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The thermal-compositional dependence of Fe2+-Mg distributions between coexisting
garnet and pyr6xene: applications to- geothermometryr
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Abstract

The thermal-compositional dependence of Fe2*-Mg distributions between coexisting gar-

net and pyroxene in diverse metamorphic lithologies from two small areas in the Ruby

Range, southwestern Montana, has been studied by electron microprobe and multiple linear

regression techniques. For coexisting garnet-clinopyroxene, this dependence, which is in-

ferred from indepindent metamorphic P-Testimates for two areas and thirteen mineral-pair

analyses, is surnrnarized by the equation

Rf h KD : Q482!845) + (1509i1392)(X."-X'Jo"

+ (28 I 0t954)(X3."') + (28551792XX9T)

whereXo : (XFJXM)G* / (XF" /XME)Cq ' ,X :mo le f rac t i on ,2482 :2324+0 '022P :
-AGPdcal) for ihe garJpx Fe-Mg .*ihuog. reaction, and the coefficients represent regressed

values for garnet mixing parameters (wf;'). The regressed parameters for Ca and Mn agree

well with those calculated by Ganguly (tglS); however, the regressed value of rvg:L, is inter-

mediate to those of Ganguly and O'Neill and Wood (1979)'

For nine garnet-orthopyroxene pairs, the best-fit equation is identical to that given above

except that -AGi: l39l+288 cal for the gar-opx Fe-Mg exchange reaction'

The garnet-clinopyroxene geothermometers of Ganguly (1979) and Saxena (1979) yield

anomalously high timperatures for the Ruby Range. If this result is observed in other upper-

amphibolite to iower-granulite facies terrains, more realistic temp€ratures may be obtained

from the gar-{px equation presented here. The gar-opx equation can be used as a relative

(but not absolute) geothermometer.

Introduction metamorphic P-T conditions can be reasonably as-

sumed. If, in addition, coexisting garnets and pyrox-

The temperature dependence of Fe'*-Mg distribu- enes crystallized under equilibrium conditions, then

tions between coexisting ferromagnesian silicates has it follows that any variation in Fe'*-Mg distributions

been used extensively in the calibration of mineral- between these minerals must be compositionally con-

pafu geothermometers. Such distributions are a func- trolled. With these considerations in mind, two small

iion not only of temperature, however, but depend areas in the Ruby Range were chosen for study.

also upon composition of the exchanging minerals These areas, designated in Figure I as the Kelly and

and-to a lesser extent-upon load pressuqe. This Carter Creek areas, ate I km2 and 9 km', respec-

paper examines the compositional dependence of tively.

Fe,*-Mg distributions for garnet-clinopyroxene and Coexisting garnets and pyroxenes in l7 rocks rep-

garnet-orthopyroxene pairs in natural assemblages resenting six metamorphic lithologies in the Kelly

from the Ruby Range, southwestern Montana (Fig. and Carter Creek areas were analyzed by electron

l). Potentially the most useful field areas for such a microprobe. The distribution of Fe'* and Mg be-

study are those that contain a diversity of lithologic tween coexisling minerals, usually expressed by a dis-

units, yet are sufficiently small that uniformity of tribution coefficient Ko, is defined here as

K, (FelMg; gar-PYrox)

: (xr./ X_")o",/(Xo./x*")ry,"* (l)
rContribution No. 2ll, Department of Geology, Kent State

Univenity, Kent, Ohio.
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EXPLANATION

re
B o t h o l i l h

E
Pre -  Be l t ion

Fig. l. Map showing exposures of Precambrian metamorphic
rocks and Tertiary intrusives in Madison County, Monlana (after
Cordua, 1973). The Kelly and Carter Creek arens of the Ruby
Range are the primary sample sites for this study. One sample is
from the Stone Creek area, located approximately halfway
between the two main areas.

where the X terms denote mole fractions. In this pa-
per, thermodynamic modeling of thermal and com-
positional effects on KD is done by two methods. The
first approach utilizes Ganguly's (1979) binary mix-
ing parameters for garnet and Dahl's (1979) esti-
mates of peak metamorphic temperatures in the
Kelly and Carter Creek areas; the second approach
involves multiple linear and step-wise regression
techniques, utilizing the 17 Montana samples as the
data base. The results are evaluated in terms of ear-
lier studies by Banno (1970), Berg (1975, 1977),Da-
vidson (1969), Davidson and Mathison (1973), Dou-

Ean (1974), Ganguly (1979), O'Neill and Wood
(19'19), Riheim and Green (1974), and Saxena (1968,
1969, 1976,1979).

Methods of study

Garnet-pyroxene-bearing rocks collected in the
Ruby Range were studied by standard optical and
electron microprobe techniques. Mineral assem-
blages and compositional data for these rocks are
summarized in Tables I and 2, respectively. Chem-
ical analyses of all minerals were performed on pol-
ished thin sections using a 3-spectrometer ETEC
Autoprobe; operating conditions and analytical con-
ditions were identical to those described by Klein
(1974). Only mean analyses, based on 3-10 individ-
ual analyses and generally uncorrected for small
amounts of Fe3t, were used in the calculation of dis-
tribution coefficients (K") and graphical data points.

R I K - 1 3  C i l

R\tK-t  7 Ct{

Rl lS-22 CN

rl \1r(-26 CN

I U I K  2 7 1  c N

i i I K - 2 7 2  f r -

R ) I K - 2 7 t  C N

lr\K-77 Gl i

r{} lK-122 CN

it l lK-51 cQ

ILIK_46 C IL]

i . \ IK_76 CIT

R l { K - 8 2  C I f

RirK-371 f lu:

n n ( - 3 7 2  Q t f
R}IK-48 OII

r+lc-1t Da)i

R\1C-12 DGr" x

rL{c 7t A}1

The averaging procedure did not significantly alter
trends observed by plotting data from single analy-
ses, but served only to reduce analytical scatter. Core
and rim analyses of mineral grains, although not sig-
nificantly different in most cases, were averaged sep-
arately; only rim analyses were used in this study,
however.

Multiple linear and step-wise regressions were per-
formed using a Hewlett-Packard model 9845A com-
puter.

Geologic setting

The Precambrian metamorphic core of the Ruby
Range is underlain by sillimanite-K feldspar-zone
assemblages, except in the extreme northeast, where
the orthopyroxene isograd is exceeded. Both the
Kelly and Carter Creek areas contain a thick se-
quence of marbles, mafic gneisses, iron-formations,
pelitic and semi-pelitic rocks, and quartzites. These
rocks, collectively termed "Cherry Creek" rocks by
Heinrich (1960), probably attained 1[si1 high-grade

metamorphic character approximately 2750 m.y. ago,
during the Beartooth orogeny (James and Hedge,
1980).

Table L Summary of iron-formation and mafic gneiss

assemblages in samples from the Ruby Range
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Ri l la  a rK l  RMC samples  arc  f ron  the  Ke l lg  and Car te .  Creek

areas ,  rcspec t ive lq  Subscr ip ts  an  sampfe  nunbers  . leno te

o n p a  . t  ' a n - l  o J . J s  v ! t h i n  r  p o l i s b e d  L h i n  s c . L ; o 1 .  S a n p t l

R l tS-22  is  f ron  the  Stone Creek  area ,  loca ted  d i rec t lg  be tween

t h e  t w o  n a i n  s a n p l a  a r e a s .  L i t h o f o g i c  d e s i g n a t i o n s  ( J a n e s

d  i l  ,  1 9 6 9 ;  J a m e s  a n . l  W i e r ,  1 9 7 2 a ,  1 9 7 2 b )  :  G N  =  n a f i c

.J ranu l i t c  gne iss ;  GQ = garnet  qaar tz i te ;  m =  garnet  i ron-

f o r n a t j a n ;  Q f ! =  q u a r t z  j r o n - f a r @ t i a n ;  M  =  d i o p s i ( t c  g n e i s s ;

M =  anp l l jbo l j te  The te rm naf jc  qne jss  ( jn  tab fe  t i t le  and

t . )x t )  inc lDdes a l l  l i tha log ies  except  GIF  and e IF .  Sgnbofs :

x  =  na jo r  cans t r tucn t ;  (  )  o r  -  =  mjnar  o r  t race  con lnnent

( l cs -s  t i ran  3  noda l  9 ; ) .  Abbrev ia t ians :  hb  =  hornb lende;

c_ ! !  =  cunn ing tan i te ;  naq =  maqnet i te ;  epa 
=  apat j te ;  n jc  =

rn ic roc l ine ;  sph  =  sphene. ;  d  =  ca lc i te ;  rcp  =  scapo l i te ;

b j  :  b lo t i t c )  PJ3- !  
=  anc les ine  or  fabradar i te .
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Table 2. Fe-Mg Kp values and compositional data for the subassemblage garnettclinopyroxenetorthopyroxene in samples from the

Ruby Range

KD (Fe/Mc) a ' r i ^ n c  n a r  l ?

