do not reveal the maxima in Mg' sug-
gested by Hensen and Harley (1990). Rather they show a
steady increase in Mg' with increasing temperature.
The computed curvature of the univariant boundary is
also not as pronounced as that proposed by Hensen and
Harley (1990). The “extremal” nature of the curve (a
pressure maximum exists above 11008 C) is dictated in
this case by the fact that the bulk Mgy(Mg1Fe) ratio of
the low pressure assemblage Gt1Cd becomes equal to
that of Opx.

Garnet Mg' in the divariant assemblages Gt1Cd
1Opx1Qz, Gt1Cd1Sil1Qz and Gt1Opx1Sil1Qz is
extremely sensitive to pressure variations (Fig. 7) and,
therefore, can be used as a geobarometer independent of
any other compositional parameters. The only cause for
caution is in the pressure dependence of the isopleths on
the activity of cordierite which itself depends on water
activity. Our calculations show that the garnet isopleths,
which correspond to the divariant equilibrium Gt1Qz5
Opx1Cd, can be a maximum of 2 kbars lower in pressure
in the limiting case of anhydrous cordierite.

Cordierite stability is known to be significantly influ-
enced by the presence and composition of a fluid phase
(e.g. Newton 1972; Aranovich and Podlesskii 1989).
Both dry (Pfluid50) and pure CO2 (P5PCO2

) conditions
lead to an increased stability field of the Opx1Si1Qz
assemblage at the expense of Cd1Gt. It is important to
note, however, that at higher pressure, where the solubil-
ity of H2O and CO2 molecules in the cordierite structural
channels becomes almost identical, the difference be-
tween the location of the univariant curve becomes very
small, as is well illustrated in the experimental observa-
tions by Bertrand et al. (1991).

Isopleths of Al2O3 in orthopyroxene have a negative
slope onP2T diagram (Fig. 7), which differs strongly
from the previously published results (Aranovich and
Podlesskii 1989; Hensen and Harley 1990). This differ-
ence is caused primarily by a significantly lower Al-con-
tent in Opx in FAS predicted by the present study in
accord with new experimental observations by Ara-
novich and Berman (1995, 1996). It may have important
implications for deciphering reaction textures in high-
grade rocks: for assemblages lacking primary Opx, de-
velopment of Cd1Opx coronas around Gt should be in-
dicative of decompression, while for those having matrix
Opx it could be just as well related to cooling. Problems
associated with applications of Al-in-Opx thermometry
will be further discussed below under “geothermo-
barometry”.

Cordierite has been reported in textural equilibrium
with the assemblage garnet-orthopyroxene-quartz with
garnet as magnesian as Mg'551 (square in Fig. 7; Su-
tam block of the Aldan Shield; Aranovich 1991) and
Mg'554 (Enderby Land, Antarctica; Ellis et al. 1980).
If “fluid-absent” conditions had dominated during gran-
ulite-facies metamorphism, the transformation from
cordierite- to sillimanite-bearing garnet-orthopyroxene
assemblages should have taken place at much more Fe-
rich garnet compositions (Aranovich and Podlesskii
1989, their Fig. 5). This implies that at least in some
areas a fluid phase was physically present during the
high-grade metamorphic event, a conclusion reached al-
so by Hensen and Harley (1990) on similar grounds.

Geothermobarometry implications

In this section we highlight a few implications associated
with application of the systematics derived in Part I to
deciphering theP2T conditions of equilibration of high-
grade metamorphic assemblages. These calculations have
been made using the TWQ software of Berman (1991).

Garnet-orthopyroxene geothermometer

Geothermometry based on the exchange of Fe2Mg be-
tween garnet and orthopyroxene, via the equilibrium:

3 Fs1Py5Alm13 En (c)

has been experimentally investigated in several laborato-
ries (Kawasaki and Matsui 1983; Harley 1984; Lee and
Ganguly 1988; Eckert and Bohlen 1992). Our calcula-
tions summarized in Part I demonstrate that derived ther-
modynamic properties agree within uncertainties with
almost all data from these four studies that involved crys-
talline starting materials. Because of the use in Part I of
the entire combined experimental data set, our calibra-
tion for equilibrium (c) is significantly different from
any based solely on one set of experiments.

