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Abstract .  The enstatite-diopside solvus presents certain interesting thermodynamic and 
crystal-structural problems. The solvus may be considered as parts of two solvi one with 
the ortho-structure and the other with clino-structure. By assuming the standard free energy 
change for the two reactions (MgMgSi2Os) opx ~- (MgMgSi206) cpx and (CaMgSi206) opx 
(CaMgSi~O6)cpx as 500 and 1000 to 3000 cal/mol respectively, it is possible to calculate 
the regular solution parameter W for orthopyroxene and clinopyroxene. These W's essen- 
tially refer to mixing on M2 sites. The expression for the equilibrium constant by assuming 
ideal mixing for Fe--Mg, Fe---Ca and non-ideal mixing for Ca--Mg on binary M 1 and ternary 
M2 sites is given by 

1~I1 lV[2 Wcpx 1~I2 ~2 M2 XMg-cpxXl~fg-cpxeXp [-~-T- {Xca-cpx(Xca-cpx-]- XFe-cpx)}] 
Ks 

XMg.orxX~_op x exp [ R T  {Xca'~176 + Fo-o~x~ ~] 

where X's are site occupancies, R is 1.987 and T is temperature in ~ Temperature of pyrox- 
ene crystallization may be estimated by substituting for T in the above equation until the 
equation - - R T  In K s ~ 500 is satisfied. The shortcomings of this method are the incomplete 
standard free energy data on the end member components and the absence of site occupancy 
data in pyroxenes at high temperatures. The assumed free energy data do, however, show 
the possible extent of inaccuracy in temperature estimates resulting from the neglect of 
Mg--Ca non ideality. 

Introduction 
Recen t ly  Nehru  and  Wyl l ie  (1974) have  de t e rmined  the  o r thoens ta t i t e -d i eps ide  
solvus a t  30 kbar .  This  solvus is based  on the  composi t ions  of the  coexis t ing phases  
de t e rmined  b y  e lec t ron-probe  technique.  S imi la r ly  W a r n e r  and  L u t h  (1974) have  
p resen ted  d a t a  on the  solvus a t  o ther  pressures .  The  solvus d a t a  on the  coexist ing 
phases  can be used  to  a d v a n t a g e  in petrogenesis .  Pe t ro logis t s  would be incl ined 
to  use these  d a t a  in cons t ruc t ing  a geo the rmomete r  as p roposed  b y  B o y d  (1973). 
The  purpose  of th is  p a p e r  is to  out l ine the  diff icult ies in the  use of t he  solvus d a t a  
in petrogenesis ,  and  to  p resen t  t h e r m o d y n a m i c  and  c rys ta l - s t ruc tu ra l  aspects  of 
the  b ina ry  and  t e r n a r y  py roxene  crys ta l l ine  solutions.  

Binary Solutions 

Diops ide-ens ta t i t e  solvus differs f rom the  ha l i t e - sy lv i te  (KCI-NaC1) solvus in one 
i m p o r t a n t  way.  The  s t ruc ture  of the  py roxenes  on the  two l imbs are  s igni f icant ly  
different .  This  necess i ta tes  the  use of di f ferent  s t a n d a r d  s ta tes .  The  o r thopyroxene  
end member s  are  o r thoens ta t i t e  MgMgSi~Os and  a hypo the t i ca l  ' o r t h o d i o p s i d e '  
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CaMgSi206. Similarly the clinopyroxenes are clinoenstatite and diopside. The 
equilibrium between the coexisting phases may be expressed as 

MgMgSi~06 ~- MgMgSi~O~ (a) 
(opx) (cpx) 

CaMgSi~ ~- CaMgSi206 (b) 
(opx) (epx) 

The conditions of equilibrium at a given P and T are: 

/z~g.o,x =/~g-opx (1) 

#C~-opx----/~c~-op~ (2) 

where the chemical potentials are 
/zMg.opx ----/~~ (orthoenstatite) -5 RT In a~g_op x (3) 

~u~rg-e~x =/~~ (clinoenstatite) -5 RT In a~_cp x (4) 

~Uca.op x =/~~ x (' orthodiopside ') -5 RT In aCa_op x (5) 

jUca_c, x = ~u~ (diopside) -5 RT In aca.cp x. (6) 

Note that  although the chemical formula contains two cations, (MgMgSi20~) one 
in each M1 and M2 sites, the expression for the chemical potential is written on 
one cation basis (RT In a and not 2 R T l n  a). This is equivalent to considering 
the mixing of cations only on M2 site with the end members expressed as 
Mg (MgSi2Os)--ea (MgSi~06). 