oxygens in  garne t

C a t i o n s  p e r  6 C a t i o n s  p e r  6

oxygens in cl lnopyroxene oxygens in orthopyroxene

S a n p l e  U n i t  g a r - c p x  g a r - o p x  c p x - o p x  F e C aMgF eM g

RMK-27,  GN 6 .80

tuYK- l3 '  GN 6 .48

RMK-2 7 j GN
R M K - 1 7 -  G N  7 . 3 3

RMS-22 GN *

RMK-51 GQ *

RMK_I22 GN

R M K . 7 7  G N  1 . I 7

RMK-26 GN 6 .84

R M K _ 7 6  G I F  7 . 2 9

RMK-82 GIF 7 .65

RMK-46 GIF 8 .  45

RMK-37.  QrF 9 .08

RxK-37 i  QrF 8 .95

RMK-48 QIF

AM 11.  54

DGN I I .47

D G N  1 1 . 4 1

1 .  8 9 0
r . 7 2 0

0 . 5 3  r . 9 2 7
r . 7  3 4

0 .  5 5  1 .  9 6 5
0 . 5 1  r . 7 6 3
0 . 5 5

0 . 4 s 3  0 . 6 9 7  0 . 0 3 8

0 . 5 1 1  0 . 7 7 8  0 . 0 4 2

0 . 5 2 6  0 . 5 5 9  0 . 0 5 6

o . 2 1 7  1 . 0 5 9  0 .  0 6 0

0 . 4 1 1  0 . 5 7 8  0 . 0 6 2

0 . 6 7 1  0 . 5 5 7  0 . 0 6 3

o . 4 6 2  0 . 7 6 6  0 . 0 8 0

0 . 4 5 8  0 . 8 1 0  0 . 0 9 9

o . 3 2 2  0 , 5 7 4  0 . 2 6 9

0 .  r 7 3  0 . 6 1 3  0 . 3 r 3

0 . 2 9 7  0 . 5 3 3  0 . 5 6 3

0 . r 3 7  0 . 5 1 7  0 . 9 7 8

o . r 2 5  0 . 4 9 7  1 . 0 0 6

0 . 1 0 9  0 . 4 8 2  1 . 3 1 5

o . 4 4 5  0 . 6 2 r

o  . 3 5 2  0 .  6  7 8

0 . 3 6 4  0 . 6 6 0

0 . 4 6 1  0 . 5 4 0

0 . 4 6 r  o . 5 9 7

o . 2 6 5  0 . 7 6 4

0 . 2 6 0  0 . 7 6 1

0 .  3 5 9  0 .  6 6 6

0 . 3 6 8  0 . 6 7 4

0 . 4 7 5  0 . 5 8 1

o . 6 5 5  0 . 4 2 9

0 . 4 3 2  0 . 6 3 4

o . 5 7 6  0 . 4 8 2

0 . 6 1 8  0 . 4 6 1

0 .  8 6 1  0 .  0 0 3

0 . 8 7 8  0 . 0 0 2

0 . 8 2 8  0 . 0 0 5

0 . 9 5 1  0 . 0 0 5

0 . 8 4 4  0 . 0 1 2

0 . 9 0 7  0 . 0 0 3

0 . 8 8 8  0 . 0 1 2

0 .  9 0 1  0 ,  0 0 5

0  . 8 7  2  0 .  0 0 6

o . 8 6 2  0 . O 2 2

0 . 8 8 2  0 . 0 2 9

o . 8 2 7  0 . 0 4 2

0 . 8 2 1  0 . 1 2 0

o . 1 9 6  0 . r 2 4

0 . 9 9 5  0 . 9 5 7

1 . 0 7 1  0 . 8 7 i

0 . 8 0 i  1 . 1 8 7

0 . 7 4 0  1 . 2 0 1

1 . 1 0 3  0 . 8 0 8

1 . 3 9 0  0 . 5 1 6

0 . 9 9 9  0 . 8 7 4

r . L 4 7  0 . 5 7 1

1 .  r 9 0  0 . 5 7 5

0 . 9 8 5  0 . 5 5 5

0 . 0 2 0  0 . 0 1 2

0 . 0 2 3  0 . 0 1 7
0 . 0 1 9  0 . 0 1 0
0 . 0 1 7  0 . 0 1 9

0 . 0 2 6  0 . 0 5 3
0 . 0 3 3  0 . 0 6 6
o .027  0 .110
0 . 0 4 0  0 . 2 3 5
0 . 0 3 4  0 . 2 3 5
0 . 0 4 6  0 . 4 1 1

3 . 5 2

3  . 6 5

3 .  8 7

1 . 7 8 5

1 . 7 1 0

4 . 3 7  0 . 6 0  1 . 9 2 0

4 . 3 4  0 . 5 7  2 . O 2 L

4 . 9 6  0 . 6 0  1 . 7 1 0

5 . 4 0  0 . 5 0  1 . 4 8 6

5 . 7 9  0 . 6 5  1 . 4 9 9

5 . 6 r  x x l . 0 7 8

R M C - 7 1

RMC-1 I
RMC-12

x * 1 . 0 3 7  o . r 2 : -  r . 6 3 2  0 . 2 2 9  0 . 3 9 0

1 . 5 6 6  0 . 1 1 3  1 . 0 7 3  0 . 2 8 0  0 . 5 4 5

1 . 5 0 3  0 . 1 6 8  1 . 0 8 3  0 ' 3 r 1  0 . 4 4 6

0 . 5 2 5  0 . 9 5 8  0 . 0 1 6
0 . 4 5 1  0 . 9 0 4  0 . o 2 2
0 . 5 6 9  0 . 9 7 0  0 . 0 1 9

subscripts on samp,Le numbers denote composit ionaf bands within a pof ished thin sect ion'  see Tabfe f  for expfanataon

of f i thoLogic sqmbols. *Ljnot rep^otted because gar and cpx were not faund in contact '  **These vaTues have been corrected

f o r . . r e f a t r v e f g  - r u r g u  u r c u i l s ; ; ; ; 5 1 - ; ; ; " ; - t i e . o ^ p u t " r  p i o s r u ^  o f  F r i b e t q  ( f g 7 6 ) '  A l l  o t h e t  F e  v a f o e s  a r e  u n c o r r e c t e d  f o r

Fe'- .  Atthough not discussed in xhe text,  cpx-opx 5 
va' tue-s (cafcafated f tom gar-cpx *1 

z":-""1:-5-, ,Y1:\"^t) , ,y: :oximateTg

iZ',,;r"il"'Xiinn";38.':;"0"",:37.'.' ;iZ iZ'i',.i5 ,Z',2rfl,1,1"2'i"i-,";-,;;;- ";;;;";i- 
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Estimated P-T conditions of metamorphism for

the two areas, based upon geothermometric and min-

eral assembla3e data, are shown in Figure 2. Assem-

blage data and six mineral-pair geothermometers

TemPero tu re  ( "C )

Fig. 2. P-T diagram showing probable peak metamorphic

conditions for the Kelly and Carter Creek areas. Curves I and la

repr€sent the reaction mu + qtz 2 AlrSiO5 + ksp + H2O at X"r6

: I (Chatterjee and Johannes, 1974) and Xs,6 : 0.5 (Kerrick,

1972), respectively. Wintsch (1975) has calculated that Kerrick's

experimental Xgr6 ma] correspond lo asrs = 0.25.

yielded concordant temperature estimates of

745+50"C (Kelly) and 675+45oC (Carter Creek)

(Dahl, 1979). Because sillimanite is the stable alu-

minosilicate polymorph in pelitic rocks throughout

the Ruby Range (Dahl, 197'7), these estimates,

coupled with Holdaway's (1971) determination of

aluminosilicute P-T stabilities, constrain the maxi-

mum load pressures for the two areas (see Fig. 2).

Minimum load pressures cannot have been too far

below the sillimanite-kyanite univariant, or kyan-

ite-a metastable relict in some pelitic rocks-would

probably not have persisted. Thus, load pressures for

the two areas are tentatively estimated at 7.2t.1.2

kbar (Kelly) and 6.2+1.2 kbar (Carter Creek). The

P-T ranges shown in Figure 2 are consistent with

geothermal gradients of 30" to 35'Clkn.

The common association of microcline and sil-

limanite in metapelites indicates muscovite break-

down, and it appears from Figure 2 that the activity

of water as,e was significantly less than l-and per-

haps as low as or lower than 0.25-for pelitic rocks in

the Carter Creek area; such was probably also the

case for the higher-temperature pelitic rocks in the

Kelly area. These conclusions are consistent with the

lack of widespread partial melting in pelitic rocks

throughout the RubY Range.

Local alteration of prograde assemblages indicates

that Precambrian greenschist to lower amphibolite

facies metamorphism occurred in the Ruby Range

N\s\ xellv

C A R T E R

o
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(l) during the waning stages of the 2750 m.y. event
and/ot (2) during a separate event at 1600 m.y., in-
ferred from mineral dates of Giletti (1966).