Termperatures computed for coexisting garnet-or-
thopyroxene pairs in a variety of geologic environments
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Table 1 Temperatures com-
puted for natural samples with
the Fe2Mg Opx2Gt exchange
equilibirum (c)

AreayReference ' Average Range XGt
Fe XGt

Gr XOpx
Ok

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
Sandifordy1985) 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 gar-
net andyor orthopyroxene was reported in the original
publications, temperature estimates have been calculated
using compositions of the cores of the minerals. The
results in Table 1 indicate that our systematics produceT
estimates broadly consistent with the petrologic intuition
– mineral facies approach. The temperatures obtained
for each complex generally fall within+758 C of the
average value, indicating reasonable clustering of theT-
estimates but not without the effects of late stage reequi-
libration in some samples. We consider this an encourag-
ing feature of the systematics given the wide range of Gt
and Opx compositions covered by the data in Table 1.
Especially notable are the temperature estimates for
Adirondaks samples with extremely Fe-rich garnet and
orthopyroxene (XFe50.98–0.99, Jaffe et al. 1978), which
are in excellent agreement with temperatures computed
for more typical compositions found in the Adirondaks
(Johnson and Essene 1982). In general, our computed
temperatures average about 30–508 C lower than those
based on the calibration of Lee and Ganguly (1988).

A central point of contention in recent applications of
geothermobarometry concerns the ability of Fe2Mg ex-
change thermometers to recover “near-peak” tempera-
tures for relatively slow cooled rocks (e.g. Pattison and
Newton 1989; Frost and Chacko 1989; Harley 1989;
Fitzsimons and Harley 1994; Pattison and Begin 1994).
Detailed compositional maps which show large, steep
gradients in Fey(Fe1Mg) at contacts between ferromag-
nesian minerals, and little to no gradients where garnet is

surrounded or in contact with quartz or feldspar (e.g.
Pattison and Begin 1994; Florence and Spear 1991) leave
little doubt that low temperature reequilibration via dif-
fusive exchange is a common, if not unavoidable feature
in slowly cooled metamorphic rocks. These observations
are also supported by theoretical simulations of diffu-
sion profiles in minerals (e.g. Chakraborty and Ganguly
1992). Considerable uncertainty remains, however, re-
garding the extent to which these low-temperature pro-
cesses affect core compositions of low-diffusive miner-
als, in particular garnet, which is involved in the most
effective geothermometers. As pointed out by Pattison
and Begin (1994), kinetic modelling does not provide an
unambiguous solution to this problem because cooling
rates of the rocks are unknown and uncertainties of ex-
perimentally determined diffusion coefficients are large
enough to permit contradictory results from diffusion
profile simulations.

Our calculations do not reveal any significant temper-
ature underestimates suggested by some authors to be a
typical feature of the Fe2Mg exchange thermometers in
high-grade rocks (e.g. Pattison and Newton 1989; Frost
and Chacko 1989; Harley 1989), although a certain
amount of lower temperature resetting is indicated for a
few samples in Table 1 taken by themselves. For less am-
biguous conclusions to be drawn, computed Fe2Mg ex-
change temperatures must be compared with estimates
based on a compositional parameter assumed to be more
conservative with respect to low-temperature reequili-
bration. The Al2O3 content of Opx has been suggested by
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TFe2Mg (Fig. 8b). Observation of Fig. 8a shows that
(TFe2Al2TFe2Mg) is always less than (TMg2Al2TFe2Mg),
reflecting the fact that these three equilibria are not inde-
pendent, with reaction (d) having aP2T slope intermedi-
ate between those of (c) and (e) (Fig. 8c). In addition, the
larger standard enthalpy change of equilibrium (d)
(235.5 kJymol) makes it more robust relative to equi-
librium (e) (24.7 kJymol). For these reasons, subsequent
discussion will only consider the more reliable tempera-
tures based onTFe2Al andTFe2Mg.

In Figs. 8a and 8b, individual points are rather equally
distributed around the zero base line that denotes perfect
agreement between the two thermometers, suggesting no
tendency of the exchange thermometer to underestimate
temperature. About 70% of the squares plot within1y2
758 C of the zero base line, demonstrating reasonably
good agreement between the two thermometers. That re-
action (d) appears to monitor somewhat higherT values
than the exchange reaction (c) (Fig. 8b) reaffirms that
the Fe2Mg exchange freezes in at a lower temperature
than Al net transfer. On the other hand, one may question
whether equilibrium has been attained between Gt and
Opx in this temperature range, particularly for the most
Fe-rich samples with very low Al2O3 contents of Opx
(see Table 1).TFe2Mg values for these samples range
from 770 to 6408 C, in reasonable agreement with corre-
sponding regional estimates (Johnson and Essene 1982)
for the Adirondacks, whileTFe2Al is far too low for many
samples to be explained with any equilibrium model. For
the samples with relatively highTFe2Mg, the net-transfer
reaction (d) in many cases gives lower temperatures esti-
mates than the exchange reaction (Fig. 8b).