Even in the two isostructural binary solutions, we must expect large miscibility 
gaps as shown schematically in Fig. 1. In  the two component-- two phase system, 
free energy of mixing (G~) is minimum at a temperature T 1 with two coexisting 
structurally different pyroxenes. The curves for GM at T 1 have been superimposed 
on the solvus to show the two other possible isostructural solvi. The points a and b 
show the compositions of the coexisting phases. 

Let  us assume that  the two pyroxenes are Guggenheim's 'simple mixtures '  
(Saxena, 1973) with the expression for activity coefficient (7) as: 

W l n y i =  ~ (1 -- Xi) 2 (7) 

where W is an energy parameter and X the mole fraction. For activity we have 

RTlnai= RTlnXi-5 W(1 --X~) 2. (8) 

Substituting for activity in (3) and (4) and the result in (1), we obtain: 

R T l n ~  -5 ( 1 -  XMg.opx) 2 W _ o p  x -  ( 1 - -  XMg.cpx) 2 W _  ~px = # ~ - ~ p x  o _ .  #~g-opx.~ 
Mg-cpx 

(9) 
Similarly we have 

RTln Xca'~ -5 (1 --Xca_o~x)2W__opx - (1 --Xca.cpx)2W_ cpx 
Xc~.r (10) 

0 
/A0Ca-cpx --/~Ca-opx" 

Note that  we should expect some asymmetry in the two isostructural solvi, 
which means that  a two constant expression for the activity coefficient, such as 
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the one with Margule's parameters, would be more appropriate. However, we have 
already too many unknowns for a meaningful solution. The unknowns are the 
two energy constants W's and the two potential differences on the right hand side 
of the equations. I t  would be highly inappropriate to neglect W's and assume the 
Mg--Ca pyroxenes to be ideal in the present situation. To demonstrate this point, 
we may calculate W's by assuming certain probable values of the pure potentials 
(#~ in (9) and (10). 

Let us consider the composition of the coexisting phases at 1300~ At this 
high temperature the difference between the standard free energy of formation 
of clino- and ortho-enstatite may not be much and let us assume it to be 
500 cal/mol. Unfortunately we cannot be sure about the potential difference 
between the hypothetical 'orthodiopside' and diopside. The former would be 
undoubtedly extrinsically very unstable. As an example let this difference vary 
between 1000 and 3 000 cal/mol. Nehru and Wyllie's data at 1300~ and 30 kbar 
a r e  

Xca.opx---- 0.0612 Xca_epx---- 0.7867 

X~g.opx----- 0.9388 XHg~px= 0.2133. 

Substituting these values and the assumed potential differences in (9) and (10) and 
solving for W--opx and W-cpx, we obtained the values at 1300~ shown in 
Table 1. The W's at other temperatures were similarly calculated using Nehru 
and Wyllie's data. 

I t  may be noted that  there is little use of these W's or the activity-composition 
relations, if we are only interested in using the experimental results on mole-frac- 
tions for a direct eomparision with the composition of coexisting pyroxenes in 
natural assemblages. However, natural pyroxenes are rarely binary solutions and 
the effect of additional components needs to be evaluated. In such evaluations, 
it is essential that  we take into account the non-ideality in the binary system. The 
estimation of temperature, otherwise, may be merely a mathematical exercise. 

I t  is interesting to note that  change in the value 0 0 (;Uca.r does not  
significantly change the parameter Wcpx. The value of Wopx, however, does change. 
Note that  since the orthoenstatites or other natural orthopyroxenes contain only 
little Ca, the uncertainty in Wopx is not a serious problem. If  it is assumed that  
A#~g is ~- 500 and A/~a--  2000, Wcpx and Wopx are 6719 and 7131 cal/mol respec- 
tively. Let us consider how we may estimate the approximate temperature of 
crystallization of coexisting pyroxenes. The purpose of the calculations is mainly 
to demonstrate the effect of non-ideality of Mg--Ca pyroxenes on temperature 
estimates. 

