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Two-pyroxene geothermometer: a model with an approximate solution
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Abstract

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

RT In X% sy X2 vo Y% w2 = RT 1N ayg_ops — 500 (16)

where R is gas constant, T temperature in °K to be estimated, X55* », the site of occupancy of
Mg on the site M1 or M2 in clinopyroxene (Cpx), ¥ the M2 site activity coefficient and
amg_opx 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 will be actively pursued to improve
temperature estimates. The proposed geothermometer is recommended as a relative temper-
ature scale to test models of chemical equilibrium 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-
lation 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. Its 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
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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 constructed, 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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tion model for orthopyroxene based on site occu-
pancy (Fe?t and Mg?* distribution in non-equivalent
M1 and M2 sites) data must take into account the
non-ideality of solution on the sites discussed by Sax-
ena and Ghose (1971). Similarly a solution model
for Ca-pyroxene must be based on the intracrystalline
Fe**, Mg?*, and Ca?* distribution data, take into
account the influence of Ca** on M2 site occupancy,
and explain the immiscibility 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 ez 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 it 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-M 1, is the total response of the crystalline system
to the addition of an infinitesimal amount of Mg to
M1 site when the process is carried out at constant T,
P, and other site occupancies. Clearly thermody-
namic equilibrium requires that any change, however
small, in M1 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-M1 as a
distinct species from Mg-M2, as discussed by
Mueller et al. (1970) and Saxena (1973). Ortho-
pyroxene, therefore, may be considered as a solution
of four species Mg-M1, Mg-M2, Fe-MI1, and
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Fe-M2. The intracrystalline ion-exchange is ex-
pressed as a reaction among species as follows:

Mg-M2 + Fe-M1 = Mg-M1 + Fe-M2

If the quaternary solution is a regular solution, the
activity coefficient for each species such as Fe-M1
may be given by

RTIny, = Wi X," + Wi Xs® + Wi X\
+ (Wi — Was + Wis) Xa Xs
+ (Wis — Wa + W) Xs X,
+ (Wi — Woo + W)X X,

where subscripts 1, 2, 3, and 4 represent the species
Fe-M1, Mg-M1, Fe-M2, and Mg-M?2 respectively,
W’s the interaction energy, and X’s the site occu-
pancies. The number of W’s 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 W’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, X{ »n = site occupancy of i in
site M1 in phase a; similarly for M2.

Xi;_. = 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(M1) Si,0
diopside, ‘ortho’diopside, ‘ortho’pigeonite

Mg (M2) Mg(M1) Si, 04
enstatite, clinoenstatite

Ca (M2) Fe(M1) SiyO,
hedenbergite, ‘ortho’hedenbergite

Fe (M2) Fe(M1) Si,04
ferrosilite, clinoferrosilite

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,0¢) = Mg(Mg Si,05) (a)
Opx Cpx

Ca(MgSi,04) = Ca(MgSi,04) b)
Opx Cpx

The conditions of equilibrium at a given P and T are

KEMg—0Opx = MMg-Cpx (¢))
Mca—0px = MCa-Cpx )
where the chemical potentials are
EMg—opx = Emg_ope (orthoenstatite)
+ RT In apm,_op 3)
KMg—Cpx = ufag_cpx (clinoenstatite)
+ RTIn app_cx (4
Bca-opx = HMoa—ope  (orthodiopside)
+ RT In acu_opx 5)
Hoa—Gpe = Héu—cpe  (diopside)
+ RT In acu_cpx (6)

where a represents activity. Note that although there
is some structural difference between diopside and
pigeonite, we have to ignore it in the following 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 (1), we arrive at the equation:

Xe-0px
RT In X_ME_OL + (1 - XMg—Opx)ZWl(\)dl:;x—Ca

Mg-Cpx
C
- (1 - -X'Mg—C],)x)2 WM‘;,E—CB.
0 0 0
= HKMg-Cpx — MMg-0Opx — A"'Mz (7)

Saxena and Nehru (1975) assumed Auy,® to be 500
cal/mol and arrived at WgE*c, = 7184 and
WEEX ca = 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-
tities W’s and Afly,, 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:

