
American Mineralogist, Volume 61, pages 643452, 1976

Two-pyroxene geothermometer: a model with an approximate solution

S.  K .  SnxsNe

Department of Geology, Brooklyn College
City Uniuersity of New York, Brooklyn, New York I l2l0

Abstract

Composition of coexisting ortho- and Ca-pyroxene or pigeonite may be used to estimate the
temperature of crystall ization at low to moderate pressures by solving the equation:

RT ln X$,fi-u, X&Y-*, t$,fi-r,: RI ln 4Mg-6p* - 500 ( t 6 )

where R is gas constant, 7 temperature in oK to be estimated, XStlMt the site of occupancy of
Mg on the site Ml or M2 in clinopyroxene (Cpx), r the M2 site activity coefficient and
4nrg-op* the activity of Mg in orthopyroxene. A non-ideal model for the M2 site in both the
pyroxenes is used to obtain the activity composition relations. The site occupancy data in
orthopyroxene are available in the literature. The site occupancy data in clinopyroxene are
obtained by using compositional data on three coexisting pyroxenes by using the condition
that in such coexisting pyroxenes the intracrystalline equilibrium constants are simply related.
Using the activity-composition data, equation (16) may be solved graphically or by using a
computer to match the two sides of the equation at various assumed temperatures. The
temperature estimates must be based on an accurate compositional analysis of several sam-
ples. It is expected that further work on the solution parameters and determination of site
occupancies as a function of temperature and composition wil l be actively pursued to improve
temperature estimates. The proposed geothermometer is recommended as a relative temper-
ature scale to test models of chemical equil ibrium and differentiation in metamorphic and
igneous rocks.

Introduction

Compositional data on coexisting pyroxenes
(Kretz, 1963) indicate that for pyroxene pairs with
similar Ca content a distinct difference in the distri-
bution of Fe and Mg must be attributed to a differ-
ence of temperature of crystallization. However, con-
centration of Ca in pyroxenes generally varies with
temperature, and mixing of Ca with Fe and Mg is
generally non-ideal, which changes the simple corre-
Iation between temperature and Fe-Mg distribution.
Therefore it is necessary to synthesize the composi-
tional data and recent theoretical results on solution
models into a tentative model for geothermometry.
Such a model would provide a relative (but at present
not absolute) scale of temperature estimate. lts appli-
cation to a variety of rocks would point to its weak-
nesses, which could be improved with new composi-
tional, experimental, and theoretical data.

As noted later in the paper, the temperature scale
will be relative because of the lack of information on

some thermodynamic quantities for the crystalline
solutions. For such quantities, numbers inferred on
the basis of crystal-chemical information may be
used and then improved by trial and error, in an
attempt to obtain meaningful estimates of temper-
atures required by the temperature-composition rela-
tionship in a set of experimental or empirical data.
However, once the framework of the model for the
geothermometer is cdnstructed, the temperature esti-
mates for other rocks are relative to the standard
of reference, which is the chosen temperature-com-
position relationship. In this paper, the composi-
tional data of Ross and Huebner (1975) are used
to arrive at the model. The thermodynamic solution
parameters could be revised as and when new com-
positional data are available.

Construction of a model geothermometer requires
the knowledge of activity-composition data on the
pyroxenes. There are several papers in the literature
which discuss solution properties of pyroxenes (more
recently by Grover, 1974, and Blander, 1972). A solu-
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t ion model for orthopyroxene based on site occu-
pancy (Fd+ and M92+ distribution in non-equivalent
Ml and M2 sites) data must take into account the
non-ideality of solution on the sites discussed by Sax-
ena and Ghose (1971).  Simi lar ly  a solut ion model
for Ca-pyroxene must be based on the intracrystall ine
Fe2+, Mg'+, and Ca2+ distribution data, take into
account the influence of Ca2+ on M2 site occupancy,
and explain the immiscibil i ty in the Ca-Mg pyroxene.
This is not possible without regarding the sites as
non-ideal solutions. At present, our understanding of
the crystal energetics and its relationship with the
macroscopic thermodynamic properties is by no
means perfect. However, instead of choosing a purely
mathematical formulation of the geothermometer, a
thermodynamic formulation based on the theory of
regular solution or simple mixtures (Guggenheim,
1967) as applied to the solutions on crystal structural
sites is preferred (Saxena, 1973).

By regarding the sites as subphases, the process of
the ion-exchange reaction between sites becomes
analogous to interphase ion-exchange. One of the
problems with this method is of defining two different
chemical potentials for one species (on two sites) in a
single homogeneous phase (Mueller et al., 1970). The
site terms have, therefore, been regarded as 'partial '

such as 'partial ' activity or site activity as used in this
paper. These sites are then two interpenetrating sub-
systems considered as more or less independent of
each other with solutions on the sites. The total en-
ergy is divided as if i t were an addition of 'partial '

energies on the sites. This method is similar to the
method of defining partial molal properties of con-
stituents in solution. Thus a site energy property, say
Mg-Ml, is the total response of the crystall ine system
to the addition of an infinitesimal amount of Mg to
Ml site when the process is carried out at constant Z,
P, and other site occupancies. Clearly thermody-
namic equil ibrium requires that any change, however
small, in Ml site occupancy must result in redistribu-
tion of species. Sites, therefore, cannot be considered
separately as macro-phases. The sites, however, may
be considered separately for the purpose of assigning
'partial ' properties as long as in the final application a
site does not appear as an individual phase. Fortu-
nately this is never necessary in petrologic work.