Nehru and Wyllie (1975) following Wood and Banno (1973) arrived at the 
following equation on the basis of their newly determined solvus: 

In "XMg-cpx 5 0 0 6  
"~Mg-opx = ~ ~ -~- 1.72 (30 kbar) (11) 

where T is in ~ For non-ideal solutions a comparable equation may be written a 

R T l n - ~  g'cpx + (1-- X~g.cpx) 2 Wcpx-- (1--X~g~px) ~ Wopx=-  500 (12) 
Mg-opx 

18b Contrib. Mineral. PeCrol., Vol. 49 
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which is applicable over a range of temperature and pressure where G O does not 
vary  significantly. Wcp x and Wop x may be determined at each temperature using 
olvus data as shown for 110{) to 1 300~ in Table 1. Eq. (12) is the same as 

-}- 500---- % A G ~  aMg'~Px �9 (13) 
aMg-opx 

For strictly binary solutions, it is immaterial which of the two equations is used 
but Eq. (12) may  also be used for ternary solutions as discussed below. 

Ternary Solutions 
If  we do not concern ourselves with orthopyroxenes richer in ferrosilite by more 
than 50%, we may choose the three components as Mg(MgSi~06), Fe(MgSi20~) 
and Ca(MgSi~06) with mixing taking place only on M2 site. The standard states 
would be these end members occurring in clino- and 'ortho '-structures. In  order 
to estimate temperature of crystallization using composition of coexisting 
pyroxenes, the following in/ormation is needed: 

1) Activity-composition relations of the three binary systems in ortho- and 
elino-pyroxenes; or 

2) Data on distribution of Fe 2+, Mg ~+, and Ca 2+ between the non-equivalent 
M1 and M2 sites as a function of temperature and 

3) 'Par t ia l '  activity-composition relations on the two sites in ortho- and clino- 
structures. 

Note that  activity of an ion in a pyroxene solution may be expressed as 

ai -px  ~ Xi-~r 1 Xi-~i2.  

This expression signifies a negative deviation from ideal solution. While at high 
temperature this is a good approximation for Fe and Mg (Saxena and Ghose, 1971), 
it is incorrect for Mg and Ca as considered in the previous section. 

Some information on points (2) and (3) is available. Virgo and t tafner  (1969) 
found that  the distribution of Fe 2+ and Mg between M 1 and M2 in orthopyroxene 
may be nearly ideal at 1000~ This distribution, however, is non-ideal below 
1000~ (Saxena and Ghose, 1971). Saxena, Ghose and Turnock (1973) found 
that in ealcic pyroxenes, the preference of Fe 2+ in M2 site increases with increasing 
concentration of Ca. At higher temperatures above 1000~ no information is 
available on the solution of Mg, Fe and Ca on M2 site except what we have dis- 
cussed about Mg and Ca in the previous section. 

At present it may  be best to consider an approximate model of the pyroxene 
solutions. This would not only demonstrate clearly the problems we encounter 
in pyroxene thermometry, but  would encourage the collection of the required 
additional theoratical and experimental data. In  this model in both pyroxenes 
Fe and Mg mix ideally on M1 sites. M2 is a ternary solution with Ca, Mg and Fe. 
The mixing of Ca and Mg is non-ideal with W's as 7184 and 6531 cal/mol approxi- 
mately for ortho- and clino-pyroxcne respectively. The mixing of Ca and Fe may 
be assumed as ideal at temperatures above 1000~ The following example will 
demonstrate the use of this model for estimation of temperature. 

Chemical composition of coexisting pyroxenes in Nctschaevo meteorite, 
has been determined by Bunch, Keil and Olsen (1970). Clinopyroxene is 
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Table 1. The interae$ion energy parameter W 
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Wopx Wcpx 

A V~g +500 +500 

Afz~ --1000 --2000 --3000 --1000 --2000 --3000 

ll00~ 8339.8 7262.32 6185.39 6423.05 6421.22 6420.98 
1200 ~ C 8264.03 7159.57 6055.11 6444.23 6453.62 6462.52 
1300~ C 8266.3 7131.2 5997.03 6726.03 6719 .2  6712.3 

Average 8289 7184 6079 6531 6531 6531 

(Feo.mMgo.9soCao.906) Si206 and orthopyroxene (Feo.284Mg 1.6ssCa 0.028)Si206. We 
have the following intracrystalline distribution: 

X~gl.~pxO.896 X~.opxO.856 

X i ~ 1  XI~I Fe-cpx0.104 Fe-opx0.144 

X M 2 X M 2 ~g.cpx0.084 Mg.opxO.832 

XM2 MS Fe-cpx0-010 Xre.opx0.140 

X M2 X M 2 0 ca.cpx0.906 ca-opx .028. 