Mg-Cpx _

a
RT In

aMg— Opx

—AGS = —500 (8)
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Writing activities in terms of site occupancies (X’s)
and site-activity coefficients (y’s) (partial activity-
coefficients of Saxena and Ghose, 1971), we have

AMg—Cpx = al(sip:—Mlal(\:/ngx—M2

T Cpx Cpx
= XMe-M1YMg—

®

A similar expansion may be made for amg_opx. In the
absence of any other information on the solution of
species on M1 site in clinopyroxene, we use the sim-
plest approximation of ideal solution for the site. By
substituting

Cpx Cpx
21 XMg—212Y Me—-m2

X2 = QXugoom — Xapoaz)  (10)
in equation (9), we have
Amg-cox = 2 Xug-cox — Xnsonz
(X taae (1)

Note that Xug_cpx is the mole fraction

N . I
Mg + Fe + Ca
Xgs mo

in the mineral, while is the site occupancy

on M2 site. Thus
ZXMg—Cpx = XS{?_M1 + X!SII;X—MZ

For the site-activity coefficient y§&* 5. we have

Ws c
x Mg—Fe x x
YMa-u2 = €Xp I:——R?.— (1 = Xadg"a0) X¥ilar

M2
WMg—Ca

RT

WFe—Cn

RT

(1 i Xl?{l;x—Mz)Xg::Mz =

+

(1 = XG2aa — ﬁ‘;"_m)Xgé’fm] (12)
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).

Substituting in (12) Xy, = (I — 2Xca-cpx —
X m2) and XEP*p, = 2Xca—_cpx (since virtually
all Ca is on M2 site), we have:

Wt ©
s = onp | Phiere (1 x4
; 2 WMZ_ "
(1 = 2Xoa-coe — Xadiona) + ==
X 2WMe2— A
(1 — Xtwrs) Xowom = g

(1 — 2Xcas0px — Xﬁ';‘_m)Xcﬂ_cpx] (13)
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The denominator in equation (8) for activity of Mg
in Opx is given by

Opx

AMg—-0px — aMg—MlaMg M2

L Opx Opx Opx
= Xm,- Ml‘YMg—Ml XMa—M2YMg—12

14)

where M1 and M2 are binary and ternary solutions
respectively. Using appropriate expressions for ¥’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

AMI_ . .
s (22 )

Al = 2Xca—opx — 2 Xre_ome + X550}

dMg—Opx = [(1 = XFe 1) CXP{

An oL x

* €Xp { 1TRT-M'! (2XFe—0px . XOD Ml)

i 2 4M2 .

'(2 XFe—Opx - Xg:—Ml + 2XC3—Opx) + S MO

RT
° XCn—Opx(2XFe—Opx e ngle + 2XCn—0px)
A e =
— SR Xoom2Xpe—op — X3 }] (15)

where A’s represent the regular solution or simple
mixture parameter W for the sites in orthopyroxene.

If all the parameters, W’s and A4’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 In Xﬁ%x—m XMg M2 'YMg M2

500 (16)

where YSE* y. and amg_opx are given by equations
(13) and (15) respectively. While some information is
available on W’s, A’s and site occupancies in or-
thopyroxene, the data on site occupancy in calcic
pyroxenes are meagre (Hafner et al., 1971; Saxena et
al., 1974). We have to approach this problem in
another way.

= RT In apg_opx —

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
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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
MmMmg-0px = Hmg-capx — HMg-Pig

representing the reactions

Mg(MgSi,04) = Mg(MgSi,04) @)
Opx Ca-px

Mg(MgSi,06) = Mg(MgSi,0) ()
Opx Pig

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

Fe-M2 + Mg-M1 = Mg-M2 + Fe-M1 (d)

where M1 is assumed as binary ideal solution and M2
ternary non-ideal. The equilibrium constant for reac-
tion (d) is given by

RT In K, = RT

-In [ (1—2 Xnig_coxt Xun 1r2) Xotoe a2 ]
©C Xiimeor— Xitoe o)1= 2 X ot con Xotor aes)