An alternative formulation of activity-composition
relation is possible by considering Mg-Ml as a
distinct species from Mg-M2, as discussed by
Muefler et al. (1970) and Saxena (1973). Ortho-
pyroxene, therefore, may be considered as a solution
of four species Mg-MI, Mg-M2, Fe-Ml, and

Fe-M2. The intracrystalline ion-exchange is ex-
pressed as a reaction among species as follows:

Mg-M2 * Fe-Ml ct Mg-Ml 1- Fe-M2

If the quaternary solution is a regular solution, the
activity coefficient for each species such as Fe-Ml
may be given by

RT ln 71 : WrzX"' * llrrX"' * WruXn'

* (wr" - wx + l$/B)x2xs

* (wr" -  w"n + wL)xex4

* (W,, -  Wro + Wr)XrXn

where subscripts 1, 2,3, and 4 represent the species
Fe-Ml, Mg-Ml, Fe-M2, and Mg-M2 respectively,
Ws the interaction energy, and X's the site occu-
pancies. The number of Ws in such a solution is six
(disregarding the three possible ternary and one qua-
ternary interaction parameters). A similar treatment
of clinopyroxene results in at least nine binary ll 's.
There is no doubt that such constants can be deter-
mined if there are extensive site occupancy data on
equilibrated pyroxenes. In the present paper the first
alternative is used. In some years it is likely that the
second alternative could be tested.

The following symbols are adopted

Opx : orthopyroxene, Cpx : clinopyroxene
(general symbol for both augite and pigeon-
ite), Pig : Pigeonite, Ca-px : Ca-rich cli-
nopyroxene, Xf-u, : site occupancy of i in
site Ml in phase a; similarly for M2.

X,-o : mole fraction of i in the phase

Thermodynamics

Composition of the pyroxenes may be expressed in
terms of the following real or hypothetical end mem-
bers:

Ca (M2) Mg(Ml) SizOe

diopside, 'ortho'diopside, 'ortho'pigeonite

Ms (M2) Ms(Ml ) Si,O6

enstati te, cl inoenstat i te

Ca (M2) Fe(Ml) Si,Ou
hedenbergite, 'ortho'hedenbergite

Fe (M2\ Fe(Ml) Si,O.

ferrosi l i te, cl inoferrosi l i te

Chemical equilibrium in coexisting pyroxenes may be
discussed in terms of any of the species. Let us con-
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sider the following relations:

Mg(MgSi,Oo) 3 Mg(MgSi,Oo) (a)
Opx Cpx

Ca(MgSizOu) 3 Ca(MgSizOs) G)
Opx Cpx

The conditions of equil ibrium at a given P and T are

Writing activities in terms of site occupancies (X's)

and site-activity coefffrcients (7's) (partial activity-
coefficients of Saxena and Ghose, l97l), we have

eMe-cp, : a?f[- * ra?ii- *,

: xfl?--M,?S:1 *, x?i[-*,t?f"'-*, (9)

A similar expansion may be made for dnag-6p*. In the
absence of any other information on the solution of
species on Ml site in clinopyroxene, we use the sim-
plest approximation of ideal solution for the site. By
substituting

xffJ-*, : (2xu"-co* - x?iJ-*") (10)

in equation (9), we have

4Mg-cp* : (2Xu"-co*- Xf;r"J-*r)

.(xlf!-*)tf i i-"" (11)

Note that X*"-.o* is the mole fraction

Mg
M g * F e * C a

in the mineral, while XS?.-u, is the site occupancy
on M2 site. Thus

2x*"-"o*: Xli[-*, * xli[-*,

For the site-activity coefficient ^r\fi-r, we have

f  , "az

t?ii-*,: exp Lff* ( - xl;[-dx|!r*,

t tzM2
t  , r  M s - c a  r t  v c p x  r  v c p r  l l / r . - " *

-  
R . f  

\ r  -  , t  ue - , uz )  Acs -az  -  
R f

Fug- opr : / lMe- cp*

Fc" -op*  :  I / c r -cp*

where the chemical potentials are

Frue-opx : / , l i r*-oo- (orthoenstat i te)

+  Rf  ln  cs* -11r*  (3 )

FMe-cp* : &i l*-cu* (cl inoenstat i te)

*  n r  ln  dy* -6 , , *  (4 )

Irc.-op* :  /r3^-ou* (orthodiopside)

*  n f  ln  a6 , ,_6o*  (5 )

Fc"-cp* :  P3^-<,u* (dioPside)

* nf ln 46"-q;,,* (6)

where a represents activity. Note that although there
is some structural difference between diopside and
pigeonite, we have to ignore i t  in the fol lowing dis-

cussion. We are, however, going to consider the
structural difference between clinoenstatite (isostruc-
tural with diopside) and enstatite as explained by
Saxena and Nehru (1975).  Assuming that the two
binary (Mg-Ca) pyroxenes are simple mixtures (Gug-
genheim, 1967), by substituting appropriate terms for
chemical potentials in (l ), we arrive at the equation:

Rr h +s!I + (l - x*"-oo,)' w?i:-"^
){ tr11s- cex

- (1 - Xltr*-"n")'WffJ-."