The distribution has been made according to the following scheme. All Ca is 
allotted to M2 site. The remaining of the M2 sites are filled with Fe and Mg in the 
proportion they occur in the mineral. M 1 sites recieve the remaining cations. For 
act ivi ty of Mg in orthopyroxene we have 

aMg-opx --~ Mg-opx ~Mg-opx (14) 
X M i ylVl 2 M 2 --- ~g-opx ~g -opx  7zg-opx (15) 

where, as mentioned before, M1 is a binary ideal solution and M2 ternary non- 
ideal. The activity coefficient 7 is given by  

RTI~ .1~2 _ _ m ~ 2  X~2 /vM2 . v M 2  ~ (16) �9 iYMg.opx - -  rr Mg-Ca-opx Ca-opx t'L~"Ca-opxT ~Fe-opx]"  

The above expression is obtained by  substituting WMg-Fe-opx and WFe-Ca-opx as 
zero in the expression for activity coefficient in a ternary solution (see Saxena, 
1973). A similar expression may  be written for M2 site in clinopyroxene: 

] IK 2 T~,~I 2 X1~ 2 ,,v-M 2 ~ "v-M 2 
R T  n 7~g.epx----W~g_ca.evx ca-evx t~ca-epx~ "~Fe-cpx]- ( 1 7 )  

Finally combining (13), (16) and (17) we may  write for the equilibrium condition 
in reaction (a): 

xN.r x~g~,x exp ~ XP2c,,,(X~2.r + X~o~.o,~) 
+ R T  In u~M2 AG~ --500 

X~i1 x~2-o~ o~v ~ x~.%~ (x~o~ + X~2 \ 

Mg-opx Fe-opx) 

( i s )  
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where (Mg--Ca) has been dropped from the subscript for W. For  estimation of 
temperature, we have to use the iteration procedure and continue substituting 
different values of T, until Eq. (18)is satisfied. For each substitution, we must 
first obtain the appropriate W's from Table 1 or by calculating from the solvus 
data using Eqs. (9) and (10). For  the present discussion, we may use average 
values of W's for the temperature range between 1000 to 1400~ (see Table 1). 
The estimation of temperature is simplified because it is possible to solve for 
Eq. (18) graphically as done in the following section. 

For the Netschaevo meteorite, temperature is now estimated using the ideal 
and non-ideal model and for the latter by using the three Wopx values due to 
changing ~ a .  

Ideal Solution. The mole fraction in the crystal as a whole is the activity of the 
component. For  the ternary solutions in terms of the components Mg~Si2Oe, 
CaMgSip.06 and FeMgSi20 e we have 

In XMg'cpx ----ln 0.08~4 (19) 
XMg.op x 0.832 " 

Using Nehru and Wyllie's results (see Eq. 11), the temperature is estimated to be 
974~ 

Negative Non . Idea l  Solution. If the activity is defined as the product of site 
occupancies, we have 

xMi XI~I2 Mg-cpx Mg-ci~x 0.896 • 0.084 
In y ~ i  XM 2 - - l n  (20) ~Ig-opx ~Ig-oi~x 0.856 • 0.832 

Using Eq. (11) again, the temperature is 988~ 

Positive Deviation on Sites. In  Fig. 2, the straight line is for Eq. (13) ( - - R T l n K a =  
500). We may now calculate K a using the expression in the bracket in Eq. (18). 
Wcpx is 6531 cal/mol, while Wopx varies between 8289 to 6079 cal/mol depending 
on the/Iju~ Therefore we have 

6531 
0.896 • 0.084 exp 1.987 • T 0.906 (0.906 ~ 0.010) 

lnK---- (21) 
0.856 • 0.832 exp W~ 0.028 (0.028 -t- 0.140) 

1.987 • T 

Using Wopx as 8289, 7184 and 6079 cal/mol at 1273 and 1373~ l n K  values were 
calculated and plotted in Fig. 2. The intersection of these lines with the l n K  a vs l I T  
line yields the temperature of crystallization. The line for Wopx----8289 has been 
shown in Fig. 2. The intersection of the lines is at 1317~ or 1044~ I t  is also 
noted that  the change in Wopx does not  affect the estimation by more than a few 
degrees. 