+ 2 Xca-codWits-cu — Wieca) + [Wate-re

(1 = 2Xca-cox — Xntooar2)(1 — Xt ar)]

— Wate-rel Xaoe 4122 Xcacoe + Xntaw212)] an

where W’s are the same quantities as in equation (13).
The equation above uses the following relation be-
tween mole fraction X,_cpx and site occupancy
Xt M2

Cpx
'-M2

+ X

At a given temperature the equilibrium constant K,
should be the same for pigeonite and Ca-pyroxene.
K4 calculated by using equation (17) is only a func-
tion of temperature. If W’s and A4’s are known, equa-
tions (13), (15), (16), and (17) may be used to calculate
by iteration X#z in pigeonite and X7 in augite,
which will result in the same value of Ky, and at the
same time the X{fZ will also satisfy equation (16) at
the calculated temperature.

2Xi—Cpx =

The solution parameters

As mentioned before little information is available
on W’s for the M2 site in clinopyroxene. Unless these
data are available no estimate of any temperature
error can be made. Some probable values of W’s 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, T in °K):
Wi .. = 6531
(for details see Saxena and Nehru, 1975)

wHz .. = 5200
(obtained by trial and error in fitting the equations to
the data of Ross and Huebner, 1975).

& 3\ 2
Wie-xe = 5218 — 16807(%) + 1423()(1%)

(as above, but it was found necessary to vary it with
temperature).

2458 X 10°
) e X — 1261 (Saxena, 1973)
A2 ., = 7184 (Saxena and Nehru, 1975)
A2 . = 5000

(assumed, since concentration of Ca is small in or-
thopyroxene, the effect of this parameter is insignificant)
n 3525 X 10°

Mg—Fe T

All the solution parameters listed 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 main-
tained, the relative temperature would be the same.

Ross and Huebner’s data are listed in Table 1. A
computer program was used to execute the following
steps. 1) For a given temperature (900-1250°C) the
site occupancy in orthopyroxene was determined by

— 1667 (Saxena, 1973)
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using the expression (Saxena, 1973):
1948 X 10°
/i

1 XFn‘lel—Opx(l - 2XFe—Opx + X%lel—Opx
et M1 M1
(2 XFe—Opx - XFe-Opx)(l - XFe—Opx)

+ Afdl;—l"e(l - 2XFII‘lel—Opx)
= Al\n:gz—Fe(l - 2(2XFe-—0px — XFa‘lel—Opx) (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 little error, as concentration of Ca ex-
pressed as wollastonite is less than 4 percent.
3) Assuming W2, in the range of 4000 to 6000
and W} . in the range of 0 to 1000 cal/mol, an
attempt was made to find XMZ_ca_px and XMZ_pig
which would yield the same value of K4 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 Ky which yields the closest fit to the
maximum number of data. The W’s and A4’s pre-
sented before and the K calculated using the equa-
tion:

—4479 + = RT

10°
— 28456 + 65596 —T'

103)2 (103>3
== 54737( T + 15259 T 19)

RTIn K, =

TABLE 1. Composition of three coexisting pyroxenes for use as a standard

S. No. T C Orthopyroxene

X

—Ca ng 5Fe
1 200 No solution
2 95b .033 .200 .767
3 1000 .035 .305 .660
4 1050 .040 .415 .545
5 1100 .040 .525 .435
6 1150 .040 .640 =820
0/ 1200 .040 .745 .210
8 1250 .045 .855 .100

Pigeonite Ca-pyroxene

ECa éMg éFe §Ca ng KFe

.080 .180 .745 .345 .160 .495

.085 .280 .637 .345 .245 .410

.085 .385 .530 .345 .330 .325

.085 .505 .430 .350 .405 .245
(.483)

.090 .627 .320 <350 470 .180
(.590

No solution . 350 .530 .110

No solution .350 .15'8 5} .065

Composition of the coexisting phases used to obtain approximate solution

parameters W's and -RT 1ln K

RT for determining site occupancy in clino-
pyroxene (pigeonite and Ca-pyroxene).
Huebner's data except for some pigeonite compositions.

