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Abstract The garnet (Grt)-clinopyroxene (Cpx) Fe-Mg 
exchange thermometer has been re-evaluated through 
analysis of phase equilibrium experiments defining the 
Fe-Mg exchange between Grt and Cpx, Grt and O1 
(O1 = Olivine), and Cpx and O1, together with ther- 
mophysical and other phase equilibrium constraints on 
solid solution and individual end-member properties. 
Results show that all data are mutually compatible if 
the heterogeneity range of Grt and Cpx in run products 
previously obtained by Pattison and Newton (PN) are 
accounted for in assessing equilibrium Grt-Cpx com- 
positions. Derived mixing properties are in good agree- 
ment with results from numerous recent phase equilib- 
rium studies. Application of the newly calibrated ther- 
mometer to a number of amphibolite to granulite facies 
terrains indicatcs temperatures between 70 and 200 ~ C 
above PN's thermometer, and general compatibility 
with independent temperature estimates. 

Introduction 

This paper is Part II of a two-part study on the 
garnet (Grt)-clinopyroxene (Cpx) Fe-Mg exchange 
equilibrium: 

3Hd + Py = Aim + 3Di (A) 

(see Table 1 for abbreviations). This equilibrium is one 
of the most important geothermometers for am- 
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phibolite-granulite facies mafic and ultramafic rocks 
(e.g. Perchuk 1969; Rgtheim and Green 1974; Ellis and 
Green 1979; Saxena 1979; Ganguly 1979; Dahl 1980; 
Powell 1985a; Pattison and Newton 1989; Green and 
Adam 1991). Equilibrium (A) has been calibrated ex- 
perimentally on the basis of four different studies inves- 
tigating the compositions of coexisting Grt and Cpx at 
high P-T (R~heim and Green 1974; Ellis and Green 
1979; Pattison and Newton 1989; Green and Adam 
1991). Of these studies, only one was designed to obtain 
compositional constraints on the exchange reaction 
using crystalline starting materials of a wide range in 
bulk composition (Pattison and Newton 1989). Two 
controversial results of this study were that: 

(1) their nominal experimental results were incon- 
sistent with any previously proposed garnet and 
clinopyroxene solution models, and their derived 
geothermometer contained terms indicative of strong 
nonideality in either or both of the solid solutions; 

(2) their formulation of the Grt-Cpx thermometer 
produced temperature estimates for many terrains 
which in most cases were significantly lower than pre- 
vious calibrations, and which clustered at or below the 
low temperature limit imposed by other geother- 
mometers, petrogenetic grids and/or "petrological intu- 
ition" (e.g. see Table 6 of Pattison and Newton 1989). 

Thesc results have led some petrologists to question 
the ability of Fe-Mg exchange thermometers to record 
near-peak metamorphic conditions for relatively high- 
gradc rocks (e.g. Pattison & Newton 1989; Frost and 
Chacko 1989). The Pattison and Newton (1989) results 
have additionally stimulated other experimental stud- 
ies (e.g. Perkins and Vielzeuf 1992; Kawasaki and Ito 
1993) involving Cpx and/or Grt solid solutions in order 
to test the findings of Pattison and Newton (1989). 
Perkins and Vielzeuf(1992) concluded that their experi- 
mental results for the O1-Cpx exchange equilibrium, 
combined with those of Hackler and Wood (1989) 
for the O1-Grt exchange equilibrium, are inconsistcnt 
with those of Pattison and Newton (1989) unless 



Table l Abbreviations of phases and components 

Phase/ 
Component Abbreviation Formula 

Garnet Grt (Ca,Mg, Fc)3 A12Si3012 
Grossular Gr Ca3A12Si3012 
Pyrope Py Mg3AI2Si3012 
Almandine Alm Fe3A12Si30 j 2 

Clinopyroxene Cpx (Ca, Mg, Fe,Na)(Mg, Fe, A1) 
(A1,Si)zOG 

Diopside Di CaMgSi20~ 
Hedenbergite Hd CaFeSi206 

Olivine O1 (Mg,Fe)z SiO4 
Forsterite Fo Mg2SiOr 
Fayalitc Fa Fe2Si()~ 

uncertainties in one or more of the experimental data 
sets were underestimated. Perkins and Vielzeuf (1992) 
reported that their formulation of the Grt-Cpx ther- 
mometer yields temperature estimates about 30-190 ~ C 
higher than that of Pattison and Newton (1989). 

In this paper we present the results of a thermodyn- 
amic analysis of the phase equilibrium data of Pattison 
and Newton (1989; PN). These data are critically re- 
evaluated in Part I of this study (Aranovich and Pat- 
tison 1994). Additional Fe-Mg exchange equilibrium 
data involving clinopyroxene, garnet, and olivine, as 
well as thermophysical data are used to constrain the 
thermodynamic properties of end-members and mixing 
properties of Grt, Cpx, and O1 solid solutions. The 
primary motivation of this study is not to derive com- 
prehensive thermodynamic models for these phases, 
but to answer the questions whether reasonable ther- 
modynamic properties can be derived that satisfy all 
experimental observations within their uncertainties, 
and, if so, whether the low-temperature estimates for 
many amphibolite and granulite facies rocks found by 
Pattison and Newton (1989) are dictated by their ex- 
perimental data. 

Thermodynamic model 

For (A), the thermodynamic requirement for equilib- 
rium can be expressed as: 

. . .  3 
aA i m aD~ Ar G e'r = RTIn K = RTln 

�9 3 
apy a r i d  

with 

KD 
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ArG r ' r  is the change in standard Gibbs flee energy of 
reaction which can be expressed as: 

/ ,  T 

krGe'r = krH~ - TARS~ + / ACFdT 
[2 9 8 . 1 5  

T I r ACPdi, + (P 1)ArV ~ 
d 2 9 8 . 1 5  | Y 

/ ,P 

+ I (ArVe3 - ArV~ (4) 
J 1 

with ArH ~ &S ~ and A~V ~ being thc standard reaction 
properties at 1 bar and 25 ~ C. Expansion of the heat 
capacity and volume integrals are given in Berman 
(1988). AGex represents the change in excess Gibbs free 
energy for equilibrium (A). In order to evaluate the 
AGcx term of Eq. 3 and analogous equations involving 
equilibria with olivine, our assumptions regarding solid 
solution models are discussed below. 