Additional details on the stratigraphy, structure,
and petrology of the "Cherry Creek" rocks in the
Ruby Range are given in Garihan (1979), Heinrich
(1960),  James et al .  (1969),  James and Wier
(1972a,b), Okuma (1971), and Dahl (1977, 1979).

Attainment of chemical equilibrium

The thermodynamic models presented in the fol-
lowing section assume that (l) chemical equilibrium
between garnet and coexisting pyroxene was attained
during the 2750 m.y. metamorphism, (2) garnet-py-
roxene pairs within a given area equilibrated at the
same (or similar) temperature regardless of lithology,
and (3) evidence of this equilibrium was preserved
(r'.e., was not partly obliterated by local retrograde ef-
fects). Evidence supporting the validity of these as-
sumptions is presented below.

ln support of assumption (l), no assemblage in
Table I has negative variance; most assemblages are
either di- or tri-variant. Second, coexisting garnets
and pyroxenes typically exhibit smooth grain bound-
aries, suggesting textural equilibrium (Dahl, 1977).
Third, element distributions between grain edges of
coexisting garnets and pyroxenes are orderly, as ex-
emplified by Mn and Al distributions in Figures 3,A,,
B, C. Orderly element distributions also support as-
sumption (2).

Assumption (3) is supported by the general lack of
retrograde zoning among coexisting garnets and py-
roxenes (Dahl, 1977). Furthennore, these minerals
are typically free of retrograde alteration products;
some grains, however, exhibit incipient alteration to
minerals such as chlorite or actinolitic hornblende.
Only pyroxenes in mafic granulite gneisses (the GN
unit) from the Kelly area exhibit slight zoning. The
GN unit may have originated as a gabbroic magma
(Dahl, in preparation); zoning in Na, Al, Fe2*, and
Mg, therefore, is thought to reflect re-equilibration of
the pyroxenes from igneous to high-grade metamor-
phic conditions. Rim compositions of coexisting gar-
nets and pyroxenes in this unit are thus thought to re-
flect the latter conditions.

Thermodynamic models

Garnet-clinopyroxene

The exchange of Fe2* and Mg between garnet and
clinopyroxene can be represented by the equilibrium

CaFeSi,Ou + l/3MgrAl,Si3O,,
HD PY

S CaMgSiOu+ l/3Fe,Al,Si3O,2 e\
DI ALM

Assuming (l) a substitutional solution model [cl
Kerrick and Darken (1975)l and (2) no Fe,* or Mg in
the M2 site of clinopyroxene, the equilibrium con-
stant K(P,Z) in terms of activities a, mole fractions X.
and activity coefficients y is given by

Ke.n_ 
(a,"."')'"(afio"*) _ (4"*) (xf,""). (y"?') (y9?)

' 
(ag',')'" (aFg") ()ffif) (xFD (ySD (yFt.)

(3)

where the term composed of mole fractions is equiva-
lent to the Fe-Mg distribution coeffi.cient Kr. The
equilibrium constant K(P,T') is related to the Gibbs
free energy change AGP. for the exchange reaction by
the expression

LGI: -Rrh K(P'T) (4)

where R is the gas constant. Substitution of equation
(4) into equation (3) and rearrangement of terms
yields the relationship

RZInI(D: -LG; - RZln (yq!'/yfr')

+ RZln (y3! /fifl) (5)

Ganguly and Kennedy (197\ used the "simple mix-
ture" approximation of Guggenheim (1967, p. 5a-57)
to derive the following expression for the activity co-
efficients of Fe'* and Mg in garnet:

Rf lrl'QFfl/yffi') = w..., (Xff!'- X,".-)

* (P.... - w.r..) (XEi)

* (y..." - w.",J (XSi') (6)

The w' are binary solution interaction parameters

which express the non-ideality of mixing between
components i and j in garnet. Applying multivariate
regression methods to published analyses of garnet

and coexisting biotite in staurolite-zone assemblages,
Ganguly and Kennedy derived w,, values for garnet.

Revised values presented by Ganguly (1979) are:
r,er..pre : 2710 cal/mole; wr".^ - w-rcu: -3152 cal/
mole; and wr.r,r. - wr,revn : -2600 cal/mole. Substi-
tution of these values into equation (6) permits calcu-
lation of the activity term for garnet in equation (5).
Equation (5) thus becomes

Rf h K" : -LGl + 2710(4:'- Xff!') + 3152()€.*)

+ 2600(x9T) + Rrh (y.'""./yg?) (7)
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Table 3. Compositional effects on Kp (Fe-Mg) predicted by equation (9) for garnet-clinopyroxene pairs in samples from the Ruby

Range

Gar
) ' l 1 i ( Y  _  Y  \' 'M- t  +

b a m p l e  ( c a - L / m o l e r -

31s2 (x : : ' )
(ca l  /mo le  )

2 6oo (x$:r )
(ca l  /mo le  )

Sun (X)

( c a l / m o r e J

KD

pred ic  ted

KD

measured

RMK-2 72
RMK-I3
Rr'tK-17
RMK- 7 7
RMK-26

RMK-76
RMK-82
RMK-46
RMK- 372
RMK- 3,71

RMC- 71
RMC-11
RMC-12

L266
1073
t260
1160
1103

t404
\604
L233
l t 7  3
1190

82L
L298
1182

7 L 2
804

r065
782
829

586
6 r8
542
5 2 3
501

1705
11 16
l113

2009
19  t 3
2 3 7  4
2010
20L5

2216
2482
2 2 4 6
2 5 L 2
2528

2653
2658

6 . 8 2
6 . 5 0
8 .  1 7
6 . 8 2
6  . 8 4

7  . 5 5
8 . 6 1
7  . 6 7
8 . 7  4
8 . 8 r

1 r .  4 8
1 1 . 0 6
1 1 . 0 9

6 . 8 0
6 . 4 8
1 . 3 3
7 . J . 7
6  . 8 4

7  . 2 9
1  . 6 5
8 . 4 5
9 .  0 8
8 . 9 5

LI .54
L I ,  47
1 1 .  4 1

31
36
49
68
83

1 9 8
239
2 6 3

2 2 6
2 6 0
47 r
816
837

Ganguly (1979> has used a simplified activity term

for clinopyroxene ofthe form

Rrh (vF3./vS'?): Lw(xo * XA';cn. (8)

where Aw is the difference between the simple-mix-

ture interaction parameters in the jadeite-hedenber-

gite and jadeite-diopside joins and the X terms rep-

resent mole fractions of jadeite and acmite in

clinopyroxene. Although a reliable estimate for Aw is

lacking in the 700-800"C range (Aw = 0 at l000oC;

Ganguly, 1979), the magnitude of the activity term is

probably near zero for clinopyroxenes from the Kelly

area, judging from their extremely low and uniform

Na contents (XS"' 'o- : 0.02-0.06 at grain edges).

With this approximation, equation (7) can be sim-

plified to the form

R7 h KD : - LG+ + 27 lO(X,c.* - Xff:')

+ 3tsz(re:') + 2600(xfft') (e)

Equation (9) approximates the dependence of
K,(FelMg; gar-cpx) on mineral composition and
temperature. Calculated values for the compositional
terms in equation (9) are presented in Table 3 for
garnet-clinopyroxene-bearing samples from the
Ruby Range; for a given sample, the sum of the three
compositional terms is denoted by the quantity
sum(X').

The approximate validity of equation (9) can be

tested in several ways. First, the equation predicts

that increases in Xf"u', X.o^"', or XSfi'cause sympathetic

increases in K"(FelMg; gar-cpx). Indeed, all three

effects have been reported in the literature; data of

D. H. Green plotted by Banno (1970) indicate very

weak Fe and Ca effects, whereas Saxena (1968' 1969)

infers a strong Mn and relatively weak Ca effect.

Second, equation (9) predicts that any increase in

sum(n effects a corresponding increase in Ko, all

other factors equal. Indeed, for samples RMK-27,

through RMK-37, (listed in Table 3 in order of in-

creasing Mn content in garnet), the general trend of

increasing sum(X) values is paralleled by an increase

in measured Ko values. Note that the sum(X) values

for the Carter Creek samples are distinctly higher

than those for the Kelly samples. These higher val-

ues, which are due partly to increased Ca concentra-

tions in garnet (Table 3, column 3), are consistent

with the higher Ko values measured in the Carter

Creek samples. The other factor contributing to the

higher Ko values is the lower metamorphic temper-

ature for the Carter Creek area (see Fig. 2).