: Fflr*-cn* - F$e-oo* : Apln" Q)

Saxena and Nehru (1975) assumed A,rr"o to be 500
cal/mol and arrived at W&Y." 7184 and
W&T-"": 6531 cal/mol by the analysis of Nehru and
Wyllie's (1974) data on the enstatite-diopside solvus.

Note that in reaction (a) the exchange may be
regarded as taking place at the M2 site. The quan-
tit ies l|"s and A19y", therefore, principally reflect the
energetic nature of the M2 site. A general ternary
relation for reaction (a), involving Ca, Mg, and Fe, is
as follows:

Rtr ln 
g!&-i!E : -AGi: -500 (8)
4Mg- op*

' 0 - x3::*, - xf;i'[-*) x3::*,f

(1 )

(2)

(r2)

The ternary solution expression has been obtained by
combining the three binary solution expressions for
simple mixtures as discussed by King (1969) or Sa-
xena (1973) .

Subst i tut ing in (12) Xf l l lu":  ( l  -  2Xc^-"o* -

XFf{-"") and X8"!u, : 2Xc^-cp* (since virtually
alf Ca is on M2 site), we have:

| , , , u 2

t?i[-,,: exp L"f;?* 0 - x1f;-,,)

.(l - 2xc--.,* - Xli[-*,', * ryi'-

.(1 - xfr:"- ,r)Xc"-",, - ZZp-
't

.(t - 2xc^-"o* - xf,"J-*")x"^-",*) (13)
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The denominator in equation (8) for activity of Mg
in Opx is given by

4Me-op* : a?fl-*ra?i[-*,

: xfl?._.,rfll1 *, x?o"J_r*?IJ_*, (14)

wherc Ml and M2 are binary and ternary solutions
respectively. Using appropriate expressions for 7's
for binary and ternary simple mixtures on sites
(Saxena, 1973, p. 12 and 24) and equalities of mole
fractions and site occupancies are explained above,
we have

f  ( t Y '  )
dMg-oo* : 

L,t 
- x8l1,,) 

"-p tlffr 
(x?i:")'|

. { ( l  -  2x"^ -oo* -  2x ' . ._oo*  +  x$ : : , " , ) l
(  t M z

.exp lgE =- j4* (2xe"-o,* -  x3::Mr)
\  f i r

. (2Xr"-o,*  -  X?: :M'  *  2X." -oo*)  +?4frL-R T

. xc^-oo*(2xFe-opx - x331i,,, * 2x"^-o,*1

2A{ ! - " ^ , ,  ,  ) l
-  

Rr )(cu_6,*\2xpe_opr -  x$:: ,n,) l j  (15)

where I's represent the regular solution or simple
mixture parameter W fot the sites in orthopyroxene.

If all the parameters, Ws and I's, and the site
occupancies are known as a function of temperature,
and the compositions of coexisting phases are known,
it is possible to estimate temperature from equation
(8) by using any iterative technique. At assumed tem-
peratures, a test for equality of the two sides in the
following equation may be made:

RT ln X?fi-u, XFP{-*,l?fi-*,

: RZ In 4Ms-sp* - 500 (16)

where 7fif,r*- y, and drug-op, are given by equations
(13) and (15) respectively. While some information is
available on W's, I's and site occupancies in or-
thopyroxene, the data on site occupancy in calcic
pyroxenes are meagre (Hafner et al., l97l1, Saxena e/
al., 1974). We have to approach this problem in
another way.

Thermodynamics of three coexisting phases
and the site-occupancy in clinopyroxene

Ross and Huebner (1975) presented data on the
chemical composition of coexisting ortho- and Ca-
pyroxene and pigeonite. These data are in part exper-
imental and in part based on the composition of

coexisting phases in nature. The M2 site in pigeonite
and Ca-pyroxene may be referred energetically to the
same standard state (M2 in diopside). At equilibrium
among the three pyroxenes we have

lug-onx : ltr lvtg-capx 
: PN{g-ets

representing the reactions

Mg(MgSizO. ) : :  Mg(MgSi rOu)  (a )

Opx Ca-px

Mg(MgSi ,O6)  =  Mg(MeSi ,Oo)  (c )

opx Pie

Next, consider the intracrystalline ion-exchange in
clinopyroxene (Ca-px or Pig) as follows:

Fe-M2 + Mg-Ml c Mg-M2 + Fe-Ml (d)

wherc Ml is assumed as binary ideal solution and M2
ternary non-ideal. The equilibrium constant for reac-
tion (d) is given by

R T l n K a : R T

. ,n [ (r - z x*--"",+ xfrT-r,) xf!:r,_ I"' L12 x *,- "". 
- xfr?1onr) (l - 2 x s,_ s,*- xff_ *r)-J

* 2X"^_",*(W#3_"" - ly{!-.") * l,w*"-r"
.(t - 2xc^-co* - xffJ-*,)(l - xfi?1i4r)l
- ww"-r.lxf,i{-*,(2x""-"," * x$11rr;1 (17)

where lZs are the same quantities as in equation (13).
The equation above uses the following relation be-
tween mole fraction Xr-cp* and site occupancy
x?!tu,

2Xn-"n,: Xl!'a' + X?:il '

At a given temperature the equilibrium constant Kd
should be the same for pigeonite and Ca-pyroxene.
Ka calculated by using equation (17) is only a func-
t ion  o f  tempera ture  . l f  Ws and l ' sareknown,equa-
tions (13), (15), (16), and (17) may be used to calculate
by iteration Xffi in pigeonite and XM& in augite,
which will result in the same valuo of Ko, and at the
same time the XM& will also satisfy equation (16) at
the calculated temperature.