Olivine 

Fe-Mg mixing in olivine has been the subject of con- 
siderable experimental investigation. Sack and Ghiorso 
(1989) found that available calorimetric data were most 
compatible with a symmetric regular solution para- 
meter (WR) equal to 20.3 kJ/4 oxygen formula. More 
recent studies based on various phase equilibria indi- 
cate values in the range 7-10 kJ/4 oxygen basis, with 
excess entropy less than 4 J/K.4 oxygcn basis (e.g. 
Hackler and Wood 1989; Wiser and Wood 1991; von 
Seckendorffand O'Neill 1993). In this study we allowed 
the mixing properties of olivine to be variables deter- 
mined by thermodynamic analysis of the combined 
experimental dataset. Due to very restricted Ca solubi- 
lity in olivine at the conditions of experiments analysed 
in this study, Ca in olivinc was ignored. 

Garnet 

As the experimental data considered in this study con- 
tain aluminosilicate garnet, we did not consider the 
substitution of trivalent cations (e.g. Cr, Fe 3 +) on the 
octahedral sites of garnet, rcstricting our attention to 
the mixing of Ca, Mg and Fe atoms on three energeti- 
cally equivalent 8-fold positions. Garnet mixing prop- 
erties on the grossular-almandine join are reasonably 
well constrained by both calorimetric and phase equi- 
librium studies (Geiger et al. 1987; Koziol 1990; Ber- 
man 1990). In contrast, the pyrope-grossular join is 
only loosely constrained by phase equilibrium data 
(Wood t988) because of added experimental difficulties 
due to clinopyroxene stability in this system. 
CNorimetric measurements on this join (Newton et al. 
1977) indicate more positive excess enthalpy in Gr-poor 
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compositions, whereas interpretation of recent X-ray 
and ternary garnet phase equilibrium data yield excess 
volumes and enthalpies with the opposite asymmetry 
(Cheng and Ganguly 1992). Mixing properties of ahna- 
ndine-pyrope solutions have been the subject of con- 
siderable debate (e.g. Aranovich 1983; Ganguly and 
Saxena 1984; Lee and Ganguly 1988; Sack and Ghiorso 
1989; Hackler and Wood 1989; Berman 1990; Koziol 
and Bohlen 1992), with the weight of recent experi- 
mental data favouring near-ideal behaviour. These 
studies also suggest slightly larger excess enthalpics in 
Fe-rich compositions, the asymmetry in cnthalpy 
mimicking that in excess volumes. In order not to bias 
unduly the results of this investigation of Grt-Cpx 
systematics by previous results, we determined garnet 
mixing properties, along with those of clinopyroxene 
and olivine, from available phase equilibrium, applying 
the subregular model for each binary garnet join. 

the M2 site as a quaternary solution of Na, Ca, Fe and 
Mg atoms. Mg/(Mg + Fe) is assumed equal in both 
M1 and M2. Mixing on the tetrahcdral site of Cpx is 
assumed to be ideal and coupled to octahedral site 
substitutions (e.g. Newton 1983). The effect of variable 
Na in run products of Pattison and Newton (1989) was 
empirically accounted for by adding to the M1 site the 
amount of A1 necessary to balance Na on the M2 site, 
g i v i n g :  A 1  M~ = Na + (AI - Na)/2. Substituting Tnd = 

Cpx Cpx C x Cpx 7Fom'Tc.M2 and ~/Di = "Y~gM1 "~/CaM2 into Eq. 3 yields: 

~[ Grt. ~ Cpx .,~ Cpx G" Cpx 
AGex 3 R T l n  ve M~m c~M2 . . . .  YF~ "TM~m - = _~Klln (5) 

Gr Cp}~ Cpx ~ Grt. Cpx 
7Mg "7~m'YC.M2 gM~ 7F~m 

Note that M2 site interactions in Cpx cancel for the 
exchange equilibrium (A) as long as mixing on M1 and 
M2 is assumed to be independent. Substituting the 
generalized Margules equation of Berman (1990) for 
Eq. 5 gives: 

Clinopyroxene 

In the system Na20-CaO-FeO-MgO-Al203-SiO2, 
clinopyroxene is a complex three-site solution with 
mixing of Na, Ca, Fe, Mg cations on the M2 site, Mg, 
A1, Fe on the M1 site, and A1 and Si on the tetrahedral 
sites. ,Site occupancy data for Cpx show a strong par- 
titioning of Fe into the larger M2 site, but uncertainties 
remain particularly with respect to the tcmperature and 
Ca dependence of Fe-Mg partitioning. These uncer- 
tainties are manifested in considerable disagreement 
between site occupancies measured experimentally 
(Brown et al. 1972; Saxcna et al. 1974; McCallister et al. 
1976) and those calculated with non-convergent order- 
ing model parameters derived from phase equilibrium 
data (Davidson and Lindsley 1985; Sack and Ghiorso 
1994). Early on in this study we investigated various 
temperaturc and compositionally dependent Fe-Mg 
partitioning schemes reported in the literature, and 
found that none allowed adequate representation of 
phase equilibrium data as well as models with no ex- 
plicit account of Fe-Mg ordering. This suggests that 
available site occupancy data do not constrain order- 
ing models with suffmient accuracy to accommodate 
the much wider range of temperature and compositions 
used in phase equilibrium studies compared to site 
occupancy measurcments. In addition, deviations of Ca 
contents in Cpx from the Di-Hd join were not reported 
in one of the experimental studies utilized below 
(Kawasaki and Ito 1993). We therefore adopted a sim- 
plified model for clinopyroxene solid solution which 
assumes equal partitioning of Fe and Mg atoms be- 
tween M2 and M 1 sites and ignores possible cross-site 
interactions. We used an excess entropy of mixing term to 
indicate the deviation of the experimental clinopyroxenes 
from this equal partitioning reference state. 

According to this model, the M1 site is treated as 
a ternary regular solution of Mg, Fc and A1 atoms, and 

IcP'~(Y2 Y i )  cpx cox -- + 3 (W13 --  W 2 3  )Y3 AG~x 3V~ 12 

GI 2 Gt Gt 2 Wl13(X~) W 1 2 2 ( 2 X I  X 2 )  n t- - W 1 1 2 ( X l )  

+ W~;3(2XaX3 ) + a, 2 W 2 2 3 ( X 2  -- 2 X 2 X 3 )  

/{kt + \~ 2 3 3 ( 2 X z X  3 _ X 2) c~ X1  X 2 )  - W 1 2 3 ( X l X 3  (6) 

where X is the mole fraction of eight-coordinated ca- 
tions in Grt (1 = Ca, 2 = Mg, 3 = Fe) and Y is the 
mole fraction of cations on the M1 site of Cpx 
(1 = Mg m, 2 = Fe m, 3 = Aim). The temperature and 
pressurc dependence of AGex can be expressed as 

AG~x = AH,~  - 7'AS.x + ( P  I)AV~, (7) 

Similarly, W terms in Eq. 6 may be replaced by 
[ W .  - T W s  + (P - 1 ) W v ] .  