The most rigorous test involves a comparison of

rKo values predicted from equation (9) and values ac-

tually measured for the 13 samples from the Ruby

Range. The first step in predicting Ko values is the

calculation of LGi for equation (2). A mean value of
-1874=240 cal (95 percent confidence limits) for

AGf is obtained from equation (9) by averaging the

13 values obtained for the difference between RT ln

Ko and sum(X). Despite the inferred P-T difference

between the Kelly and Carter Creek areas (Fig. 2),

AG', values calculated for the two areas by the above

method are not significantly different. Furthermore,

values for AGl"'?3 g : 72OO bars and Z : l0l8"K)

and AGf.loo----calculated from molar enthalpy, en-

tropy, heat capacity, and volume data in Robie et al.

(1978), Helgeson et al. (1978), and Zen (1973)-are

different by only 0.8 percent. Hence, the -1874 cal

value is retained for all 13 samples from the Ruby
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Range (Table 3). Inferred values for AG"n sum(n,
and T can now be substituted into equation (9) to
predict K".

1(" values predicted thereby are presented in Table
3 for garnet-clinopyroxene-bearing mafic gneisses
and iron-formations from the Ruby Range. The
model appears to over-correct for the high Ca and Fe
contents in samples RMK-17 and RMK-82, respec-
tively, but for most other samples there is good
agreement between predicted and measured K" val-
ues. Linear regression of predicted vs. measured Ko
values in Table 3 yields a line of slope 0.90 and a cor-
relation coefficient (r) of 0.97. This level of correla-
tion lends credence to Ganguly's (1979) mixing pa-
rameters for garnet and to the temperature estimates
inferred for the Kelly and Carter Creek areas. Fur-
thermore, it indicates-for the Montana clinopyrox-
enes at least-that any clinopyroxene mixing terms
have nearly constant, or negligible, value.

Although equation (9) closely defines the thermal
and compositional dependence on Ko observed in
garnet-clinopyroxene pairs from the Ruby Range, it
is possible to use the 13 Ruby Range samples them-
selves as the data base for multiple linear regression.
Accordingly, regression was performed by computer
on 13 equations in the form of equation (9), where
RZ ln K, was chosen as the dependent variable, the
three X terms as the independent variables, and AG',
as the regression constant. Regressed coefficients de-
rived from the Ruby Range samples are included in
Table 4; substitution of these values into equation (9)
yields

Rrh /(D :2482 + 1509(XF.- - Xff;')
+ 2810(x3n + 2855(xff:.) (10)

Measured Ko values and values predicted from equa-
tion (10) are compared in Table 5. Linear regression
(as before) yields a line slope of 0.89 (cl unity for a
perfect model) and an r value of 0.97. This regression

is plotted in Figure 4.

In Table 4, the regressed coefficients and thermal-
compositional data base of this study are compared
to data of Ganguly and Kennedy (1974), Ganguly
(1979), and O'Neill and Wood (1979). Despite its
relatively small size, the Montana data base com-
prises a broader range of composition-particularly

for X$"'-than that of Ganguly and Kennedy. Fur-

thermore, analysis of variance indicates that equation
(l0f-derived from the 13 Montana samples-ac-
counts for 89 percent of the total variance in RZ ln
Ko actually observed in this data base, whereas simi-
lar analysis (by this writer) of Ganguly and Ken-

nedy's (1974) model (data base of 30 samples) reveals

a 55 percent accounting ofthe total variance they ob-

served in RTln K". The remaining 45 percent of var-

iance is probably explained bV (l) temperature dif-
ferences among samples included in their data base,
(2) the effects of variable Al'*, Fe2*, Fe3*, and Tio* in
biotite on KD [see Goldman and Albee (1977)], and
(3) the analytical uncertainty in determining Fe'*

and Fe3* concentrations in biotites. The Montana

model, on the other hand, is based on samples from

two very small areas whose respective peak temper-

atures were probably uniform (see Dahl, 1979). Also,
points (2) and (3) above are much less of a problem

for the Montana clinopyroxenes, as they contain very
.low 

amounts of Na, Alt*, Fe3*, and Tia* (Dahl, 1977).

Furthermore, mixing of Fe'* and Mg in the clinopy-

roxenes is confined largely to a single site (M1), un-

like in biotite. The remaining I I percent of variance

in the Montana model may be explained by (l) ana-

lytical error, (2) non-ideal mixing among Fe2*, Mg,

Ca, and Mn in clinopyroxenes, and (3) small yet vari-

able amounts of Fe3* among garnets. However, the

small data base precludes meaningful consideration

of more than the three independent variables.

The first three sets of interaction parameters leij

given in Table 4 all correctly predict the effects

of X3l'and XSi' on Ko, but the relatively low value

of r?o.r, derived from the Montana data base sug-
gests a lesser effect of XF""' on Ko than that predicted

by Ganguly's (1979) revised model. Furthermore, the

low value and high uncertainty in w."r' relative to

the other q, computed from the Montana data base,

indicate that variable Xoo"" has a lesser effect on Ko

than comparable variations in )f;"" or XAX'. This con-

clusion is supported by a stepwise linear regression of

RT ln I(D for the Montana data base. In this regres-

sion, variation in XSf alone is found to explain 33
percent of the variance observed in Rf h K"; XF'XI
and XEi'together explain 82 percent ofthe variance,

and all three variables together account for 89 per-

cent of the total variance. This result indicates that
Xfil'is the most important variable affecting Ko in

the Montana samples, whereas E? - XSr" is the

least important (of the three considered).

Data in Table 4 suggest that the value of w."r,

may be temperature dependent. However, this obser-
vation contradicts Ganguly and Kennedy (1974),

who concluded on the basis of thermodynamic and

crystal-chemical reasoning that the w' for garnet

should be insensitive to temperature. For equilibra-
tion temperatures greater than 675"C, I beteve that

only wo"r" values significantly lower than 27lO cal/
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mole are realistic, for two reasons: (l) variable Xr":' -

Xff!'explains only a small percentage of the total var-

iance observed in RZtn K" for the Montana samples,

and (2) neither experimental studies (e.g., Riheirt

and Green, 1974) nor statistical studies (e.9., Saxena,

1969) concerning P, T, or Xdependences of K"(Fe/

Mg; gar-cpx) reveal significant effects of variable

Xr?'or Xff!'on K".

There is, however, good agreement between Gan-

guly's (1979) wu for Ca and Mn and those calculated

in this study, and despite the discrepancy in wr.'"

values both equations (9) and (10) closely approxi-

mate the thermal-compositional dependence of

KD(FelMg; gar-cpx) for the Ruby Range samples.

Garnet-orthopyroxene

The exchange of Fe'* and Mg between garnet and

orthopyroxene can be represented by the equilibrium

l9 . l  wt .7"  MnO

5.6 wt. % CoO

Orlho-
pyroxenes

o.2 0.4 0 6

Co oloms per formulo uni f  +

(B)

Fig. 3. (A, B) Partitioning of Mn and Ca between coexisting

garnet and pyroxene in iron-formations (GIF, QIF) and mafic

granulite gneiss (GN) from the Kelly area of the Ruby Range.

Formula units based upon 12 oxygem for garnet and 6 oxygens

for pyroxene. Error blocks (2a) ate given for the data points of

sample RMK-3? (Fig. 34) and sample RMK-48 (Fig. 3B). Errors

for other data points are comparable. (C) Roozeboom plot of total

Al (Alr) between coexisting pyroxenes from the Kclly and Stone

Creek areas. Lithologic abbreviations are defined in Table l.

RMK (or RMS) sample numbers are adjacent to tie lines and data

points. All data points are computed from averaged electron

microprobe analyses.

FeSiO, + l/3MgrAl2Si3O,2
FS PY

? MgSiO, + l/3Fe,Al,SirO,, ( l  l )

EN ALM

Treatment of this exchange equilibrium in a manner

similar to that of the garnet-clinopyroxene equilib-

rium yields an expression analogous to equation (10)

that approximates the thermal-compositional depen-

dence of the distribution coefficient K"(FelMg; gar-

opx). This expression is

Rf h Ko: -LG", + sum(X) (r2)

where sum(n is the sum of the three compositional

terms in equation (10) and incorporates the same w',

values derived earlier from the Montana garnet-

clinopyroxene data base. The term AGt is the Gibbs

free energy change for equation (ll) at the P and Z

of interest.
One limitation inherent in equation (12), in addi-

tion to those cited earlier for equation (10), is its fail-

ure to account for non-ideality of mixing between
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Parameter

Table 4. Thermal-compositional data bases and regressed

thermochemical values from different studies

t 2 0

o
O r z

. , , .
oo"

fr,,.t"

70 80  90  r00  i lo

Meosured K9 (Fe / Mo ; gor - cpx)

Fig. 4. Correlation between rKo(FelMg; gar-cpx) values

predicted from equation (10) and values measured in samples

from the Ruby Range (see Table 5). RMK and RMC sample

numbers are adjacent to data points. Solid circles reprcsent Kelly

samples; open circles represent Carter Creek samples.