The solution parameters

As mentioned before little information is available
on Ws for the M2 site in clinopyroxene. Unless these
data are available no estimate of any temperature
error can be made. Some probable values of Ws may
be chosen and tested empirically. The values which
are used here and finally adopted are (all values in
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cal/mol,7 in oK):

W#3-"" : 6531
(for details see Saxena and Nehru, 1975)

W{.'-"u : 5200
(obtained by trial and error in fitt ing the equations to

the data of Ross and Huebner. 1975).

W{'1-,.:

(as above,

temperature).

.M2 2458 X 10"
Ai"" -u,  :  

- :  
-  1261 (Saxena,  1973)

AMl"-"" : 7184 (Saxena and Nehru, 1975)

lffic, : 5000
(assumed. since concentration of Ca is small in or-

thopyroxene, the effect of this parameter is insignificant)

Ay '  -  -  3525  x  103  -  1667 (Saxena ,  1973 )a M e _ F e  -  
T

All the solution parameters l isted here should be
the subject of future experimental and theoretical
study. For the present they can be considered as
physically meaningful (i.e. with the right sign and
order of magnitude), and as long as these are marn-
tained, the relative temperature would be the same.

Ross and Huebner's data are l isted in Table l. A
computer program was used to execute the following
steps. l) For a given temperature (900-1250'C) the
site occupancy in orthopyroxene was determined by

but it was found necessarv to varv it with

using the expression (Saxena, 1973):

_ 4 4 7 9 + 1 9 4 8 X l o " : R T' T

. I x!o.'-o"*(r - 2xF"-o". * xf;"t-o",) 1' ' "L(2r'*ff i j

* A{ni-r.(r - 2x{l'.o,-)
- l{r3-""(l - 2(2xF"-oo, - xff. loo*) (18)

2) The right hand side of equation (16) was deter-
mined using equation (15) and site occupancy from
(18). Note that in equation (16) M2 is treated as
ternary whereas in equation (18) it is binary. This
introduces l itt le error, as concentration of Ca ex-
pressed as wollastonite is less than 4 percent.
3) Assuming W{J-." in the range of 4000 to 6000
and Wff!-r. in the range of 0 to 1000 callmol, an
attempt was made to find Xffi-cu-o* and Xffi-n"
which would yield the same value of Ka and at the
same time satisfy equation (16) with the right hand
side value found in step (2).

Results of the computations are presented in Table
2, which shows the combination of the solution pa-
rameters and Ka which yields the closest fit to the
maximum number of data. The Ws and A's pre-
sented before and the K6 calculated using the equa-
t ion:

s2r8 - 1680?(#) + r4280(f)'

Rr tn Ko : -28456 + 6sse6(g

- 54w(+)'+ 
"r'n($)- 

(re)

TAsr-r  l .  Composi t ion of  three coexist ing pyroxenes for  use as a standard

S .  N o .

I
2
3
4
5

T o c

9 0 0
9 5 0

r 0 0 0
l o 5 0
1 r  0 0

r  1 5 0

r 2 0 0
1 2 5 0

7
I

O r  t h o p y r o x e n e

5". IMs rr.

N o  s o l u t i o n
. 0 3 3  . 2 0 0  . 7 6 7
.  o 3 5  .  3 0 5  . 6 6 0
. 0 4 0 . 4 I 5  . 5 4 5
. 0 4 0 . 5 2 5  . 4 3 5

. o 4 0 . 6 4 0  . 3 2 0

. o 4 0  . 7 4 5  . 2 r 0

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

P i g e o n i t e

Ic" rMs rr.

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

. 0 8 5  . 2 A O  . 6 3 7

. 0 8 5  . 3 8 5  . 5 3 0

. 0 8 5  . 5 0 5  . 4 3 0
( . 4 8 3 )

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

N o  s o l u t i o n
N o  s o l u t i o n

C a - P y r o x e n e

rc_ IMs rr.