Combination of Eqs. 1-7, while omitting heat capa- 
city, expansivity, and compressibility terms, yields the 
standard equation of a geothermometer: 

-- A~H - (P  I ) (ArV + AV~x) AH~x 
Y = (8) 

3RlnKr)  - ArS - ASex 

Measured mineral compositions giving Ko are com- 
bined with known thermodynamic parameters to solve 
Eq. 8 for T (in Kelvins) at a given P (in bars). 

In order to derivc thcrlnodynamic parameters, ex- 
perimental values of P and T are combined with meas- 
ured mineral compositions. In this study we have re- 
derived garnet, clinopyroxene, and olivinc mixing 
properties and end-member properties from analysis of 
selected phase equilibrium data, combined with 
calorimetric (Cp, S) and volumetric (V, ~, 13) constraints 
on cnd-member properties. The standard state proper- 
ties of all Mg end-members were taken from Berman 
(1988). Because the uncertainties associated with 
calorimetrically determined heats of solution do not 
provide precise enough constraints (Aranovich 1991; 
Berman 1988), phase equilibrium data were used to 
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Table 2 Phase equilibrium data used in thermodynamic analysis (compositional uncertainties are estimated values used in thermodynamic 
analysis unless marked with asterisk; see text for discussion. System: exch Fc-Mg exchange reaction, F FeO, S SiO2, A A1203, T TiO2, 
C CaO) 

# Equilibrium System Uncertainties Authors 

(A) 3 hcdcnbergite + pyrope = exch 0.015 Cpx, Grt* 5~ 1 kbar 
almandine + 3 diopside 

(B) IBrslerite + 2 hedenbergite = exch 0.01001, Cpx 5 ~ C, 1 kbar 
fayalite + 2 diopside 0.01501, Cpx 15~ 2 kbar  

0.01501, Cpx 20 ~ C, 5 kbar 

(C) 3fayalite + 2 pyrope = exch 0.01001, Grt  5 ~ C, 1 kbar 
2almandine + 3 forstcritc 

(D) 3 anorthile = grossular + Gr-Ahn 0.010 Grt  5 ~ C, 0.5 kbar 
2kyanite + quartz Gr-Py (I.010 Grt  5 ~ C, 1 kbar  

(El 3fayalite + 3 anorthite - Gr-Alm 0.010 Grt  5 ~ C, 0.3 kbar 
grossular + 2 ahnandine 

(F) 3ilmenitc + sillimanite + Py-Alm 0.010 Grt 5 ~ C, 0.3 kbar 
quartz = ahnandinc + 3 futile 

(G) 6ilmenite + 3 anorthite + 3 quartz CFAST 5 ~ C, 0.3 kbar 
grossular + rutile + 2 almandine 

(H) 2 ferrosilite fayalite + quartz FS 5 ~ 0.3 kbar 

(I) 3ilmenite + sillimanitc + FAST 5 ~ C, 0.3 kbar 
quartz = almandine + 3 futile 

Pattison Newton (1989), 
Aranovich Pattison (1994) 

Perkins Vielzeuf (1992) 
Kawasaki Ito (1993) @ 27 kbar  
Kawasaki Ito (1993) @ 68 kbar  

Hackler Wood (1989) 

Koziol (1990) 
Wood (1988) 

Bohlen et al. (1983b) 

Koziol and Bohlen (1992) 

Bohlen and Liotta (1986) 

Bohlen et al. (1980) 

Bohlcn et al. (1983a) 

determine enthalpies of formation of Fe end-members 
and mixing properties, although it should be noted 
that derived thermodynamic properties are strongly 
correlated. Net transfer equilibria that constrain ther- 
modynamic properties of Cpx components 
(CaAlaSiO6, NaA1Si206, Mg2Si206) other than those 
in equilibrium (A) were not considered because they 
serve largely to calibrate thermodynamic properties of 
these components, they are depcndcnt on composi- 
tional parameters that were not explicitly investigated 
by PN, and they introduce ambiguities regarding M2 
site interactions that cancel for equilibrium (A). We 
chose to adopt the simplest solution models that were 
consistent with the experimental data, so as to allow 
the best extrapolation from the experimental data to 
the range of bulk compositions found in nature. 

For our analysis we used the method of linear 
programming (LIP) to solve the lincar inequality con- 
straints derived from Eq. (1) through consideration of 
the di1:ection in which equilibrium compositions were 
assumed to be approached. LIP allows explicit incor- 
poration of experimental uncertainties, and thus pro- 
vides a direct answer to the question whether there is 
any combination of thermodynamic data capable of 
satisfying all experiments at a specified uncertainty 
level. If not, the experiments may have failed, uncer- 
tainties may have been underestimated, or more cons- 
plex or different solution models may be required. 
Although application of LIP is straightforward for 
phase equilibria involving stoichiometric minerals (see 
Bcrman et al. 1986 for a detailed discussion), treatment 

of equilibria involving solid solutions may be compli- 
cated by the occurrence of overlapping (apparently 
contradictory) half-brackets. This overlap may be 
caused by errors in measured compositions or by real 
overstepping of the equilibrium through nucleation 
and growth of new cornpositions (e.g. Pattison 1994). In 
any case, the amount of overlap gives a good approxi- 
mation of the minimum uncertainties in dctermining 
equilibrium compositions. These are discussed further 
below in relation to each experimental study involving 
solid solution phases. 

LIP is also suited to analysing data that constrain 
the position of an equilibrium using single rather than 
paired experiments over significant compositional 
ranges (e.g. the high pressure data for equilibrium 
B discussed below), subject to added uncertainties re- 
lated to possible equilibrium overstepping. Regression 
analysis of such data suffers a related problem in that 
experimentally determined compositions may not have 
closely approached equilibrium. 

Treatment of phase equilibrium data 

Tablc 2 lists the sources of phase equilibrium data used to define 
garnet, clinopyroxene, and olivine properties, along with reported or 
assumed urtcertaintics. Data for equilibria (A-C) form the backbone 
of this study. Only two of these equilibria are linearly independent so 
that simultaneous analysis of all three sets of experimental con- 
straints provides a stringent test of their compatibility. Experimental 
data for equilibria (D-G) constrain Grt  solution properties on vari- 
ous binary joins as well as end-member properties, while data for 
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equilibria (H-I) constrain Fe end-member properties. Treatment of 
data for equilibria (D-I) follows that discussed by Berman (1988; 
1990) and is not discussed further here. 