A mean value for AGf in equation (12) can be ob-

tained from the difference between known values of

RZ ln Ko and sum(n for the nine garnet-ortho-

pyroxene pairs from the Kelly area, using the same

procedure described earter for garnet--clinopyroxene

pairs. For the Kelly area, the computed value of

Acljffi is -1391+288 cal(95 perc€nt confidence lim-

its). Equation (12) can now be rewritten in the form

RT h KD: l39l + 1509(XF." - Xf"'')

+ 2810(.4.*) + 2855(Xffl)
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Fe2* and Mg in the MI site of orthopyroxene; Saxena
and Ghose (1971) reported a value of 1956 callmole
(at 700"C) for the Fe-Mg interaction parameter for
this site. However, site occupancies of Fe and Mg in
the Montana orthopyroxenes were not determined in
this study. Mixing between Fe2* and Mg in these py-
roxenes is probably further complicated by their high
Mn2* contents (Table 2). For these reasons, and
given the small data base, compositional terms for
orthopyroxene are not considered in equation (13),
and the distribution coemcient K"(FelMg; gar-opx)
is based on total Fe and Mg in orthopyroxene. The
consequences of these simplifications are discussed
further in this and later sections.

t 2 O

(13)

Table 5. Compositional efects on Kp (Fe,Mg) predicted by equation (10) for garnet-clinopyroxene pairs in samples from the Ruby

Range

Sample "o?iilr;fue]""' * ?:ll)#i:]
2 R 5 5 / Y G a r )

( ca 1/niif e )

Sun(X)

( c a 1 l m o l e )
"D

pred ic ted measured

RMK-2 7 2
RMK-I3
RrYK-17
RMK_7 7
RIIK-26

RMK- 7 6
RMK-82
Rr4K-46
RIIK- 37 2
RltK-371

RMC- 7 1
RI1C-11
RI{C-12

635
7r1
950
691
739

5 2 3
551
483
461
4 4 7

t520
995
992

L31 4
1355
L l  06
L4L7
1444

1 5 5 3
17  30
168 7
20 t l
2029

2L94
1981
1938

6 . 7  3
6 . 6 6
7 . 9 3
6 . 8 7
6  . 9 7

L  J )

8 . 0 2
7 . 8 5
9  . 2 5
9 .  3 0

1 r .  9 8
r 0 . 6 9
r 0 . 4 5

6 .  8 0
6 . 4 8
7  . 3 3
7 . r 7
6 . 8 4

I  . 2 9
7  . 6 5
8 .  4 5
9 .  0 8
8 .  9 5

1 1 .  5 4
r1 .47
1 1 . 4 1

705
598
7C2
646
614

457
7 2 3
658

34
40
54

9 l

782
8 9 3
681
653
663

248
286
5t7
897
9t9

2 1 7
263
288
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Table 6. Compositional effects on Kp @e,Mg) predicted by equation (13) for garnet-orthopyroxene pairs in samples from the Ruby

Range

Sampre "o?lil7;fue]"'* i:ll)fEi:l
l g s s  l  F a r  r

(c a1 /n?jT e )

Sum ( x)

(ca_L/moIe . )
Kn

pred i c t ed measured

RMK-2 73

RMS-22

RMK-5I

RMK_7 6

RMK-82

RMK-46

RMK-372

RMK-371

RMK-48

517
897
919

L259

1252
137 9
1110
1 5 5 3
r 1  3 0

L687
20L7
2029
2203

3 . 6 9
3 .  9 3
3 . 4 4
4 . 2 9
4 . 6 8

4 .  5 8
q  ? o

5 .  9 1

3 .  5 2
3 .  6 5
3 .  8 7
4 . 3 7
4 . 3 4

4 . 9 6
5  . 4 0
5 . 7 9
5 .  6 1

690
7 7 9
539
782
8 9 3

687
653
663
489

51 r
540
511
523
5 5 1

483

447
4 ) )

51
60
60

248
286

This expression permits an independent check on the
validity of the three compositional terms derived ear-
lier, insofar as K"(FelMg; gar-opx) values predicted
by equation (13) can be compared to values actually
measured for the nine garnet-orthopyroxene-bearing
samples from the Kelly area. Predicted and measured
Ko values, as well as compositional trends in the gar-
nets, are presented in Table 6. Linear regression of
predicted y.r. measured Ko values yields a line of
slope 0.92 and a correlation coefficient r of 0.93. This
regression is plotted in Figure 5. The near-unity
slope and high level of correlation in Figure 5 not
only corroborate the w,, used in equations (10) and
(12), but also suggest that any mixing terms for or-
thqpyroxene in equation (12) have nearly constant or

4.5

Meosured Ko(FelMg; gor-opx)

Fig. 5. Correlation between r(o(FelMg; gar-opx) values
predicted from equation (13) and values mrcasured in samples
from the Ruby Range (see Table 6). RMK (and RMS) sample
numbers are adjacent to data points.

negligible value for the nine samples of the data base.
Furthermore, the w,, appear to be applicable beyond
the X,fifi' range of the original data base, to at least
XSi' equal to 0.441. This level of Mn content, found
in sample RMK-48, is the highest yet reported in the
literature for garnet coexisting with orthopyroxene
(cl Davidson and Mathison,1973).

I conclude that equation (13) closely approximates
the thermal-compositional dependence of K"(Fe/

fv{g; gar-opx) for the Ruby Range samples. This de-
pendence is comparable to that of garnet-clinopyrox-

ene Ko values.
Similar analysis using Ganguly's (1979) interaction

parameters in equation (13) yields a Le,|T" value of
-896+425 cal for equation (ll) (95 percent con-
fidence limits); linear regression of predicted vs. mea-
sured K"(Fe /Mg; garopx) values results in a line
with a slope of only 0.70 and a correlation coefficient
r of 0.85.

Accuracy of AGi calculations

The AGi values for garnet-pyroxen€ Fe-Mg ex-
change reactions, calculated from the thermody-
namic models presented in earlier sections, vary
widely from values calculated using thermochemical
data in Robie el al. (1978), Helgeson et al. (1978),

and Zen (1973). For example, for gar-cpx pairs

[equation (2)], the model yielded AG1'"13 - AGW :
-2482!845 cal. The published thermochemical data,
on the other hand, when applied to the equation

AGP.: AHln"- ras&8+ l'rc:ar
I zse

- rl'#ar+t,'w"ar (14)

yeld AG]3?3 : - 140 I 8 + 4000 cal and LGX2H : - I 3905
+ 4000 cal. Substitution of the latter values into
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equation (10) yields metamorphic temperatures that

are completely unreasonable for the Kelly area
(ca. 3700"C!).'It is highly unlikely that additional
compositional terms (e.9., for clinopyroxene) in
equation (10) coutd account for the -11500 callmole
that would be necessary in this case to render the
equation a reliable temperature indicator, since (l)
the sum of all compositional terms for garnet ac-
counts for only 1000 to 2000 callmole (ee Table 5)
and (2) the model presented earlier accounts for 89
percent of the compositional variance observed in
Rf h Ko. Thus, I conclude that the discrepancy in
AGf values is due at least partly to inaccuracies in
some of the published enthalpy and entropy values
for garnet and clinopyroxene end-members. For gar-
net-orthopyroxene pairs, the discrepancy is even
greater, and the conclusion is the same.

The validity of the regressed AGi values for equa-
tions (2) and (ll) can be tested by determining
the degree of internal consistency among K" and
AGljl| values for gar-cpx, gar-opx, and cpx-opx Fe-
Mg exchange equilibria. Because the cpx-opx ex-
change reaction

FeSiO, + CaMgSirOu =: MgSiO. + CaFeSirO. (15)
FS DI EN HD

is obtained by subtraction of equations (2) and (l l),
the AGl"'ffi values for the three equilibria must be re-
lated by

(ac13l3)*",_"", - (ac13i3)"..*", : (ac13l3).o^-o,

2 6

2 4

(-1391+288 cal) - (-2482+845 caI) (16)
: (1091*893 cal)

where (Aclo'ffi)"o^-o^ refers to equation (15). We can

state that

(AGa.p.-"- = -RT ln K"(FelMg; cpx-opx) (17)

Now, if the calculated value of l09l cal for
(AG'1"'?3)""-*", in equation (17) is accurate, then the
K"(Fe/Mg; cpx-opx) value we can compute from
this equation must agree with Ko values observed in
natural assemblages at lOl8oK (745'C). Indeed,
equation (17) yields a Ko value of 0.58, which com-
pares with the mean K,(FelMg;.cpx-opx) value of
0.57 for nine pyroxene pairs reported in Table 2. This
internal consistency corroborates not only the three
AG", values, but also the validity of equations (10)
and (13) and the basic correctness of the interaction
parameters w' contained therein.

However, internal consistency of AG?values calcu-
lated using Ganguly's (1979) mixing parameters can

t 6

also be demonstrated by equations (16) and (17). In

this case, the computed value of A4'"1? for equation

(15) is lO42 calli.e., -896 cal - (-1938 cal)1, and for

KD (FelMC; cpx-opx) a value of 0.60 is obtained.