The ability of Fe2Mg exchange thermometers to re-
cover near-peak metamorphic temperatures in high-
grade rocks can be further assessed by detailed compari-

Fig. 8 Difference between temperatures computed with Al2O3

content of Opx (squares TFe2Al, triangles TMg2Al) versusXOk in
Opx (a), andTFe2Mg (b). Zero line denotes ideal correspondence
of the thermometers. Note the much closer correspondence to
TFe2Mg of TFe2Al than TMg2Al. c P2T diagram showing linear
dependence among the exchange equilibrium Py1Fs5En1Alm
and the two net transfer equilibria Fs1Ok5Alm and En1Ok5Py

many authors (Aranovich and Podlesskii 1989; Anovitz
1991; Fitzsimons and Harley 1994; Pattison and Begin
1994) to be less sensitive to low temperature reequilibra-
tion because it is governed by net transfer reactions that
have much higher activation energies than the Fe2Mg
interdiffusion process.

In order to evaluate these suggestions, we have com-
puted temperatures for the samples in Table 1 not only on
the basis of the Fe2Mg exchange equilibrium (c), but
also the net transfer equilibria:

3 Fs1Al2O35Alm (d)

3 En1Al2O35Py (e)

Equilibrium (e) has been used extensively as a geo-
barometer in ultramafic systems (e.g. Finnerty and Boyd
1984) and a geothermometer in more acid compositions
(e.g. Pattison and Begin 1994; Fitzsimons and Harley
1994). To our knowledge equilibrium (d) has not been
applied previously as a geothermometer. Here we refer to
temperatures calculated with equilibria (c), (d) and (e) as
TFe2Mg, TFe2Al, andTMg2Al ,respectively.

For the samples in Table 1 we calculated temperatures
using all three equilibria. The results of these calcula-
tions, expressed as a difference between temperature es-
timates from the net-transfer and exchange reactions are
plotted as a function ofXAl2O3

in Opx (Fig. 8a) and
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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 Gt1Cd1Opx1Qz 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 temperatures (T2 andT3, respectively, of Table 2),
with a general tendency (excluding Nain samples with
zoned Gt) towards slightly lower temperatures (0–
1008 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 Fe2Mg reequilibration, the lower Gt-Opx ex-
change temperatures may indicate somewhat higher
Fe2Mg 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
compositions of the garnets were used in the calculations
(Table 2). Berg reports that symplectic coronas of
Opx1Cd around compositionally zoned garnet are a

Fig. 9 Thermobarometric results for sample LRD-72 (Berg 1977)
computed with TWQ software and thermodynamic data derived in
Part I

Table 2 ComputedP2T val-
ues for selected natural sam-
plesa

Sample Ref XOk XPy P12T1 T2 @ P1 T3 @ P1 P22T4

LRD-72 Berg (1977) 0.039 0.348 6.4–806 793 805 6.42797
KI 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
2-1455b 0.054 0.335 7.2–980 1170 900 7.1–1015
2-1637b 0.054 0.206 4.4–935 920 830 4.8–875
KI 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
RAW-437 0.026 0.168 2.7–735 645 730 3.1–690
2-1572b 0.047 0.292 6.3–915 990 910 6.2–945
2-1578b 0.032 0.244 5.8–850 985 860 5.5–915
2-1480b 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 10Bc Begin and 0.033 0.187 5.6–840 765
B 69Ec Pattison (1994) 0.027 0.188 4.6–745 690
P 88c 0.040 0.225 7.3–910 812
P 69c 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 2d 0.770 0.344 7.3–775 6.5–772
P 79d 0.731 0.299 6.9–767 6.5–765