. 3 4 5  . 1 5 0  . 4 9 5

. 3 4 5  . 2 4 5  . 4 1 0

. 3 4 5  . 3 3 0  . 3 2 5

. 3 5 0  . 4 0 5  . 2 4 5

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

.  3 5 0  . 5 3 0  .  t l o

. J 5 U  . ) 6 f ,  . U b )

c o m p o s i t i o n  o f  t h e  c o e x i s t i n g  p h a s e s  u s e d  t o  o b t a i n  a p p r o x i m a t e  s o l u t i o n
p a r a m e t e r s  w r s  a n d  - R T  I n  K ^  f o r  d e t e r m i n i n g  s i t e  o c c u p a n c y  i n  c l i n o -
p y r o x e n e  ( p i g e o n i t e  a n d  C a - p y r o x e n e ) .  T h e  d a t a  a r e  s a m e  a s  o f  R o s s  a n d
H u e b n e r ' s  d a t a  e x c e p t  f o r  s o m e  p i g e o n i t e  c o m p o s i t i o n s .  T h e  p i g e o n i t e

c o m p o s i t i o n  o f  R o s s  a n d  H u e b n e r  i s  s h o w n  i n  b r a c k e t s  f o r  s u c h  s a m P l e s .

" N o  s o l u t i o n "  n e a n s  t h a t  n o  s o l u t i o n  c o u l d  b e  o b t a i n e d  f o r  c o m p o s i t i o n s
c l o s e  t o  R o s s  a n d  H u e b n e r ' s  d a t a .
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T,cele 2. Results of the analyt ical work on Ross and Huebner's data

T o c  - R T  r n  K ( P i g )  - g  1 r  K ( c a - p x ) ,M2  ,M23 lag -p i g  3Mg-capx

. 0 6 3  . O 2 L

. 1 1 6  . 0 3 9

.  r 8 8  . 0 6 3

. 2 5 2  . 0 9 1

. 3 L 4  .  r 2 7

. 3 5 0  . 1 7 r
-  2 2 3

T  ( P x - P i g )

9 5 5

9 8 0
1 0 6 0
1 1 2 0
1 r 5 0
r r 8 0

T )  o p x - c a p x  )

9 4 0

9 8 5
r  0 6 0
1 1 1 5
1 I 4  0
I I 9 O

9 0 0
9 5 0

1  0 0 0
1 0 5 0
1 r  0 0
1 r 5 0
r 2 0 0
L 2 5 0

N o  s o l u t i o n
3 0 8 5  3 0 1 6

3 2 0 5  3 2 2 9
3 6 1 6  3 6 1 6
3 9 5 5  3 9 1 4
4 1 0 7 *  4 0 5 1
4 2 7 5 *  4 3 3 0
N o  s o l u t i o n  4 5 8 3

x T h e  c o m p o s i t i o n  o f  p i g e o n i t e s  a r e  s o m e w h a t  d i f f e r e n t  a s  i n d i c a t e d  i n  T a b l e  1 .

yielded results for the maximum number of triplets
(950, 1000, 1050') and for nearly all the pairs of
orthopyroxene and Ca-pyroxene. For those cases
where an estimate for the orthopyroxene-pigeonite
pairs could not be obtained from Ross and Huebner's
data, pigeonite compositions which wil l satisfy our
relations have been presented. Such compositions at
l l00 '  and l l50 'C are shown in F isure I  (see a lso
Table 2) .

Application of the results

Two- py ro xene ge othe rmome t e r

The steps in the calculations are as follows: (l)
Assume a temperature of crystall ization. (2) Calcu-
late X${r-6o* and other site occupancies using equa-
tion (18) (trial and error or an iteration technique is
needed). (3) Calculat€ avg-op* using equation (15)
and obtain right hand side of equation (16). (a) Cal-
culate Xff,r*-y, from equation (17) using Ko from

equation (19), 7ffg1irz from equation (12) and
avg cp, and substitute on the left hand side of equa-
t ion (16) .  (5)  I fequat ion (16)  is  not  sat is f ied,  choose
another temperature and continue unti l the two sides
are as close to each other as desired (in the present
paper a difference of l0 cal or less was accepted),

Calculalion of errors

The Ws and I's as used here are crude. However,
if these quantit ies are accepted, a rigid framework is
established, controlled by the various relationships,
and the results can be used as a model of reference
against which theories of equil ibrium crystall ization
and magmatic differentiation can be tested and com-
pared. The only error in the temperature estimate
would be due to uncertainty in chemical composition.
No definite error l imits can be assigned. A change in
X*"-.o* by .005 leads to a change of 30'C (Table 3).
The magnitude of the error is discouraging. However,
as the application of the method to natural assem-

En

Frc 1. Tie lines for coexisting pyroxenes between 800o to 825oC. The dashed lines enclose the area in

which Lindsley et al. (1974) tie lines at 8l0oC may lie.
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Test-p 3 Estimate of errors

S .  N o .

7

o

* c "  - o p *

. 0 4 0

.  0 4  0

X
F  e  - O p x

. 2 I O

. 3 2 0

" " 9 - " p *

. 5 2 0

. 5 3 0

. 5 4 0

. 4 7 0

E s t i m a t e d  T o c

1 1 3 0
1 1 9 0
] -260
1 1 4 0
1 1 7 0

Ca  -  cpx

. 3 5 0

.  3  5 0

blages in the following section shows, the method is a
highly sensitive probe to test chemical equil ibrium
and crystall ization temperature on a relative scale.

Efect of pressure

There is a small but significant pressure effect on
the solvus between low pressure (2 to l0 kbar) and
high pressure ( -30 kbar)  (Nehru,  1975).  Wi th in-
creasing pressure at a given temperature Ca/(Ca +
Mg) decreases slightly. In the pressure range of I to
l5 kbar, the effect may be disregarded for the present.