The data are same as of Ross and
The pigeonite

composition of Ross and Huebner is shown in brackets for such samples.
"No solution” means that no solution could be obtained for compositions

close to Ross and Huebner's data.
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TABLE 2. Results of the analytical work on Ross and Huebner’s data

t°c -RT In K(Pig) =-RT 1ln K(Ca-px)
900 No solution

950 3085 3016

1000 3205 3229

1050 3616 3616

1100 319515, 3914

1150 4107* 4051

1200 4275* 4330

1250 No solution 4583

M2 M2 .
Px- T =G

Xyg-pig ZMg-capx T(Px-Pig) T)Opx-Capx)
.063 .021 955 940
.116 .039 980 985
.188 .063 1060 1060
.252 .091 1120 1115
.314 .127 1150 1140
.350 .171 1180 1190
-- .223 - 1235

¥The composition of pigeonites are somewhat different as indicated in Table 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 will satisfy our
relations have been presented. Such compositions at
1100° and 1150°C are shown in Figure 1 (see also
Table 2).

Application of the results

Two-pyroxene geothermometer

The steps in the calculations are as follows: (1)
Assume a temperature of crystallization. (2) Calcu-
late X#! opx and other site occupancies using equa-
tion (18) (trial and error or an iteration technique is
needed). (3) Calculate amg_opx Using equation (15)
and obtain right hand side of equation (16). (4) Cal-
culate XTR* y, from equation (17) using K,y from

equation (19), v u. from equation (12) and
ame_cpx and substitute on the left hand side of equa-
tion (16). (5) If equation (16) is not satisfied, choose
another temperature and continue until the two sides
are as close to each other as desired (in the present
paper a difference of 10 cal or less was accepted).

Calculation of errors

The W’s and A’s as used here are crude. However,
if these quantities 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 equilibrium crystallization
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 limits can be assigned. A change in
Xmg_cpx 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-

Di
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F1G. 1. Tie lines for coexisting pyroxenes between 800° to 825°C. The dashed lines enclose the area in
which Lindsley er al. (1974) tie lines at 810°C may lie.
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TaBLE 3. Estimate of errors

q (o]
S No XCa-—Opx XFe—Opx XCa—Cpx XMg-Cpx Estimated T C
= .040 .210 .350 .520 1130
.530 1190
.540 1260
6 .040 320 .350 .470 1140
.475 1170

blages in the following section shows, the method is a
highly sensitive probe to test chemical equilibrium
and crystallization temperature on a relative scale.

Effect of pressure

There is a small but significant pressure effect on
the solvus between low pressure (2 to 10 kbar) and
high pressure (~30 kbar) (Nehru, 1975). With in-
creasing pressure at a given temperature Ca/(Ca +
Mg) decreases slightly. In the pressure range of 1 to
15 kbar, the effect may be disregarded for the present.

Effect of other components

Application of the results of the ternary system to
natural assemblages requires a consideration of the
effect of components other than Ca?*, Fe**, and
Mg?*. AI** 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 equilibrium at 810°C and 15 kbar. Figure 1
shows three tie lines for coexisting ortho- and Ca-
pyroxene in the temperature range of 800° to 825°C.
Lindsley et al. plotted five tie lines in their figure (Fig.
2, p. 135) considered to be the best fit. Two of their
samples showed a wide range of probable composi-
tions and were not considered here. Two of the tie
lines in Figure 1 match very well with their best fit
lines. The third tie line is displaced slightly to the
right but lies close to their range of possible composi-
tions.