KU14316e Holtta et al. (in prep) 0.090 0.546 7.8–900 795 2 10.2–800
Sut-2 Aranovich 0.049 0.465 7.7–845 850 780 7.8–820
Sut-61e (1991) 0.091 0.643 9.7–960 890 2 11.2–885
Tok-18e 0.113 0.551 7.8–970 800 2 10.9–830
Tok-18y1e 0.079 0.551 8.4–850 840 8.4–842

a T1 computed from Fs1Ok5
Alm; T2 computed with
Gt2Opx exchange equilibri-
um; T3 computed with Gt2Cd
exchange equilibrium;
P1 computed with Py1Qz
5En1Cd; T42P2 computed
from intersection ofP1 with
Alm1Qz5Fs1fCd equilibri-
um.
b Samples with strongly zoned
garnet;P1 computed from
Py1Gr1Qz5En1An.
c Samples containing
Grt1Opx1Pl1Qz; P1 com-
puted from Gr1Py1Qz
5En1An
d Samples containing
Grt1Cd1Sil1Pl1Qz; P1 and
P2 computed from Py1Si1Qz
5Cd and Gr1Si1Qz5An, re-
spectively;T45T3
e Samples containing
Grt1Opx1Pl1Qz; P1 com-
puted from Py1Qz5En1Si;
P2 computed from intersection
of T2 and P1
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positions of the minerals surrounded by coronas for re-
trieving P2T conditions of their formation is unjustifi-
able and should lead to erroneous conclusions regarding
the P2T evolution of rocks. Conversely, in high-grade
rocks lacking prograde zoning and textural evidence of
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
maps (Pattison and Begin, 1994) indicate that some
Fe2Mg reequilibration of Opx and Gt cores may occur in
high temperature granulites.

Formation of Opx1Cd coronas is a typical feature of
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-
tor if primary Opx was involved in the corona-forming
reaction. A significantly lower Al content of corona Opx
relative to that of the matrix Opx would be characteristic
in the latter case (see Fig. 7). The samples described by
Berg (1977) do not, however, contain primary Opx and
therefore their reaction textures should be attributed to
decompression. Rocks with different bulk Fey(Fe1Mg)
ratio must initiate reaction during decompression at dif-
ferent pressures. Fig. 9 illustrates this point for several of
Berg’s (1977) samples. Sample 2-1572 which has a Gt
core composition of Mg'530 should start to react to
more Fe-rich Gt1Opx1Cd at about 6 kbar, while garnet
with Mg'518 (sample KI3909) would remain unreact-
ed up to 4 kbar. If core compositions of the garnets were
used inP2T calculations this would have produced an
apparentP-difference between the two samples of about
2 kbar and the erroneous conclusion of a non-isobaric
origin of the corresponding parts of the Nain complex.
At the same time if the composition of the outer parts
(but not the extreme rims affected by low-temperature
Fe2Mg exchange) of the garnet in the first sample are
taken, bothT andP estimates for these samples become
very similar (800–8508 C, 4–4.8 kbar; Table 2). It is note-
worthy that the more Fe-rich garnet (KI3909 is almost
unzoned (except for the very narrow outer parts of the
grains in direct contact with cordierite (Fig. 3 of Berg
1977). So far as diffusivities of Mg and Fe in garnet are
similar (Chakraborty and Ganguly 1992), at least in the
limited compositional range of the Fe-rich garnets, the
difference in zoning profiles between the two garnets
appears to be due to the difference between“starting”
(nonequilibrium core) and “final” (equilibrium near-
rim) compositions for each of them rather than the dif-
ference in the rate of diffusional homogenization. The
above example shows also how dangerous could be an
attempt to calibrate garnet-orthopyroxene geothermo-
barometers basing on the naturally occurring assem-
blages, especially those containing reaction textures.

Two samples (S2 and P79 in Table 2) described by
Begin and Pattison (1994) contain the assemblage
Gt1Cd1Sil1Pl1Qz. TWQ calculations show very good
agreement between Gt-Cd exchange temperatures for

Fig. 10 P2XFediagram showing divariant loop for the assemblage
Gt2Cd2Opx2Qz. See text for discussion of evolution of two
coronitic samples described by Berg (1977)

common feature in these rocks, suggesting their forma-
tion in the course of the continuous reaction:

high Mg2Gt1Qz5lower Mg2Gt1Opx1Cd (f)

Hence the core compositions of garnets in these samples
may be considered as relics of the “starting material”,
while those of the outer parts of garnet grains should
more closely correspond to equilibrium with Opx and
Cd. Details are not given, however, as to which specific
samples contain these textural features. For one of the
samples ('2-1572), Berg gave a detailed compositional
profile of the garnet (Opx and Cd are almost homoge-
neous). Temperatures calculated on the basis of near-rim
compositions (8008 C) of minerals for this sample ('2-
1572r in Table 2) are much lower than those based on the
core compositions (9508 C) and agree very well with the
estimates from other samples by Berg (1977).