Efect of other componenls

Application of the results of the ternary system to
natural assemblages requires a consideration of the
effect of components other than Ca'+, Fe'+, and
Mgz+. 41a+ in particular may be incorporated to sig-
nificant concentration in pyroxenes at high pressures.
The present results apply to systems as close to the
ternary system as possible.

Augite and hypersthene at 810"C

Lindsley et al. (1974) synthesized coexisting pyro-

xenes in equi l ibr ium at  810'C and l5 kbar '  F igure I

shows three tie l ines for coexisting ortho- and Ca-

pyroxene in the temperature range of 800' to 825"C.

Lindsley eit al. plotted five tie lines in their figure (Fig'

2, p. 135) considered to be the best f it. Two of their

samples showed a wide range of probable composi-

tions and were not considered here. Two of the tie

lines in Figure I match very well with their best fit

l ines. The third tie l ine is displaced slightly to the

iight but l ies close to their range of possible composi-

t ions.

Py roxene equilib ralion in chondrites

Bunch and Olsen (19'74) recently presented chem-

ical compositions of coexisting pyroxenes in H6, L6,

and LL6 chondrites. Estimated temperatures, using

Kretz 's  (1963) and McCal lum's (1968) method of

FelMg distribution coefficient, were found to be dif-

Tesr-r 4. Temperature estimate for H6, L6 and LL6 pyroxenes
(Data f rom Bunch and Olsen,  1974)

O a k l e y

E s  t a c a d o
G u a r e n a

C e d a r  ( K a n s a s )

C a p e  c i r a r d e a u

S e o n r

K e r n o  u v e

M o c  s

C o l b y

I a n g h a l s e n
K y u s h u

K y l e

B a t h  F u r n a c e

B r u d e r h e i m

M o d o c

L a k e  L a b y r i n t b

D h u r m s  a l a

O t t a w a

M a n b h o o m

E n s i s h e i n

o r t h o p y r o x e  n e

rc. rr.
. o r 2  . L ' 7 2
. 0 1 0  . 1 5 3
. 0 1 3  . 1 6 8
. 0 r 1  .  1 6 8

.  o r 2  .  t 7 0

. o L 2  . 1 6 0

. 0 1 0  .  1 6 l

. 0 1 5  . 2 0 9

.  o l 3  . ? o 4

. 0 1 1  . 2 r 3

. 0 1 4  . 2 I 4

. 0 1 6  . 2 r o

. 0 1 4  . 2 r 5

. 0 1 3  . 2 0 2

. o I 2  . 2 0 9

. 0 2 1  . 2 4 A

. 0 1 7  . 2 2 9

. 0 1 5  . 2 5 5

. 0 1 8  . 2 5 0

. 0 1 5  . 2 5 3

. 0 1 3  . 2 4 2

C l . i n o p y r o x e n e
X X- C a  - F e

. 4 5 2  . 4 5 3

. 4 6 5  . 4 7 7

. 4 6 3  . 4 7 6

. 4 6 9  . 4 7 0

. 4 5 0  . 4 A 2

. 4 4 7  . 4 9 0

. 4 5 6  . 4 8 1

. 4 5 7  . 4 6 6

. 4 6 3  . 4 6 2

. 4 4 1  . 4 ' 7  3

. 4 4 r  . 4 7 4
-  4 3 4  .  4 7 ' 7
. 4 4 2  . 4 6 7
. 4 4 9  . 4 6 7
. 4 5 3  . 4 6 0

- 4 4 3  . 4 5 5
. 4 4 3  . 4 6 4
. 4 4 9  . 4 4 7
. 4 3 r  . 4 6 3
. 4 4 5  . 4 4 7
. 4 3 5  . 4 5 9

E s t i n a t e a l  T o c

9 9 0
8 2 5
8 4 0
7 8 5  A v e r a g e

( 8 7 s )
9 1 0
9 3 5
a 4 5

8 4 0
s 2 5
9 3 0
9 5 0
9 7 O  A v e r a g e
9 ' 7 O  ( 9 0 4  )
8 9 0
8 6 0

9 2 0
9 3 0
8 8 0  A v e r a g e
9 7 5  ( 9 2 0 )
8 8 5
9 3 5

H 6
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FIc.  2.  Est imated temperature of  crystal l izat ion for  Bushveld pyroxenes (data f rom Atk ins,  1969)

ferent for the different groups. In view of the varia-
tion in Ca (see Table 4) among the three groups, the
differences in K, could not be unambiguously as-
signed to differences in temperature of crystall ization.

The temperature estimates in Table 4 indicate that
the pyroxenes in the different groups equil ibrated at
somewhat different temperatures. Although Bunch
and Olsen (1974) indicate that the chemical analyses
are of high accuracy, and we are considering averages
over several spmples, the temperature differences may
not be significant.

Pyroxenes from Bushueld intrusion

Figure 2 shows tie l ines with temperature estimates
for coexisting pyroxenes in the Bushveld intrusion.
These pyroxenes appear to have crystall ized in the
range of 900o to 950'C (Table 5), which is probably
somewhat low. It may be that the intercrystall ine ion-
exchange continued even after most of the rock so-
lidif ied under 1000oC, and the pyroxenes represent
the temperature of f inal equil ibration. Considering
the probable errors in these estimates due to chemical
analytical errors in determining compositions, the
results in Figure 2 are consistent with a narrow range
of crystall ization under plutonic conditions.