Thus I conclude that only lhe dffirence in calculated

AG', values for equations (2) and (l l) can truly be

tested by the above method, and not their absolute

values.

Applications to geothermometry

Garnet-clinopyroxene

Measured ln K" (FelMg; gar-cpx) and calculated

sum(X) values from Table 5 are plotted in Figure 6.

The line representing garnet-clinopyroxene pairs

from the Kelly area defines a 745oC isotherm. Be-

cause the Carter Creek samples plot at significantly

higher Ko than the Kelly samples at equivalent

sum(X) values, the former probably represent part of

a lower-temperature isotherm. This conclusion is

consistent with (l) the known divergence of K" (Fe/

Mg; gar-cpx) from unity with declining temperature

(e.g., see Banno, 1970, and Riheim and Green, 1974)

and (2) the lower peak temperature estimate of

675-r45"C inferred for the Carter Creek area by

Dahl (1979).

861
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Ke ly oreo (This study)
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(This study )

Vorberg (Soxeno,1968)
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Fig. 6. Variations in ln (DGe/Mg; gar-cpx) as a function of

sum(X) las defined in equation (10)] for gar-cpx pain in samples

from the Ruby Range and from Varberg, Swedcn (Saxena' 1968;

only unzoned samples plotted). Kelly and Carter Creek samples

define two distinct isotherms for the Ruby Range, with the Carter

Creek samples indicating the lower apparent temperature Oigher

Ko). Ko : (Fe/Mg)G"'/(FelMg)cp'. Total Fe used to calculate

KD except for samplc RMC-71, whose garnets contain relatively

high Fe3*. Cross in upper left repr€sents uncertainties (2o) in the

data points for sample RMK-37; uncertainties in all other Ruby

Range data points are smaller.
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Similar reasoning suggests that the charnockites

from Varberg, Sweden (Saxena, 1968), reached meta-
morphic temperatures higher than the 745+50'C for

the Kelly area. Indeed, Saxena (1976, p.651) has es-
timated temperatures of 801+60"C for the Varberg

area, using pyroxene geothermometry.

Because the Carter Creek, Kelly, and Varberg gar-

net-clinopyroxene pairs define isotherms or parts of
isotherms whose temperatures have been independ-

ently estimated, Figure 6 provides the basis for geo-

thermometry in other upper-amphibolite to granulite

facies terrains. As more chemical data from other lo-

calities become available, additional isotherms can
be added to Figure 6.

Reconstruction (not shown) of Figure 6, using in-
stead Ganguly's (1979) mixing parameters for garnet,

results in no change in the relative positions of iso-

therms and data points shown.

Figure 6 illustrates the marked efects of composi-
tion on K" (FelMg; gar-cpx) and underscores the
danger inherent in the application of any mineral-
pair geothermometer without due consideration of
this potential complication. For example, routine ap-
plication of Riheirn and Green's (1974) calibrated
garnet-clinopyroxene geothermometer to the Kelly
area results in temperatures ranging from 653"C [low
Ko, low sum(X)l down to 584"C [high K", high
sum(X)|. These estimates are low and falsely indicate
variations in peak temperature for the Kelly area.
Application of this calibration to the Kelly area is
valid only if, along the Kelly isotherm, a range of Ko
values is chosen that corresponds to the range of
sum(X) values characteristic of Riheim and Green's
experfunentally-derived garnets. Their chemical anal-
yses indicate a sum(X) value of 379+200 callmole
(95 percent confidence limits), which, upon sub-
stitution into the line equation for the Kelly isotherm

ln K":0.000214 sum(X) + 1.30010 (18)

yields a compositionally corrected Ko value of
4.34-rO.4O. This value, in turn, when applied to R6-
heim and Green's calibration, gives a temperature es-
timate of 752+44"C (at p:72001-l2OO bars) for the
Kelly area. This estimate is concordant with the in-
dependent estimate of 745-r50oC reported earlier.
Thus, by correcting for compositional effects on Ko, a
reliable temperature estimate is obtained. Clearly,
the application of this technique to other localities re-
quires samples sufficient to define adequately an iso-
thermal line equation.

Yet a third approach to geothermometry involves
solution of equation (10) for 2- A pressure term can

be incorporated by first evaluating the volume term
in equation (14), using garnet-clinopyroxene volume

data from Takahashi and Liu (1970) and Rutstein
and Yund (1969). For a load pressure of 7200 bars
(Kelly area), the volume term for the Fe-Mg ex-
change reaction [equation (2)] equals -158 cal. Thus,
included in the calcutated AG13l3 value of -2482 cal
is -2324 cal (AG?) and a volume term of -158 cal

li.e., -0.022P(bars) for the Kelly areal. Equation (10)

can now be rewritten in the form

z("K) : 12324 + 0.022P(bars) + 1509(X"c"- - X,9;)

+ 2810()€3') + 285s(xffX')l/(r.987 ln KD) (19)

Recent gar-cpx geothermometers of Ganguly
(1979) and Saxena (1979) work very well for perido-

tites, high-temperature eclogites, and upper-granulite
facies rocks. However, both methods yield temper-
atures for the Kelly and Carter Creek areas that are
significantly higher than the consensus estimates re-
ported earlier (see Table 7). Equation (19) may find
general application to (l) upper-amphibolite and
lower-granulite facies rocks in which pyroxenes are
low in Na and Al and (2) rocks that are high in Mn.
Reliable application of equation (19) to other local-
ities is based upon the assumption that AGi is nearly

constant over a broad temperature range. This as-
sumption is reasonable because (l) the heat capacity
integrals in equation (14) virtually cancel out, re-
gardless of temperature, and (2) the value of AS!n. for

equation (2) is nearly zero; a value of +1.013 cal/"K
is obtained using Sl* data from Robie el al. (1978)

Table 7. Peak metamorphic temperature estimates for the Ruby

Range

Ganguly

Sample (7919)

Toc

Saxena Ehis paper Rihein and
( 1 9 7 9 )  ( e q n .  1 0 )  G r e e n  ( 1 9 7 4 )

Toc Toc Toc

RlfK-2 72

RMK_13

RMK_17

RMK.7 7

RMK_2 6

R}ft-76

RMK.82

Rl.lK-46

RMK-3 72

RXI(- 371

*"un y = glJ!1"4

RMC-7I  311
RMC-1] 761
Rr4C-1^ 764

nean T  =  779!28

62I !24

530 I cu.t.t
5 1 6  >  a r a a l

) t  I  area

5 3 6 1 1

811
832
833
810
827

643
653
621
632
64r

624
618
598
584
5 8 7

739
760
785
7 2 3
755

749
7 6 9
7ro
7 5 3
7 6 3

809
792
8 2 7
812
800

79r
803
836
790
7 9 5

Ke1ly

atea803
799
79L
809
811

306116

67 ),
671
6 7 4

61 2 !2

7 5t!22

685
643
636

655!27

Equatio-n (18) gields an jndependent tenperature est inate of

752!22-C for the^KeflV area. Consensus est inafes fot  the Rubq

Range are Z45x5OuC (KeLlg) and 615t45oC (Carter Creek).  (Dahl,

1 9 7 9 ) .
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and Helgesol et al. (1978). If this value is correct,

then a 100"K change in temperature results in only a

l0l cal (or 4.6 percent) change in AGi (: -2324 cal).

Garnet-orthopyroxene

Measured ln K" (FelMg; gar-opx) and calculated

sum(X) values for garnet-orthopyroxene pairs from

the Kelly area (Table 6) and other localities are

plotted in Figure 7. The relative positions of the data

points representative of these localities should, in

principle, permit tentative determination of their rel-

ative metamorphic temperatures. Line B represents

the Kelly isotherm (745i50'C). Line C is an iso-

therm defined by compositions in garnet-ortho-

pyroxene-cordierite gneisses from a 43-km' area in

the Guayana Shield region, Venezuela (Dougan,

1974).The proximity of lines B and C suggests little

or no temperature difference between the Kelly and

Venezuelan localities. On the basis of several geo-

thermometers, Dougan inferred a metamorphic tem-

perature of 760-r40"C for the Venezuelan locality,

which indeed is concordant with estimates for the

Kelly area.

The three points comprising group D in Figure 7

define part of an isotherm for highly metamorphosed

iron-formations from a small area near Quairading,
Western Australia (Davidson and Mathison, 1973).

Group D plots at significantly lower tn K" than line

B, suggesting that peak temperatures in the Qua-
irading area exceeded745"C. To test this conclusion,

coexisting pyroxenes from the two localities are com-

pared in the pyroxene quadrilateral shown in Figure

8. The Quairading pyroxenes plot at a higher temper-

ature (ca.800"C) on the pyroxene solvus than those

from the Kelly area. Thus, two independent methods

result in the same relative temperature estimate for

the two localities.