It can be argued that the rim compositions of garnet
may not represent the original equilibrium ones because
of later-stage cooling undergone by the rocks. Detailed
observations show that the late-stage intergranular diffu-
sion caused by such cooling generally affects only the
very outer parts of Fe2Mg minerals at their mutual con-
tacts and is readily recognizable by the steep composi-
tional gradient it normally produces (e.g., Berg 1977;
Perchuk et al. 1985) as well as close correspondence of
compositional changes in the adjacent mineral grains to
the progress of the exchange reactions. Compositions of
the inner parts of the grains (but still removed from the
cores) which exhibit much shallower compositional gra-
dients, or contacts with leucocratic minerals seem to be
better candidates for geothermobarometry of corona-
bearing samples. In any event employing the core com-
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these samples and those that also contain Opx (B74B and
B58 in Table 2), as well as withTFe2Al for the latter sam-
ples. Gt-Opx exchange temperatures are considerably
lower for most samples (up to 1308 C), again suggesting
susceptibility of Opx to compositional reequilibration at
lower temperature. It should be noted, however, that the
differences between our results with the two thermome-
ters are not as extreme as Begin and Pattison (1994) cal-
culated on the basis of Harley’s (1984) experimental
data.

For the Aldan Shield samples containing Gt1Opx
1Sil (last three samples in Table 2), our systematics
again give TFe2Al higher than those calculated from
TFe2Mg , suggesting some resetting of the latter ther-
mometer for these very high temperature rocks. One of
the samples (Tok-18, Aranovich and Podlesskii 1989)
represents an Archean granulite basement reworked and
uplifted during a major Proterozoic event in the Stanovoy
fold belt, Eastern Siberia (Karsakov 1978; Perchuk et al.
1985). It is characterized by complex textural features
compatible with its longP2T history (Aranovich and
Podlesskii 1989), and also by a very high Al2O3 content
of the core of Opx (11 wt% Al2O3). This composition
yieldsTFe2Al 5¥10008 C, which is about 1708 C higher
than that based onTFe2Mg (Table 2). An alternative ex-
planation to low-temperature Fe2Mg reequilibration
could be that garnet was formed in this rock later than
Opx by the reaction (Aranovich and Podlesskii 1989):

high Al, Fe2Opx
5lower Al, Fe Opx1Gt (1y2Sil, Qz) (g)

and, therefore, the core Opx represents a relic composi-
tion which never was in equilibrium with garnet and
should not be used in Gt2Opx thermobarometery.TFe2Al

estimates consistent withTFe2Mg, obtained for this sam-
ple from the composition of slightly less coarse-grained
Opx (Tok-18y1; Table 2), offer support for this possibili-
ty.

Conclusions

The calculations and discussion presented in this paper
demonstrate that the thermodynamic systematics derived
in Part I predict phase relationships and compositions of
solid solutions in good agreement with direct experimen-
tal observations that were not used in the calibration.
This “external” consistency with a large body of experi-
mental observations increases confidence in applications
to both petrogenetic grid and thermobarometric calcula-
tions.

The predicted position of the univariant FMAS equi-
librium Gt1Cd5Opx1Si1Qz occurs between 7.8 kbar
27008 C and 10.6 kbar211008 C, in excellent agree-
ment with thermobarometric results for both
Opx2Si2Qz assemblages with the lowest Mg' and Cd-
bearing granulites with the highest Mg'. In these as-
semblages, garnet composition is an excellent geobarom-

eter and Al2O3 content of Opx is an excellent geo-
thermometer, independent of other compositional vari-
ables.

Comparison of temperature estimates from different
exchange and net-transfer reactions for a number of sam-
ples representative of high-grade terranes demonstrates
the ability of carefully chosen portions of Fe2Mg min-
erals to preserve information regarding a high tempera-
ture steady state during their evolution. Relative insensi-
tivity of the equilibrium Fs1Ok5Alm to late Fe2Mg
reequilibration, makes this new thermometer the most
robust for the Gt2Opx assemblage. Applications of this
thermometer yield consistent temperature estimates rela-
tive to Gt2Cd Fe2Mg exchange temperatures, but
somewhat higher temperatures than recorded by the
Gt2Opx Fe2Mg exchange thermometer.
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