Coexisting pyroxenes from a pigeonite andesite

Nakamura and Kushiro 's  (1970) composi t ion of
coexisting pyroxenes from Weiselberg andesite and
the estimated temperatures are shown in Figure 3.
There is a close correspondence in temperature esti-
mate for the hypersthene-augite pair (950'C) and the
hypersthene-pigeonite pair (945'C) in Sample 2
(Nakamura and Kushiro's no. 12), indicating an
equil ibrium crystall ization of the three pyroxenes.
Samp le  4  (o r i g i na l  no .  74 )  con ta ins  hype r -
sthene-augite crystall ized at similar temperature
(940"C). Sample 3 (original no. 69) consists of a
disequil ibrium assemblage and similarly as would be
expected there is no equil ibrium between pigeonite
rim and hypersthene in sample I (original no. 4).

Pyroxenes in charnockites and charnockitic gneisses

The geothermometer was applied to the pyroxene
compositions in charnockites from India (Howie,
1955, Leelanandam, 1967) and Varberg, Sweden (Sa-
xena, 1968) and in charnockitic rocks from Uusimaa,
Finland (Saxena, 1969). The results are presented in
Table 6. The rocks are basic to intermediate in com-

Tenle 5.  Est imated temperature of  crystal l izat ion of  pyroxenes in the Bushveld int rusion

S .  N o . Inag- cp"

. 4 9 6

. 4 9 2

. 4 6 L

. 4 6 9

. 4 5 3

l .

4 .

I c . - op "  I r " - op *

.  o2a  .  I 22

. o 3 1  . 1 3 6

. 0 2 3  . I 9 5

. o 2 a  . 1 9 5

. o 2 2  . 2 5 A

I c " - c p *  E s t i n a t e d  T o "

. 4 5 4  9 1 5

. 4 4 6  9 3 5

. 4 4 0  9 2 5

. 4 3 9  9 2 5

. 4 3 0  9 5 0

R e f e r e n c e

A t k i n s  ( I 9 6 9 )



TWO- PY RO X EN E GEOTH ERM O M ETER

Frc.  3.  The pyroxenes in a p igeoni te andesi te (Nakamura and Kushiro,  1970).  The temperatures are

945.-950"C for the triplet (Sample 2) and 940"C for Sample 4. See text for discussion.
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position and are commonly associated with migma-
tite activity. Therefore, the temperatures of crystalli-
zation around 800"C are appropriate for these
pyroxenes. The charnockite pyroxenes will be re-
considered along with metamorphic pyroxenes at a
later date.

Discussion and conclusions

The application of the geothermometer to natural
assemblages as discussed in the preceding section
leads to temperature estimates which are consistent
with the petrologic information. The compositions of
coexisting minerals considered cover a broad range of
pyroxene compositions but do not cover the very

Fe2+-rich part of the pyroxene quadrilateral. The var-
ious solution parameters used here are approximate
and will be subject to constant revision as more crys-
tal energetic information is made available. In the
meantime, the geothermometer proposed here is use-
ful as a relative temperature scale. It is necessary to
use accurate compositional data on a number of sam-
ples from a small area. The results are most reliable
for pyroxenes with a minimum concentration of com-
ponents other than Ca, Fe, and Mg' Pyroxenes from
iocks which formed under very different pressures
such as 5 kbar and 30 kbar should not be compared.
Study of pyroxenes from various metamorphic and
igneous rocks using the geothermometer is under
way.

TesI-s 6. Temperature of crystallization of pyroxenes in charnockites.

S . N o .  X -- u a - u p x

1 .  . O 2 0
2 .  . 0 1 5
3 .  . 0 1 7
4 .  .  0 2 0

I r . -op*  I tg -cp*  rcu- "p*
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E s t i m a t e d  T o c
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8 0 0
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8 l o
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a 2 5

7 6 0
u o )
8 7 0
a 2 0

R e f e r e n c e
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"  ( r 9 6 9 )

"  ( 1 9 6 8 )
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6 .
7 .
a
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1 5 .
1 6 .

,  o 2 0
,  o 2 r
. 0 0 0

.  o2L
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. 0 r 6
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.  o L 2

.  o 2 r

.  o I 6
, o t 3

. 5 3 7

. 6 0 3

. 5 7 0

. 3 3 0

. 6 0 8

. 6 r 3

. 7  4 0

. 3 6 2

. 4 2 3

. 4 3 4

. 4 4 4

. 4 9 0

. 3 I 3

. 2 A 7

. 2 6 8

. 4 2 L

. 4 7 4

. 4 4 7

. 4 5 4

. 4 6 4

. 4 6 2

. 4 4 2
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. 2 9 7  ,  4  3 8
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. 3 7 7

. 3 7 0

. 3 6 9

. 3 5 1



652 S. K. SAXENA

Acknowledgments

I  thank Dr.  Malcolm Ross and Dr.  S.  Huebner of  the Geological
Survey for providing me with their pyroxene data and several
useful discussions. Ms. Linda Lucardi and Ms. Sheila Hefter
helped with the computer programs

References

ATKINS, F.  B.  (1969) Pyroxenes of the Bushveld int rusion,  South
Africa. J. Petrol 10,222-249.