Compositional uncertainties applied to each set of experimental 
data involving a solid solution phase are based on estimated mini- 
mum analytical errors of M g #  Mg/(Mg + Fe) = __ 0.01. In 
some cases, overlapping half-brackets, after _+ 0.01 compositional 
adjustment, suggest somewhat greater uncertainties due either to 
microprobe errors or real compositional heterogeneity. The latter 
source of uncertainty is discussed below for each set of cxpcriments 
of equilibria (A-C). 

Experiments for equilibrium (A) 

Synthesis experiments on the Grt-Cpx equilibrium (Ellis and Green 
1979; Green and Adam 19911 were not included in our analysis 
because of the difficulty in analysing single phascs in the fine inter- 
growths produced in experiments, and estimating equilibrium com- 
positions from the range of measured analyses when the direction of 
approach to equilibrium is not known and the starting matcrials 
(glasses) are highly metastable. 

In order to minimize compositional change in Grt, PN used bulk 
ratios of Grt:Cpx = 95:5. Results of reanalysis of run products of 
more than half of PN's experiments on equilibrium (A) are presented 
in Part I of this study. This work confirmed most of the findings of 
the original PN study, including the presence of small but significant 
Na in most of the product Cpx, and Mg/(Mg + Fe) ratios for Grt 
and Cpx (with the exception of a few 1100 and 1200 ~ C runs with 
Mg - rich starting garnet) similar to those reported by PN. The 
most important additional observation of Part I was that garnets in 
the run products displayed non-negligible compositional heterogen- 
eity (.(/3 .06 Mg/(Mg + Fe)), with a slight but irregular trend in 
core to rim zoning generally consistent with mass balance con- 
straints. Grt in run products showed thc same or larger heterogen- 
eity range as that reported by PN for starting garnets (0.025 to 
0.065 Mg/(Mg + Fe)) probably because more analyses of run prod- 
ucts were collected. This wide heterogeneity range probably resulted 
from synthesis of garnets from mechanical mixtures of end-member 
glasses, and thus was present during exchange experiments. The 
implications for modelling these data arc that thc equilibrium Grt 
composition may not be known more closely than _+ one half of the 
heterogeneity range (see Part I). 

An additional key observation discussed in Part I was that 
changes in Cpx composition during an experiment wcrc produced 
by nucleation and growth of new Cpx, rather than diffusional 
re-equilibration of the starting Cpx. As such, the new compositions 
do not represent strict reversals or limiting brackets of equilibrium 
(A), a conclusion that may account for the large (0 .02-  
0.06 Mg/(Mg + Fe)) "overlap" of Cpx compositions observed in ten 
pairs of experiments using Mg-rich and Fc-rich starting Cpx. In 
order to analysc thcse data, the sign of the inequality constraints was 
reversed, a technique also employed by Carlson & Lindsley (1988). 
This procedure, which forces the equilibrium position between the 
two paired experimental results, is not critical to this analysis be- 
cause none of thc ten pairs of experimental results were found to be 
as constraining as other PN experiments. 

The above discussion suggests that minimum compositional 
uncertainties must be considerably greater than estimated 
0.01 Mg/(Mg -I- Fe) analytical errors. For garnet, uncertainties were 
initially assumed to correspond to the range of compositions (both 
X~r and Mg # ) measured either for the starting or product garnets. 
For Cpx, uncertainties were assumed to be 0.015 Mg/(Mg + Fe). 
With these assumptions, all the PN data are compatible with one 
another. LIP analysis revealed that all PN data could be internally 
consistent (when considered by themselves) with uncertainties in 
garnet compositions as small as 0.03 M g # ,  a value very similar to 
the minimum garnet heterogeneity range reported by PN and in 
Part h 

Experiments for equilibrium (B) 

Perkins and Vielzeuf (1992; PV) report results at 1000~ 
- 10.5 kbar over the compositional range Cpx 

M g #  = 0 . 0 5 -  0.95. Most synthetic olivines and clinopyroxenes 
were homogeneous to within 0.01-0.02 M g # ,  with several inter- 
mediate Cpx compositions showing heterogeneities up to 
0.03 Mg # .  Experiments consisted of 95 % Cpx 5 % O 1 in order to 
minimize thc amount of Ca transferred from Cpx to O1. For each of 
15 30 olivine grains in each run product, 5-10 analyses of adjacent 
Cpx were collected. For each run, PV show the two or three pairs of 
Cpx and O1 compositions that indicate the largest change in KD 
during the run, rejecting analyses with inferior stoichiometries or 
which showed signs of interference from the adjacent phase. Taken 
alone, these data are mutually consistent with 0.01 compositional 
uncertainties, although only marginally so because of the large 
apparent overlap of the most advanced (run product compositions 
that yield KD most different from starting compositions) Cpx-O1 
pair (mixture P). 

Kawasaki and Ito (1993; KI) present data for equilibrium (B) at 
30 kbar (900 and 1100~ and 75 kbar (1100, 1300, and 1500~ 
Based on results presented by Perkins et al. (19811, we assumed 
a 3 kbar pressure correction for the lower pressure data which 
were collected in a piston cylinder apparatus with a talc-pyrex cell. 
Based on comparisons reported by Brey and Kohler (1990), we 
assumed a - 7 kbar correction for the highcr pressure data col- 
lected in a uniaxial split sphere apparatus. Temperature was control- 
led within 10~ during all experiments, but we expanded the tem- 
perature uncertainties to 20~ for the 75 kbar runs in order to 
account for the influence of very high pressure on the measured 
thermocouple EMF. Starting compositions wcrc homogeneous to 
within 1-2 tool%. Runs in which either O1 or Cpx showed composi- 
tional heterogeneities greater than 0.03 M g #  were considered to 
have failed by Kawasaki and lto (19931 and were not reported. 
Tabulated data appear to represent the most advanced composi- 
tions analysed in each run. Analysed by themselves, these data are 
inconsistent with 0.01 M g #  compositional uncertainties, due to 
fairly large compositional overlaps produced at several P - T  condi- 
tions. All data are compatible, however, with 0.015 Mg ~ uncertain- 
ties. 

Experiments for equilibrium (C) 

Hackler and Wood (1989) present bracketed data at 1000~ and 
9.1 kbar for equilibrium (C) with garnet M g #  = 0.17 - 0.67. Syn- 
thetic garnets and olivines were homogeneous to within 2.5 to 
0.5 tool%, respectively. Experiments contained Grt:O1 ratios of 
10:1 by weight in order to minimize compositional changes in Grt. 
Their tabulated analyses of run products include homogeneous 
olivine and the most advanced of the slight range of garnet composi- 
tions surrounding olivine. Final Grt compositions shifted in the 
expected direction from nominal starting compositions to compen- 
sate changes in O1 composition, but in only one experiment was the 
change in composition greater than the starting Grt heterogeneity 
range. These data are internally consistent using compositional 
uncertainties of 0.01. 