Pyroxene equilibration in chondrites

Bunch and Olsen (1974) recently presented chem-
ical compositions of coexisting pyroxenes in H6, L6,
and LL6 chondrites. Estimated temperatures, using
Kretz’s (1963) and McCallum’s (1968) method of
Fe/Mg distribution coefficient, were found to be dif-

TaBLE 4. Temperature estimate for H6, L6 and LL6 pyroxenes
(Data from Bunch and Olsen, 1974)

Orthopyroxene

X X

—Ca =1e HE
Oakley .012 L7792
Estacado .010 .163
Guarena .013 .168
Cedar (Kansas) .011 .168
Cape Girardeau .012 .170
Seoni .012 .160
Kernouve .010 .161

L6
Mocs .015 .209
Colby .013 .204
ILanghalsen .011 #2118
Kyushu .014 .214
Kyle .016 210
Bath Furnace .014 .215
Bruderheim .013 .202
Modoc .012 .209

LL6
Lake Labyrinth .021 .248
Dhurmsala .017 .229
Nas .015 .255
Ottawa .018 .250
Manbhoom .015 - 2:53
Ensisheim .013 .242

Clinopyroxene Estimated EOC

5Ca 2(—Fe

.452 .453 990

.465 477 825

. 463 .476 840

.469 .470 785 Average
(875)

.450 .482 910

.447 .490 935

.456 .481 845

.457 .466 840

.463 .462 825

.447 .473 930

.441 .474 950

.434 .477 970 Average

.442 .467 970 (904)

.449 .467 890

.453 .460 860

.443 .455 920

.443 .464 930

.449 . 447 880 Average

.431 .463 975 (920)

.445 .447 885

.435 .459 935
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F1G. 2. Estimated temperature of crystallization for Bushveld pyroxenes (data from Atkins, 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 crystallization.

The temperature estimates in Table 4 indicate that
the pyroxenes in the different groups equilibrated 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 samples, the temperature differences may
not be significant.

Pyroxenes from Bushveld intrusion

Figure 2 shows tie lines with temperature estimates
for coexisting pyroxenes in the Bushveld intrusion.
These pyroxenes appear to have crystallized in the
range of 900° to 950°C (Table 5), which is probably
somewhat low. It may be that the intercrystalline ion-
exchange continued even after most of the rock so-
lidified under 1000°C, and the pyroxenes represent
the temperature of final equilibration. 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 crystallization under plutonic conditions.

Coexisting pyroxenes from a pigeonite andesite

Nakamura and Kushiro’s (1970) composition 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
equilibrium crystallization of the three pyroxenes.
Sample 4 (original no. 74) contains hyper-
sthene-augite crystallized at similar temperature
(940°C). Sample 3 (original no. 69) consists of a
disequilibrium assemblage and similarly as would be
expected there is no equilibrium between pigeonite
rim and hypersthene in sample 1 (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-

TaBLE 5. Estimated temperature of crystallization of pyroxenes in the Bushveld intrusion

Sm Now 5Ca-Opx 5Fe-—opx éMg-Cpx
1. .028 .122 .496
2] .031 .136 .492
Sl .023 .195 .461
4. .028 .195 .469
5k .022 .258 .453

£Ca—Cpx Estimated _t[_‘oc Reference

.454 915 Atkins (1969)
.446 935 s

.440 925 a

.439 925 "

.430 950 o
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FiG. 3. The pyroxenes in a pigeonite andesite (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.

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

Fe?*-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
rocks which formed under very different pressures
such as S kbar and 30 kbar should not be compared.
Study of pyroxenes from various metamorphic and
igneous rocks using the geothermometer is under
way.

TaBLE 6. Temperature of crystallization of pyroxenes in charnockites.

. o

S.No. Z(—Ca-Opx ﬁFe—on éMg—Cpx -&Ca-Cpx Estimated T C Reference

1. .020 .590 .260 .420 725 Saxena (1968)

2. .015 .710 .185 .425 No solution -

3. .017 .445 .361 .453 790 - (1969)

4. .020 .545 .310 .451 770 v

5. .022 .537 .313 .474 No solution L

6. .020 .603 .287 .447 815 =

{0 .021 .570 .268 .454 700 "

8. .000 .330 .421 .464 800 L (1968)

9. .021 .608 .287 438 870 =

10. .021 .613 2 715 440 810 U

11. .016 .740 .195 448 No solution =

12. .010 .362 .408 457 825 Leelanandam
(1967)

18. .012 .423 .377 462 760 "

14. .021 .438 .370 442 865 "

15. .016 .448 % 31619 443 870 -

16 .013 .490 .351 453 820 i
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