Brenpen, M. (1972) Thermodynamic propert ies of  or thopyrox-
enes and c l inopyroxenes based on the ideal  two-si te model .
Geochim Cosmochim. Acta, 36, 787-799.

BuNcu, T.  E.  eNo E. OlsrN (1974) Restudy ofpyroxene-pyroxene
equilibration temperatures for ordinary chondrite meteorites.
Contrib Mineral. Petrol. 43, 83-90.

Gnoven, J. (1974) On calculating activity coefficients and other
excess functions from the in$*crystalline exchange properties of
a doubf e-site phase. Geochim Cosmochim. Acta,38. 1527-1549.

GuccrxHeru,  E.  A.  (1967) Thermodynamics.  North-Hol land,  Am-
sterdam

Hl rnsn ,  S .  S . ,  D .  V rnco  nNo  D .  W lneun roN  (1971 )  Ca t i on
distr ibut ion and cool ing history ofc l inopyroxenes f rom Oceanus
Procellarum. Proc. 2nd Lunar Sci. Conf. Vol. l, M.l.T. press, p.
9 1 .

Howts,  R.  A.  (1955) The geochemistry of  the charnocki te ser ies of
Madras, lndia Trans. R Soc. Edinburgh,62,725-768

KtNc, M. B. (1969) Phase Equilibrium in Mixtures pergamon

Press,  Oxford.
Knrrz,  R (1963) Distr ibut ion of  magnesium and i ron between

orthopyroxene and calc ic pyroxene in natural  mineral  assem-
blages.  " /  Geol  71,773-785.

LreLrNlNoeu, C.  (1967) Chemical  study of  pyroxenes f rom the
charnocki t ic  rocks of  Kondapal l i  (Andhra Pradesh),  India,  wi th
emphasis on the dist r ibut ion of  e lements in coexist ing pyrox-
enes. Mineral. Mag. 36, 153-179.

LrNosLrv,  D.  H. ,  H.  E.  KlNc,  Jn.  nNo A. C.  TunNocr (19'74\
Compositions of synthetic augite and hypersthene coexisting at

8l0oC: appl icat ion to pyroxenes f rom lunar h igh- lands rocks.
Geophys.  Res.  Let l .  l ,134-136.

McCrrluu, I. S. (1968) Equilibrium relationships among the co-
existing minerals in the Stillwater Complex, Montana Ph.D.
Thesis,  Univers i ty  of  Chicago.

Mur l lsn,  R F. ,  S.  GHose nNo S. K.  SrxrNe (1970) Part i t ioning
of cations between coexisting single- and multi-site phases: a
discussion. Geochim. Cosmochim. Acta. 34. 1356-1360.

Nlxrntunn,  Y.  nNn KusHrno,  I .  (1970) Equi l ibr ium relat ions of
hypersthene, pigeonite, and augite in crystallizing magmas: a
microprobe study of a pigeonite andesite from Weiselberg, Ger-
many.  Am Mineral .55,  1999-2015

NrHnu, C.  E.  (1975) Pressure dependence of  the enstat i te l imb of
the enstatite-diopside solvus (Abstr). Int. Symp. Geotherm, Geo-
bar. Penn State Unilenity.

- AND P. J. Wyllrp (1974) Electron microprobe measurement
of pyroxenes coexisting with H"O-undersaturated liquid in the
join CaMgSi,O6-H2O at 30 kilobars with applications to geo-
therm ometry. Cont rib. M ine ral. Peto l. 48, 221 -228.

Ross,  M. nNo J.  S.  HUEBNER (1975) A pyroxene geothermometer
based on composi t ion-temperature re lat ionships of  natural ly
occurring orthopyroxene, pigeonite, and augite (Abstr.). Inter-
national Symp Geotherm Geobarom. Pennsylvania State Uni-
vers i ty .

SrxrNr,  S.  K.  (1968) Chemical  study of  phase equi l ibr ia in char-
nockites, Varberg, Sweden Am Mineral. 53, 1674-1695.

-(1969) Distr ibut ion of  e lements in coexist ing minerals and
the problem of  chemical  d isequi l ibr ium in metamorphosed basic
rocks. Contrib. Mineral Petrol. 20, 177-197.

- (1973) Thermodynamics of rock-forming crystalline solu-
tions. Minerals and Rocks, Vol 8, Springer-Verlag, Heidelberg

_AND S Gnose (1971) Mg,+_Fd+ order_disorder and the
thermodynamics of  the or thopyroxene crystal l ine solut ion.  lm.
Mineral. 56, 532-545.

-  AND C. E NEHRU (1975) Enstat i te-diopside solvus and
geothermometry. Contrib. Mineral Petol. 49, 259-267

AND A. C.  TunNocx (1974) Cat ion dist r ibut ion in
low calc ium pyroxenes:  dependence of  temperature and Ca con-
tent  and the thermal  h istory of  lunar and terrestr ia l  p igeoni tes.
Earrh Planet Sci. Lett.2l. 194-200.