Results 

Having established minimum uncertainties for internal 
consistency of each of the experimental data sets con- 
sidered alone, we analysed them in pairs using our 
estimates of uncertainties given in Table 2 and dis- 
cussed above. Each experimental study is compatible 
with that of Hackler and Wood (1989), but some 



35 

r.~ 
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1000 ~ - 10,5 kbar 

0.40,i 0.1 0'~ d~ 0;4 o~ 0',6 0'.7 o:8 0:9 1.0 

Fe/(Mg+Fe) in Cpx 

Fig. 1 Comparison of computed 10.5kbar - 1000~ InKD curve 
for equilibrium (B) with cxpcrimentaI data of Perkins and Vielzeuf 
(1992). Symbols with connected lines should bc viewed as arrows 
(symbols are the arrowheads) indicating direction of InKD change 
during experiment. Lines on the high or low lnKD side of symbols 
reflect whether lnKD was experimentally approached from above or 
below, respectively. Symbols show most advanced lnKD values 
based on nominal experimental data. Length of connected lines 
shows effect on lnKD of 0.01 adjustment of the compositions of Ot  
and Cpx. Calculated lnKD values that plot along the length of the 
arrows are inconsistent with nominal experimental data, but consis- 
tent with data adjusted for quoted unccrtainitics. Note that nominal 
data (symbols) suggest slightly flatter slope than calculated, and that 
onc cxpcrimental datum (highli(lhted in bold) is inconsistent with the 
calctdated equilibrium position after adjustmem jor O. 01 uncertaimies 

problems arise with all other combinations. All 01- 
Cpx experiments are not consistent when analysed to- 
gether, suggesting uncertainties for at least some ex- 
periments that are somewhat larger than assumed ini- 
tially. The inconsistency arises mostly because the 
nominal PV data indicate an extremely flat slope for 
the dependence of KD (O1-Cpx) on Fe/(Fe + Mg) 
(Fig. 1), whereas the data of KI (Figs. 2 and 3) suggest 
a steeper slope, especially at 900 and I100~ The 
inconsistency can be resolved by omitting one experi- 
ment of Perkins and Vielzeuf (1992; mixture P), or by 
omitting three experiments of Kawasaki and Ito (1993; 
runs # MSA9005231, KCH9009125, KCH900912B). 
The first option was adopted because the offending PV 
experiment is almost incompatible with other PV re- 
sults when these data are treated alone (see Fig. 1). 
Results based solely on experiments for equilibrium (B) 
and (C) indicate positive excess free energies in Cpx at 
all temperaturcs, producing a maximum in a plot of 
lnKD (O1-Cpx) versus Fe/(Fe + Mg), as shown by 
Perkins and Vielzeuf (1992). 

Analysis of all experiments for equilibria (A-C) ex- 
cept the PV run described above, led to small incom- 
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Fig. 2 Comparison of computed 27 kbar lnKD curves at 900 and 
1100 ~ C for equilibrium (B) with experimental data of Kawasaki and 
lto (1993). Symbols as in Fig. 1, except that length of lines reflects 
0.015 adjuslments in the compositions of OI and Cpx. Two incon- 
sistent points at 900 ~ C are highlighted in bold and discussed in the 
text. Apparent discrepancies with two 900~C half-brackets in Mg- 
rich compositions stem from fitting data with P, T uncertainties that 
are not shown 
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Fig. 3 Comparison of computed 68 kbar InKD curves at ll00, 1300, 
and 1500 ~ C for equilibrium (B) with experimental data of Kawasaki 
and lto (1993). Symbols as in Fig. 2. All data are consistent with 
calculated curves if P: T uncertainties are accounted for. 

patibilities, even when uncertainties in grossular content 
and Mg # of garnet in PN's experiments were accounted 
for. Use of an asymmetric model for Fe-Mg mixing on 
the M1 site of Cpx did not permit improvement 
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Table 3 Measured 
heterogeneitics for starting 
and final garnets in selected 
PN runs 

Run T ~  P(kbar) 100XGr 1 0 0 M g #  1()0 Xor 1 0 0 M g #  
Nominal  Values Measured Range ~ 

86b-2 800 15 20 14 17 25 10 18 
76a-1 800 15 20 57 18 23 50-60 
62b-2 900 15 20 57 18 23 50-60 
69d 1100 15 20 14 17-25 10 18 
61b 1100 15 20 29 17 23 23 33 
70d 1200 15 20 29 17 23 23-33 
4a 800 15 30 57 24 33 50-60 
56a 1200 15 30 29 25-33 25 34 
96b-1 800 15 50 57 41-65 50 63 
97a-2 1000 15 50 21 48 54 18 23 
82b-1 1000 15 30 57 24 33 50 60 

'~Range of Xor and Mg # in either starting or final Grt, measured by PN or in part I. The Mg # range 
was uscd as compositional uncertainty in LIP analysis only for tabulated runs; the XC~r range was used in 
addition only for runs 86b-2, 76a-1, 70d, and 4a. 

in the overall representation of the combined data set. 
The inconsistencies could be resolved by deleting sev- 
eral PN runs (#70d,  4a, 100d) or by modifying the 
minimum uncertainties applied to the KI data. The 
latter option appears more reasonable in the light of 
the limited discussion given by KI with respect 1o their 
determination of equilibrium compositions, which in 
some cases are tabulated with uncertainties as large as 
0.02 (KI do not report whether these are 1 or 2or 
uncertainties). The modifications involved deleting 
one run (#  KCH900912B), and expanding to 0.02 the 
compositional uncertainties applied to one run 
(#  KCH9009125). These experiments, highlighted in 
bold in Fig. 2, are tabulated with standard errors in 
Cpx compositions of 0.018 and 0.02. With these cha- 
nges, all PN experiments are consistent. 

Having obtained a feasible solution for the entire 
experimcntal data set, we determined that a feasible 
solution could also be obtained with uncertainties in 
Grt compositions less than 0.03 M g #  for all but 11 of 
137 PN experiments. For these 11 experiments, meas- 
ured heterogeneities in M g #  were applied (see Table 
3). For four of these 11 experiments (Table 3), hetero- 
geneities in grossular content of starting garnets were 
also needed to obtain consistency with all other data. 
Taken at face value, we interpret these rcsults to indi- 
cate that the most advanced Cpx compositions did 
equilibrate with the modally most abundant composi- 
tion of starting garnets (see Part 1 for a description of 
the modal M g #  peaks) in most PN runs. For about 
10% of the runs it appears that the most advanced 
clinopyroxene composition was in equilibrium with 
garnet removed from the nominal composition, but 
nevertheless within the range of the measured garnet 
compositions (Table 3). 