Line E in Figure 7 represents core compositions

for garnet-orthopyroxene-cordierite-bearing an-

orthosites from a 10000-km'z area in the Nain Prov-

ince, Labrador (Berg, 1975,1977). The eight samples

included in Figure 7 represent those for which Berg

obtained his highest (concordant) garnet-cordierite

and garnet-biotite temperatures-858+60"C. Lines

E and B barely overlap, so that thermal comparison

of the Kelly and Nain areas is possible only at

sum(X) values near ll00 callmole. The lower ln K"

for line E at this sum(n is consistent with the higher

temperatures inferred by Berg for the Nain area.

The five scattered points labelled group A in Fig-

ure 7 represent rim compositions for some of the

o Kelly oreo (This study)
o Venezuelo (Dougon,1974)

o Austrolio (Dovidson ond
Mothison; 1973)

c.ore ;]Lobrodor (Berq; 1975,87
r r m  a l

+
r700

S um (X) col umole

Fig. 7. Dependence of KD(Fe/Mc gar-opx) on nrn(X) [as

defined in equation (13)l for garnet-orthopyroxene pairs from

several localities. Labeled lines delineate trends for each locality.

Lines B, C, and E represent distinct isotherms; groups A and D

represent parts thereof (see text). Lower Kp isotherms probably

represent higher metamorphic temperatures. Kp : ge/l[l}G"'/

(FelMg)on*. Ruby Range samples are all from the Kelly area

except for sample RMS-22, which is from Stone Creek. Total Fe

was used in the Kp calculations for Labrador and Ruby Range

samples, except for sample RMK-48. All other Kp values were

corrected for Fe3* in the published analyses. Cross in lower right

represents uncertainties (2o) in the data point for sample RMK-

48; uncertainties in all other data points in line B are smaller'

eight high-temperature Nain samples. Berg con-

cluded, on the basis of antithetic Fe-Mg profiles at

grain edges of both garnets and coexisting ortho-

pyroxenes, that the rim 1(" values reflect retrograde

metamorphic conditions; for these conditions, he es-

timated temperatures in the range of 547+25"C. lt is

not surprising, therefore, that the group A data

points cluster well above all isotherms in Figure 7.

Reconstruction (not shown) of Figure 7, using in-

stead Ganguly's (1979) mixing parameters for garnet,

results in no change in the relative positions of iso-

therms and data points shown, although the slope for

line E parallels the other lines better.

The AG?component of LGi in equation (13) is not

constant over a broad range of temperature, in-

asmuch as a AS!r, value of 1139 cal/"K is obtained

for equation (13), using Sln, data from Robie el a/.

(1978) and Helgeson et al. (1978). This shortcoming

precludes the use ofequation (13) as an absolute geo-

thermometer, but does not affect the use of K" (Fel

Mg; gar-opx) as a relative geothermometer, as in

Figure 7.

;  l o

o
- 8
c

t a

t 6

500 2roo
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Limitations

Figures 6 and 7 represent attempts to normalize
the compositional effects on ln K" (FelMg; gar-cpx)
and ln ,K" (FelMg; gar-opx) so that meaningful geo-
thermometry can be done. However, there are several
limitations inherent in their application. First, ther-
mal comparisons between areas may be invalid un-
less their respective isotherms (or portions thereof)
overlap in sum(X) values. Thus in Figure 7 direct
comparison of lines C or E with group D is not advis-
able.

Second, in both figures the effects ofload pressur€
P on ln Ko are ignored. All samples plotted in these
figures were metamorphosed to pressures in the
range 4.5-8.5 kbar, according to estimates available
from the literature. Riheim and Green's (1974\ ex-

DAHL: Fe-Mg DISTRIBUTIONS

t
, .Wort

(Co * Mn) SiO3 for cpx

CoSiO3 for opx

Cl inopyroxene

Orthopyroxene

periments suggest that an increase in P from 4.5 to

8.5 kbar results in a 4 percent increase in ln K" (Fe/

Mg; gar-cpx) at 750"C. Thus, normalization for pres-

sure effects in Figures 6 and 7 may result in slight

shifts among the isotherms, but these shifts are prob-

ably not significant enough to alter the relative tem-

peratures inferred earlier.

Third, and perhaps most important, the reliability

ofFigures 6 and7 is contingent on the inherent cor-

rectness of the respective thermodynamic models

[i.e., equations (10) and (13)]. Although the models

do account for most of the variance in RZ ln K" ob-

served for the Montana garnet-pyroxene pairs, they

do not account for the possible effects of variable

Fe'* in garnet or variable Na, Al, Ca, or Mn in py-

roxene; nor do they account for the non-ideality of

mixing between Fe and Mg in pyroxene M1-M2

MgSiO3

Fs

FeTsioa

Quoiroding, W. Austrol io (Dovidson, , |969)

- - - . r  Ke l l y  ond Stone Creek  orecs ,  Ruby Mtns . ,  Montono ( th is  s tudy)

lsotherms ofter Ross ond Huebner (. |975)

Fig. 8. Pyroxene pairs from the Ruby Range (single, not averaged, analyses plotted) compared with those from the Quairading district
of Western Australia (Davidson, 1969). Superimposed is the experimentally-determined pyroxene solvus of Ross and Huebner (1975). It
is assumed that Ca and Mn occupy the M2 site of clinopyroxene; the rclative position of the two curves is not changed, however, if Mn is
plotted with Fer (total iron) instead of with Ca. Ross and Huebner place a *l00oC uncertainty on temperatures estimated by their
method.

\\ r 
.-.-.-

_-_-_-!:::
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sites. These limitations can be removed only when

larger data bases incorporating broad variations in

diverse components are studied. Such data bases are

most likely to be found in highly metamorphosed ter-

rains containing garnet-pyroxene pairs in diverse

lithologies.

Conclusions

The Ruby Range, southwestern Montana, has

been used as a natural laboratory to model the P-T-

X dependences of garnet-pyroxene K" (FelMg) val-

ues. The major conclusions of this study are summa-

rized below.

(l) Petrographic and geothermometric data in-

dicate that peak metamorphic P-Z conditions for the

Kelly and Carter Creek areas were 7.2+1.2 kbar,

745+50oC and 6.2+1.2 kbar ,  675+45oC, respec-

tively.
(2) The excellent correlation between measured

garnet-clinopyroxene Ko values and those predicted

using Ganguly's (1979) garnet mixing parameters

(Table 3) supports the general validity of his parame-

ters and confirms the temperature difference inferred

between the Kelly and Carter Creek areas. The cor-

relation also indicates that within a given area, Ear-
net-pyroxene pairs in diverse lithologies last equilib-

rated at the same or nearly the same temperature.

(3) Garnet-pyroxene K" (FelMg) values are

highly dependent on composition-particularly on

Xf,T and X33'. Meaningful geothermometry, there-

fore, requires that such compositional effects be

taken into account, such as is done in equations (9),

(10), (13), (18), and (19), and in Figures 6 and7.

(4) Multiple linear regression of the Ruby Range

data base in conjunction with known temperatures of

metamorphism yields new and internally consistent

values of A@l!1,[]!" for Fe'*-Mg exchange reactions

involving garnet-clinopyroxene [equ4fion (2)1, gar-

net-orthopyroxene [equation (ll)], and clinopyrox-

ene-orthopyroxene [equation (15)]. Because all three

values are much closer to zero than values obtained

using thermochemical data from Robie el al. (1978),

Helgeson et al. (1978), and Zen (1973), they are more

compatible with the known dependences of K" val-

ues on temperature.

The regression also yields new values for the gar-

net mixing parameters (Table 4). These results cor-
roborate those reported by Ganguly (1979), except

that the wo.r, inferred in my study is intermediate to
Ganguly's and O'Neill and Wood's (1979) values.
This discrepancy may reflect a temperature depen-
dence for this parameter.

(5) Equation (19) may be applied as a geother-

mometer to upper-amphibolite and lower-granulite

facies rocks or to rocks high in Mn. Both Ganguly's
(1979) and Saxena's (1979) garnet-clinopyroxene

thermometers yield high temperatures for such rocks

(Table 7), although they appear to work extremely

well for eclogites, peridotites, and upper-granulite

facies rocks.
(6) Larger data bases from the Ruby Range and

other terrains are required in order to evaluate the

possible effects on Ko of components other than

those considered in this study. Such components in-

clude Fe'* in garnet and Na, Al, Ca, and Mn in py-

roxene. Also, an accounting for the non-ideal mixing

of Fe and Mg in pyroxene Ml-M2 sites is desired.

Despite these omissions, the thermodynamic models

presented in this paper explain up to 89 percent of

the variance actually observed in K" (FelMg) values

for garnet-pyroxene-bearing mafic gneisses and iron-

formations from the Ruby Range.