Discussion 
The temperatures mentioned here are only for demonstrating the possible effect 
of non-ideality in Mg--Ca pyroxene. These are obviously not precise, the first 
two because of the neglect of important  non-ideality effects and the last because 
of the several points discussed below. 
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i or "\ 
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Mg MgSi20e CaMgSi206 

Fig. 1. Isostructural solutions of ortho- and clino-pyroxene with immiscibility gaps. The 
light curves show the free energy of mixing. See text for discussion 
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Fig. 2. Estimation of temperature of crystalli- 
zation of pyroxenes, using the relations--RT 
In K a = 500 and Eq. (18) 

First,  there is the  problem of the lack of free energy da ta  on r s tandard  state 
end members.  F rom thermodynamic  and  crystal-chemical considerations AG~ 
m a y  be of the order of 500 eal/mol. Boyd  and  Schairer (1964) did find clinoensta- 
tire in their experiments,  a l though Warner  and Lu th  (1974) did not.  The differ- 
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ence in free energy between clino-diopside and 'or tho '-diopside is uncertain. The 
latter, if possible, must  be a high energy form and may  be highly unstable in the 
range of temperature  and pressure of interest. Fortunately,  however, if the free 
energy difference is of the order of a few thousand cal/mol, the calculation of 
activity-composition m a y  not be seriously jeopardized particularly if we have 
only a few mole percent of CaMgSi~O~ in orthopyroxene. Although we can have 
an approximate method of temperature  estimate, more exact determinations 
must  await  the solution to the problem of standard free energies which have to 
be obtained through theoretical crystal energetic calculations and calorimetric 
measurements on stable and metastable pyroxene structures. 

Second, even if we have more information on standard free energies of various 
pyroxenes, we can calculate the free energy of mixing only with one solution 
parameter  W, which means the pyroxene solvi have to be symmetric. This would 
contribute further uncertainty to activity values. A solution to this problem would 
lie in the determination of ' pa r t i a l '  activities on the M2 sites from the data on 
the distribution of cations between M1 and M2 as suggested by Saxena (1973). 

Third, although it appears from Lindsley and Munoz's (1969) work that  the 
solvus for the hedenbergite-ferrosilite lies below 1000~ the assumption tha t  
Ca and Fe mix ideally on M2 site above 1000~ m a y  not  be true. 

Fourth, for any  precision in temperature  estimate, it is essential tha t  we have 
data on the site occupancies in pyroxenes at various temperatures.  For an ap- 
proximate determination, the scheme of cation partitioning as used here may  be 
justified because of the small changes in the site occupancies above 800~ The 
distribution isotherms are very closely spaced towards the equal distribution 
line [compare Saxena and Ghose's (1971) results upto 800~ with Virgo and 
Hafaer ' s  (1969) curve a t  1000~ 

Finally, it m a y  be mentioned tha t  the substitution of Mg 2+, Fe 2+ and Ca ~+ by 
Ala+, Ti*+ and Mn 2+ in pyroxenes would further present problems in energy 
calculations. However, if the problems of the ternary pyroxenes can be solved, 
the problem of the minor elements would not  be very difficult to tackle. In  fact 
some progress has already been made by  MacGregor (1974). In  the meantime, it 
is recommended tha t  temperature  estimates for pyroxenes close to ternary solu- 
tions m a y  be made by  calculating K a as below 

1~1 1~2 6531 ~-M~ ~ M 2  ~ 2  
XMg.cpxX~g.cpx exl o - ~  -~x ca.cpx ~-z~Ca.cpx 7- J-LFe.cpx! 

K s - -  v ~ l  VM2 e ~ 7184 XM 2 /X~2 L~-M2 ~ (22) 
"~g-opx  ~"/Kg-opx ~ '  ~ Ca-opx ~ Ca-opxT ~Fe-opx] 

and solving graphically as shown in Fig. 2. The cations between M1 and M2 sites 
are distributed according to the scheme discussed before. 

The effect of pressure, although small, on the binary solvus is not yet  well 
defined. This effect when better  known could be included in the calculation of W's 
and the zig ~ 

In  conclusion, we hope tha t  Eq. (22) will be used only with the knowledge of 
all the assumptions involved and the approximate nature of the results obtained. 
More crystal-chemical calculations and experiments on stable and metastable 
pyroxenes would be necessary for a final solution of the problem. 
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