The results summarized above are encouraging bc- 
cause they indicate that experimental data for equili- 
bria (A-C) can be combined with reasonable estimates 
of overall experimental uncertainties, with few minor 
exceptions, to derive a consistent set of thermodynamic 

properties for clinopyroxene, garnet, and olivine. 
Tables 4 and 5 give the thermodynamic parameters 
derived in this study. The experimental data set tightly 
constrain the standard free cnergy change of equili- 
brium (A) within the range - 3 3 . 3 k J / m o l  to 

32.7 kJ/mol at 1000~ C and 10.5 kbar. This range is 
slightly higher than the value derived by Perkins and 
Vielzeuf (1992), - 29.3 + 2.5 kJ/mol, based on combi- 
nation of their free energy value for the O1-Cpx ex- 
change equilibrium (B) with Hackler and Wood's 
(1989) free energy value for the O1-Grt exchange equi- 
librium (C). Our cnthalpy change for equilibrium (A), 
- 64.4 kJ/mol, is considerably larger, however, than 

that determined by Perkins and Vielzeuf (1992), 
- 4 9 . 6  kJ/mol, due to differences in entropy values 

used in the two studies. The standard volume change of 
equilibrium (A) accepted in this study, - 0 . 3 1 2 J /  
bar-mol, is based on cell refinements of synthetic end- 
member minerals. This value is larger than values de- 
termined experimentally by Ellis and Green (1979) and 
PN, but in better agreement with the results of the 
latter study. 

Discussion 

Figures 4 and 5 compare the PN data with computed 
InKD for equilibrium (A) as a function of Grt 
Mg/(Mg + ICe) for garnets with X~r = 0.2 and 0.3. An 
important feature found by PN and supported by our 
calculations (Figs. 4, 5), is that KD decreases with in- 
creasing Mg # at all temperatures. Our calculations do 
not, however, support Pattison and Newton's (1989) 
interpretation that KD also decreases with decreasing 
M g #  in the most Fe-rich compositions, even though 
this pattern is clearly suggested by their nominal data 
(e.g. 800 1100~ nominal data in Figs. 4, 5). 

Perkins and Vielzeuf (1992) also deduced that KD 
for equilibrium (A) has a strong compositional depend- 
ence on Mg/(Mg + Ice), but their dependence is the 



Fig. 4 Comparison of computed 
800 ~ C- 1200 ~ C In K D curves for 
equilibrium (A) with 
experimental data of Pattison 
and Newton (1989). Curves and 
data pertain to 15 kbar and 
garnet with Xc~r = 0.2. Symbols 
as in Fig. 1, using 0.03 and 0.015 
adjustments for the 
compositions of Grt and Cpx, 
respectively. All experimental 
data are consistent with the 
calculated curves when P-T 
uncertainilies are accounted for, 
except for six experimental 
points (dotted lines) that require 
compositional adjustments 
equal to measured heterogeneity 
ranges (Table 3). The effect of 
heterogeneity in X~r is not 
shown. See text for discussion 
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Fig. 5 Comparison of computed 
800 1200 ~ C lnKD curves for 
equilibrium (A) with 
experimental data of Pattison 
and Newton (1989). Curves and 
data pertain Lo 15 kbar and 
garnet with Xc~ = 0.3. Symbols 
as in Fig. 4. All experimental 
data are consistent with the 
calculated curves, except for two 
experhnentaI points (dotted 
lines) that require compositional 
adjustments equal to measured 
heterogeneity ranges (Table 3). 
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opposite  of that described above. The dependence of 
Ko on M g / ( M g  + Fe) is a function of the difference in 
nonideality on the Mg-Fe  joins of Gr t  and Cpx, in 
addit ion to the difference between Ca-Mg and Ca-Fe 
interactions in Gr t  and Mg-A1 and Fe-A1 interactions 
in Cpx. The positive dependence of KD on Mg # depi- 
cted by Perkins and Viclzcuf (1992) reflects their con- 
clusion that nonideal  Fe-Mg mixing is more  positive in 
Cpx than in Grt.  This conclusion rests on their fitting 
the O l -Cpx data  with a flatter slope (nominal data  in 
Fig. l) which requires that nonideali ty in Cpx bc al- 
most  as positive as in O1. PV derived uzcp~_,, 12 - 
4 .0_+0.4k  J / a tom,  assuming Hackler  and Wood 's  
(1989) value of W~ = 4.5 + 1 . 0 k J / a t o m  (and 
wGrt ~2 = 1 .6kJ/a tom).  The P N  Grt -Cpx data, even 
when considered with realistic uncertainties, require 
that KD for equilibrium (A) decreases with increasing 

M g #  (Figs. 4, 5). This feature, which has also been 
observed recently by Ai (1994) in analysis of synthesis- 
type experiments on equilibrium (A), requires that 
nonideal  Fe-Mg mixing in Cpx is less positive than in 
Grt.  

Because of the correlat ion between mixing proper-  
ties implicit in Eq. 3, considerat ion of data  for any two 
of the equilibria (A-C) yield a fairly wide range of 
mixing properties for Cpx, Grt,  and O1. This range is 
greatly reduced when the data  for all three linearly 
dependent  equilibria are analysed simultaneously. Ex- 
cess enthalpy of mixing in O1, for example, can be as 
large as 5.3 k J / a t o m  with considerat ion of data  for any 
two equilibria, while all data  treated together constrain 
W TM between L25 and t.75 k J / a tom.  The latter values, 
as well as the Fe-Mg mixing parameters  for Gr t  
(Table 5), are about  one-third the magnitude of those 
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Fig. 6 Variation of lnKD for equilibrium (A) with reciprocal temper- 
ature at 15 kbar. Heavy lines were computed with the data of Tables 
4 and 5 for garnets with X~r = 0.30, Xpy -- 0.21 and 0.57. Light solid 
lines and dashed line show lnKo based on Pattison and Newton's 
(1989; PN) and Ellis and Green's (1979; EG) equations. Symbols as 
in Fig. 4. Symbols and PN curve adjusted to Al-free basis with Table 
5 data 

recommended by Hackler and Wood (1989). The asym- 
metry found for the Gr-Py join, which also causes Kr~ 
to decrease with increasing M g # ,  is the opposite of 
that determined by heat of mixing measurements (New- 
ton ct al. 1977). Interpretation of recent phase equilib- 
rium data on ternary Ca-Fe-Mg garnets yields the 
same sense of asymmetry as deduced in this study 
(Cheng and Ganguly 1991). 