Acknowledgments

Part of this work was included in a doctoral dissertation pre-

sented to Indiana University. I am most grateful to Dr. C. Klein,

Jr., for his support and advice during this investigation. Drs. R.G'

Craig, H.L. James, D.F. Palmer, D.G. Towell, and R.P. Wintsch

read earlier versions of the manuscript and made many helpful

suggestions. Special thanks are due to Drs. S.K. Saxena and J.M,

Ferry for their careful reviews, which greatly improved the quality

of the manuscript. I thank Mr. Kevin Zak for drafting, and Lynn

V. Dahl and Susan B Hoak for typing of the manuscript.

Field and laboratory support for this study were provided by

NSF grants DES-72-01665 and EAR-76-l1740 to Professor Klein.

The electron microprobe was obtained on NSF grant GA-37109 to

Professor Klein, with joint funds from the Indiana Univcrsity

Foundation.

References

Banno, S. (1970) Classification of eclogites in terms of physical

conditions of their origin. Pftys. Earth Planet. Interiors, 3, 405-

42r.
Berg, J. H. (1975) Quantitative regional geobarometry of the

anorthositic Nain complex (abstr.). Int. Conf. Geothermometry

and Geobarometry, The Pennsylvania State University, Univer-

sity Park, Pennsylvania
- (1977) Regional geobarometry in the contact aureoles of

the anorthositic Nain complex. J. Petrol. 18,399430.

Chatterjee, N. D. and W. Johannes (1974) Thermal stability and

standard thermodynamic properties of synthetic 2M1-mus-

covite, KAl2Alsi3oro(oH)2. contrib. Mineral. Petrol., 48, 89-

I  14 .

Cordua, W. S. (1973) Precambrian Geologlt of the Southern To-

bacco Root Mountains, Madison Co., Montana. Ph.D. Thesis' In-

diana University, Bloomington, Indiana.

Dahl, P. S. (1977) The Mineraloglt and Petrology of Precambrian

Metamorphic Rocks from the Ruby Mountains, Southwestern



866 DAHL: Fe-Mg DISTRIBUTIONS

Monlana. Ph.D. Thesis, Indiana University, Bloomington, In-
diana.

- (1979) Comparative geothermometry based on major-ele-
ment and oxygen isotope distributions in Precambrian meta-
morphic rocks from southwestern Montana. Am. Mineral., 64,
t280-1293.

Davidson, L. R. (1968) Variation in ferrous iron-magnesium dis-
tribution coefficients of metamorphic pyroxcnes from Qua-
irading, Western Australia. Contrib. Mineral. Petrol., 19, 239-
259.

- ( 1969) Fe**-Mg** distribution in coexisting mctamorphic
pyroxenes. Spec. Publ. Geol. Soc. Aust., 2,333-339.

- and C. I. Mathison (1973) Manganiferous orthopyroxenes
and garnets from metamorphosed iron formations of the Qua-
irading district, Westem Australia. Neues Jahrb. Mineral. Mon-
atsh., 47-57.

Douga4 T. W. (1974) Cordierite gneisses and associated lirh-
ologies of the Guri area, Northwest Guayana Shield, Vene-
ntela. Contrib. Mineral. Petol.,46, 169-188.

Friberg, L. M. (1976) Petrology of a Metamorphic Sequence of Up-
per-amphibolite Facies in the Central Tobacco Root Mountains,
Southwestern Montana, Ph.D. Thesis, Indiana University,
Bloomington, Indiana.

Ganguly, J. (1979) Garnet and clinopyroxene solid solutions, and
geothermometry based on Fe-Mg distribution coefficient. Geo-
chim. Cosmochim. Acta, 43, 102l-1029.

- and G. C. Kennedy (1974) The energetics ofnatural garnet
solid solution. I. Mixing of the aluminosilicate end-members.
Contrib. Mineral. Petrcl., 48, 137-148.

Garihan, J. M. (1979) Geology and structure of the central Ruby
Range, Madison County, Montana. Bull. Geol. Soc. Am., 90,
695-788.

Giletti, B. J. (1966) Isotopic ages from southw€stern Montana. ./.
Geophys. Res., 7 l, 40294036.

Goldman, D. S. and A. L. Albee (1977) Correlation of MglFe par-
titioning between garnet and biotite with 180/160 partitioning
between quartz and magnetite. Am. J. sci.,277,750-767.

Guggenheim, E. A. (1967) Thermodyumics. North-Holland, Am-
sterdam.

Heinrich, E. W. (1960) Pre-Beltian geology of the Cherry Creek
and Ruby Mountains areas, southwestern Montana. Mont. Bun
Mines and Geol. Mem., J& 15-40.

Helgeson, H. C., J. M. Delany, H. W. Nesbitt and D. K. Bird
(1978) Summary and critique of the thermodynamic propertics
of rock-forming minerals. Am. J. Sci., 278-A, l-229.

Holdaway, M. J. (1971) Stability of andalusite and tle aluminum
silicate phase diagram. Am. J. Sci., 271,97-131.

James, H. L. and C. E. Hedge (1980) Age of the basement rocks of
southwest Montana. Geol. Soc. America Bull., Part 1,91,ll-15.

- and K. L. Wier (1972a) Geologic map of the Kelly iron de-
posit. U.S. Geol. Surv. Misc. Field Studies Map MF-349.

- and - (1972b) Geologic map of the Carter Creek iron
deposit. U.S. Geol. Sum. Field Studies Map MF-359.

and K. W. Shaw (1969) Map showing lithology of
Precambrian rocks in the Christensen Ranch and adjacent
quadrangles, Madison and Beaverhead Counties, Montana.
U.S. Geol. Sum. Open-File Report.

Kerrick, D.M. (19'12) Experimental determilation of muscovite +
quartz stability with P",o ( P,o,.r. Am. J. Sci., 272,946-959.

- and L. S. Darken (1975) Statistical thermodynamic models

for ideal oxide and silicate solid solutions, with application to
plagioclase. Geochim. Cosmochim. Acta, 39, l43l-142.

Klein, C., Jr. (1974) Greenalite, stilpnomelane, rninnesotaite, cro-

cidolite, and carbonates in a very lqw grade metamorphic Pre-

cambrian iron-formation. Can. M ineral., I 2, 47 5498.

Okuma, A. F. (1971) Structure of the Southwestern Ruby Range

Near Dillon, Montana. Ph.D. Thesis, The Pennsylvania State

University, University Park, Pennsylvania.

O'Neill, H. St.C. and B. J. Wood (1979) An experimental study of

Fe-Mg partitioning between garnet and olivine and its calibra-

tion as a geothermometer. Contrib. Mineral. Petrol., 70,59-70.

RAheim, A. and D. H. Green (1974) Experimental determination

of the temperature and pressure dependence of the Fe-Mg par-

tition coefrcient for coexisting garnet and clinopyroxene. Caz-

trib. Mineral. Petrol., 48, 179-203.
Robie, R. A., B. S. Hemingway and J. R. Fisher (1978) Thermody-

namic properties of minerals and related substances at 298. 15 K

and I bar (105 pascals) pressure and at higher temperatures.

U.S. Geol. Surv. Bull. 1452.

Ross, M. and J. S. Huebner (1975) A pyroxene geothermometer

based on composition-temperature rclationships of naturally

occurring orthopyroxene, pigeonite, and augite (abstr.). Izr.

Conf. Geolhermometry and Geobarometry, The Pennsylvania

State University, University Park, Pennsylvania.

Rutstein, M. S. and R. A. Yund (1969) Unit-cell parameters of

synthetic diopside-hedenbergite solid solutions. Am. Mineral.,

54,238-245.
Saxena, S. K. (1968) Distribution of iron and magnesium between

coexisting garnet and clinopyroxene in rocks of varying meta-

morphic grade. Am. Mineral., 53,2018-2424.
- (1969) Silicate solid solutions and geothermometry. 4. Sta-

tistical study of chemical data on garnets and clinopyroxene.

Contrib. Mineral. Petrol., 23, 140-156.
- (1976) Two-pyroxene geothermometer: a model with an

approximate solution. Am. Mineral., 61, 643452.
- (1979) Garnet-clinopyroxene geotli€nnometer. Contrib.

Mineral. Petrol., 70, 229-235.
- and S. Ghose (1971) Mg2+-Fe2* order-disorder and the

thermodynamics of the orthopyroxen€ crystalline solution. ;bn.

Mineral., 56,532-559.
Takahashi, T. and L. G. Liu (1970) Compression of ferromagne-

sian garnets and the effect ofsolid solutions on the bulk modu-

Ils. J. Geophys. Res., 7 1, 57 57 -5766.

Wintsch, R. P. (1975) Solid-fluid equilibria in the system

KAlSi3Os-NaAlSi3O8-Al2SiO5-SiO2-H2O-HCl. J. Petrol., 16,

57-79.
7.en, E-an (1973) Thermochemical parameterg of minerals from

oxygcn-buffered hydrothermal equilibrium data: method, appli-

cation to annite and almandine. Contrib. Mineral. Petrol., 39,

65-80.

Manuscript received, August 4, 1978;

acceptedfor publication, March 14, 1980.