The mixing properties derived for Cpx yield small 
negative deviations from ideality over the temperature 
range 700 1300~ The negative excess enthalpy and 
entropy (both symmetric) are reasonable for the as- 
sumption of equal partitioning of Fe-Mg between oc- 
tahedral sites used in this study as the ideal reference. 
The affinity of Fe for A1 is reflected in the 11.2 kJ/mol 
WMg A1--Wve 11 difference for the Cpx M1 site, 
a valuc in good agreement with that found for other 
silicates (Aranovich 1991; Mader and Berman 1992; 

Table 5 Mixing parameters of solid solutions 

Phase Parameter Wn(kJ/mol) Ws(J/K'mol) Wv(J/bar.mol) 

Grt a 112 67.53 13.3 0.214 
122 43.04 13.3 0.017 
113 8.61 0.0 0.170 
133 3.40 0.0 0.090 
223 0.600 0.0 0.010 
233 1.81 0.0 0.060 
123 62.49 13.3 0.281 

O1 u 12 3.00 0.00 0.045 
Cpx ~ 12 -1.91 - 1.05 0.000 

13- 23 11.18 0.00 0.000 

"Grt: 1 = Ca, 2 = Mg, 3 = Ee. Ternary Grt mixing parameter for 
use with Eq. 6 represents one-half the sum of binary parameters 
(Berman 1990) 
bOl : l  =Mg,  2 = F e  
cCpx: l = M g  ~ l , 2 = F e  M1,3-A1 M1 

Berman and Aranovich 1993). The effect of A1 
nonideality on the M1 site is to increase further the 
compositional dependence of Ko on M g #  over that 
shown in Figs. 4 and 5 which show the PN data 
recalculated to an Al-frec Cpx basis. 

Figure 6 summarizes the variation of lnKD (Grt- 
Cpx) with reciprocal temperature for the new calib- 
ration presented here along with the calibrations of PN 
and Ellis and Green (1979; EG). Our curves (in bold) 
have slopes similar to, but slightly less steep than that 
of EG. The lower Mg # curve is displaced above and 
the higher Mg # curve below that of EG, which leads 
to higher and lower temperatures for these different 
bulk compositions. Overall the similarity of computed 
curves is quite remarkable considering that all of the 
experimental data obtained by EG were based on syn- 
thesis runs over a relatively small compositional range. 
The PN curves, fitted to their nominal data, have 
a much smaller slope which leads to lower temperature 
estimates for natural Cpx-Grt pairs. The surprisingly 
large difference between our slopes and PN's shows the 
significant effects of incorporating uncertainties of the 
PN experimental data. 

Thermodynamic parameters given in Tables 4-5 
can be used with Eq. 8 to compute Grt-Cpx temper- 
atures for natural samples. Because thermodynamic 
data were derived using thermal expansivities and com- 
pressibilities of all minerals, we recommend the use of 
the quadratic equation (9) below that incorporates 

Table 4 Standard reaction 
properties # Equilibrium ArH~ Ar S~ (J/K-mol) ArV ~ 

(A) Grt-Cpx 
(B) O1-Cpx 
(C) O1-Grt 

- 64.42 -- 25.99 - 0.312 
- 28.37 10.96 - 0.094 
- 43.74 -- 19.08 0.342 



these terms: 

- b + . v / b  e - 4ac  
T - (9) 

2a  

where 

a = 1 .762•  1 0 - 7 ( P  --  1) (9a) 

b = 3RInKD - A~S ~ - A S ~  1,4017 x 1 0 - ~ ( P  - 1) (9b) 

c = A~H ~ + AHc~ + (P 1)(Ar V~ + AVe~ + 2.613 x 10 a) 

+ 4 . 0 3 3 5 •  2 + 4 . 7 x 1 0  12p3 (9c) 

with T in Kelvins and P in bars. 
Uncertainties in temperatures (cry) calculated with 

Eq. 9 are difficult to assess quantitatively, and several 
recent publications (e.g. Aranovich 1991; Kohn and 
Spear 1991; Hodges and McKenna 1987; Powell 1985b; 
Powell and Holland 1988) have addressed the problem 
of error propagation in geothermobarometry. Uncer- 
tainties in temperature estimates can be attributed to 
uncertainties in calibration (~ro) and in mineral ana- 
lyses (tyro), in addition to the erroneous assumption 
that the compositions used for coexisting minerals were 
in equilibrium (e.g. Hodges and McKenna 1987; Kohn 
and Spear 1991). To evaluate the uncertainties related 
to calibration of the garnet-clinopyroxene geother- 
momctcr (~r~), it is necessary to estimate the uncertain- 
ties of thc derived thermodynamic parameters. The LIP 
method does not explicitly provide such estimates, al- 
though one can obtain a range of parameter ~/alues 
consistent with the experimental data base (e.g. Berman 
et al. 1986; Andersen et al. 1991; Patino Douce et al. 
1993). As a first approximation we assumed that 2(y 
uncertainties of thermodynamic properties of equilib- 
rium (A) were equal to half the difference between 
maximum and minimum values determined 
( -58 .94  >ArH ~ > - 64.84 kJ/mol; - 26.3 <ArS ~ < 
- 2 1 . 8  J /Kmol ) .  LIP runs performed with different 

optimization schemes show strong correlation between 
derived parameters. For example, the maximum stan- 
dard enthalpy change of equilibrium (A) is accom- 
panied by the maximum entropy change. This correla- 
tion, well known from calibration of exchange geother- 
mometers with regression techniques (Powell 1985a; 
Aranovich 1991; von Seckendorff and O'Neill 1993), 
reflects the fact that cven for equilibria studied over 
a wide temperaturc and compositional range, such as 
that considered here, the Gibbs free energy of reaction 
is constrained much better than Ar H~ A~S ~ and 
W terms separately. Assuming complete correlation 
between these terms, and 2crzx~H = 2.95 kJ/mol, we cal- 
culate 2~,r~ = 42-56~ for the temperature range 
700-850~ and garnet M g #  = 0 .2 -0 .5 .  Assuming 
optimistically that 2r = 10~ (Kohn and Spear 
1991) gives 2~ r = 43 57 ~ C for application of Eq. 9 to 
"normal" bulk compositions. We feel this estimate pro- 
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vides an upper bound because the present results are 
based on experimental data for a linearly dependent set 
of phase equilibria with conservative uncertainty adjust- 
ments (see discussion of PN data above, and Table 2), 
and because of the incorporation of thermodynamic 
constraints on end-members and mixing properties of 
Grt, Cpx, and O1. Support for this conclusion comes 
from comparison of temperatures calculated for the 
samples in Table 6 using sets of parameters correspond- 
ing to the minimum and maximum A~H ~ values dis- 
cussed above. For most compositions, computed tem- 
peratures differ from that calculated with the prefered set 
of parameters by less than 15-20 ~ For Fe-rich and 
Gr-rich samples these differences are up to 30 ~ C. 

In order to test the calibration, the TWQ software 
(Berman 1991) was used to calculate the equilibration 
temperatures for a large number of Grt-Cpx samples 
that span three main metamorphic facies typical for 
this assemblage: lower to intermediate amphibolite 
(Ghent et al. 1983), amphibolite-granulite transition 
(Percival 1983), and granulite (Coolen 1980). For each 
terrain, calculated temperatures (Table 6) show a range 
that in all cases is smaller than that obtained with the 
calibration of PN, and quite similar to that produced 
with the EG formulation. Nevertheless, the nontrivial 
range within each area suggests that errors related to 
calibration, disequilibrium, or retrograde exchange are 
not entirely absent. Most significant is the finding that 
computed temperatures are generally about 70 200 ~ C 
higher than obtained with the calibration of PN, show- 
ing the important effects of incorporating experimental 
uncertainties in modelling the PN data. These com- 
puted tempcratures are in more reasonable agreement 
with independent T estimates, where these are avail- 
able, and arc similar to those reported by Perkins and 
Vielzeuf (1992). 

Several features of Table 6 are worthy of further 
comment. Particularly encouraging is the good agree- 
ment between independent estimates of Adirondack 
Highland temperatures and computed temperatures 
for extremcly Fe-rich garnets (Xva~ = 0.98--.99) reported 
by Jaffc ct al. (1978), suggesting that this calibration is 
applicable to a wide range of bulk compositions. Tem- 
peratures computed for the Kapuskasing rocks average 
about 25 ~ C lower than the EG calibration, a difference 
that leads to approximately 1 kbar lower calculated 
pressures for this extremely well studied terrain. The 
725~ average temperaturc (Table 6) is compatible 
with the occurrence of tonalitic leucosome in mafic 
gneisses, although lower than expected for their origin 
by dehydration melting (Hartel 1993). Temperatures 
computed for 5 Mica Creek samples (those discussed 
by PN) are between 634-722 ~ in comparison to 
570-654~ and 701-780~ for the PN and EG cali- 
brations, respectively. Our temperature estimates for 
these rocks are in better agreement with the presence of 
muscovite-sillimanitc-K feldspar-bearing migmatites in 
adjacent pelitic samplcs. 
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Table 6 Tempcratures (~ computed for selected Grt-Cpx assemblages 

Locality #" 100Xey Range Avg Rang Avg Range Avg Estimate Author 
-This paper- --EG . . . .  PN-- 

Mica Creek, British 
Cohunbia 
Kapuskasing, Ontario b 

Adirondack Highlands 

Adirondack Highlands 

7 11-18 634 722 681 700-780 731 470-654 549 650 
27 13-43 636 809 717 649 847 744 460 790 626 700 750 
23 13-43 686-782 725 689 814 751 596 677 633 

2 1-2 717 788 753 674-735 705 n/a ~ 750-800 

10 16-51 693 828 757 711 857 785 504 643 578 750-800 

Ghent et al, (1983) 
Percival (1983) 

Jaffe et al. (1978) 

Johnson&Essene(1982) 

Eurua Complex, Tanzania 18 25-41 698 923 802 724 970 819 570-853 707 800 
14 29-40 783 848 814 797 870 828 632-782 718 

Coolen (1980) 

" # = Number of samples used 
u Excluding skarn sample 

n/a - beyond compositional limit of applicability (Pattison and Newton 1989) 

Ghent et al. (1983) found that temperatures com- 
puted with the EG calibration were in best agreement 
with independent estimates when Fe 3 + was accounted 
for in Grt and Cpx. Our calculations with Eq. 9 indi- 
cate better agreement with all Fe as Fe 2+, a result 
which suggests similar oxidation states for the natural 
samples and the experimental run products on which 
Eq. 9 is based. This is supported by similar calculated 
Fe 3+ contents in Ghent et al. 's natural metabasites 
(0.05-0.12) compared to the experimental run products 
of PN (Tablc 1 of Part t). We have also observed less 
scattered results for all other localities listed in Table 
6 when all iron is assumed to be Fe 2+, presumably 
because of the sensitivity of calculated Fe 3 ~ to micro- 
probe analytical errors. For this reason we advise ap- 
plying Eq. 9 with all Fe as Fe z +, unless there is strong 
evidence that samples are highly oxidized. For 
example, Grt-Cpx from a Kapuskasing skarn (Percival 
1983) yields a much lower (550 ~ C) temperature than 
other bulk compositions when all Fc is considered as 
Fe 2 +. 

Conclusions 

Thermodynamic analysis has revealed that the experi- 
ments of Pattison and Newton (1989), reevaluated in 
Part I of this study, are consistent with other phasc 
equilibrium data involving garnet, clinopyroxene, and 
olivine, as well as thermophysical data on individual 
phase properties, if realistic estimates of uncertainties, 
consistent with experimcntal procedures, are applied to 
the PN data. 

Temperature estimates based on the derived Grt- 
Cpx thcrmods~namic properties are generally 
70 200 ~ C higher than those obtained by Pattison and 
Newton (1989), and are more compatible with temper- 
ature estimates based on other Fe-Mg exchange equi- 

libria (Grt-Opx, Grt-Bi; c.g. Aranovich 1991). Whether 
the use of carefully selected and analyzed Grt-Cpx pairs 
yield near-peak or significantly reset temperatures, how- 
ever, is a question that requires detailed analysis of zoning 
patterns and assessment of results against constraints 
from quantitative petrogenetic grids and/or net transfer 
equilibria (e.g. Anovitz 1991; Pattison and Begin 1994). 

We emphasize that the thermodynamic parameters 
and geothermometer derived in this study are provi- 
sional in nature. In order to have more confidence in 
the derived thermodynamic properties, analysis is 
nceded of a larger expcrimetnal data set capable of 
further constraining thermodynamic properties of Grt 
and Cpx. Additional experimental study focusing on 
the compositions listed in Table 3 would also be very 
useful in order to test the conclusions of this study. 
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