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2(Mg, Fe) SiO. (clinopyroxene) 

-+ 2 (~IgO (periclase), 2 FeO (wlistite» 

+ SiO, (stishovite) (3) 

Our calculations were carried out assuming that 
we are dealing with only a two-phase system, 
and tl1U~ the reaction products are assumed to 
beh/n·e as a single phase. with t hermochemical 
and equation-of-state properties equal to the 
appropriate mola r average. Ideality in the 
solid solution is also assumed. This assumption 
has been shr)\m to be npproxinl:ltely valid in 
the case of the olivine-spinel transformations 
[A kimoto, 19iO] and in the case of reaction 2, 
as demonstrated by the present calculational 
results. 

In order to calculate t he reaction pressures 
at various temperatures for the IVlg-Fe end 
members of reaclions listed above, it is con­
yenient to employ standard enthalJlies and en­
tropic.; under standard temperature and pres­
sure conditions for these compounds. For 
l\IgSiO, (clinopyroxene), and fo r the oxides 
FeO, l\!gO and SiO, (stishovite), these data as 
well as the appropriate molar volumes are li.;ted 
in Robie and lVaZdballm's [106S] recent com­
pilation of thermochemical data . Thermo­
chemical data fo r the spinels, Fe~'3iO. and 
l\Ig.SiO" (y phase) have been calc1llated by 
Mao [1967]. For FcSiO, (fcrrosilite) the l'-T 

phase diagram for the reactions 

FeSiO. (orthopyroxene) 
-+ FeSiO. (clinopyroxene) (4) 

and the calculated phase line 

2 FeSiO. (clinopyroxene) 

-+ Fe,SiO. (spinel) + SiO, (eoesite) (5) 

which have been studied by Akimoto et at. 
[l065] , were used to ca lculate values for the 
standard entropy and enthalpy of clinoferro­
si lite. The resulting values were; 0.022 kcal/ 
mole OK and - 2.63 kcal/mole, respectively. 

At a temperature T, the t ransformation pres­
sure p,' for a given end member may be cal­
culated from 

~G/·P = ~1:I.r - T~S/ 

= - fiT (V: - V.') dp (6) 

Here i indicates the end member component 
(lor 2) of a solid-solution series, the super­
scripts 1 and 2 refer to the high-pressure arid 
low-pressure phase, re,spectivcJy, and ~Il: and 
t.S,' arc the differences in enthalpy and entropy 
at zero-pressure and at temperature T. The ill­
trgr~ l in (6) is nlong the isotherm at tem­
per~ture T. Equation 6 mu, t be solved for 
p/ for each component i = 1, 2 for each tem-

r---r---r---r---r---r---r---r---,---,-~ 1498 OK 

.0 
-'" 

180 1198 OK 

898 OK 

598 OK 
ai 140 

" Vl 
Vl 
OJ 

n: 

298 OK 

100 

60~~L-~ __ ~ __ ~ __ -L __ -L __ -L __ ~~~~ 

o 0.2 0.4 1.0 

FeSl03 Mole froction MgS,03 

Fil!. 2. Theoreti.·,,1 phllOC' diagralll for breakdown of (Mg. Fc) fly.·oxellC to (Mg. Fc),SiO, 
Cringwoodite) + SiO, C.tisho\·ilc). Comparison of Lheoretical diagram with experimental 
data of Akimolo al/d Syo"o [19iOl indi,'at rs the approximate validity of idea l mixing as>!ump­
lion. 

1 

) 

) 

5510 AHRENS AND GAFFNEY 

perature. For a. two-component, ideal mixing 
solid-solution system, the mole fractions of com­
ponent I, in the low-pressure phase Xu, in 
equilibrium with the high-pressure phase of 
composition X .. , are given by 

exp (~G. T . p /nRT)[exp (tJ.G/'· /nRT) -1] 

exp (tJ.G: '·/nRT) - exp (~G,r"/nRT) 

(7) 

exp (~G:'P /nR T) - 1 
X. I 

exp (tJ.G.T ,P/nRT) - exp (tJ.G/"/nRT) 

Here n is the number of atoms in each mole­
cule that can enter the solid solution. In the 
present calculation, n is assumed to be 2; 
its actual value ",ill depend on the degree of 
Mg++-Fe" ordering in the solid solution. Solu­
tion of equation 6, which determines the phase 
lines of the end members in p, T space, de­
pends on knowledge of the enthalpies and en­
tropies as a. function of temperature. PI' in 
(6) and (S) depends on knowledge of the p-V 
isotherms at various temperatures. A calcula­
tional method that hns been used to determine 
these quantities is outlined below. 

At each temperature it is assumed that the 
pressure-volume isotherms are giycn by the 
Birch-lvlurnaghan form of the isothermal equa­
tion of state. It is also assumed that the 
thermodynamic quantity 

(dp/de), = -y/ V (8) 

is constant for each material and has the value 
observed, or calculated, at standard temperature 
and pressure [Walsh and Christian, 1955]. 
Here y is the Gri.ineisen pa rameter and e is the 
internal energy. This assumption and another 
(discusEed below) concerning the variation of (aK./ap), for different materials are made be­
cause a complete knowledge of the pertinent 
equations of state is, in general, lacking. 

The temperature dependence of C., the spe­
cific heat at constant volume, was assumed to 
be given by a Debye theory. The Debye tem­
perature at each phase is estimated from its 
stand3rd enthalpy or from specific he3t data. 
To obtain nn estima te of the variations in bulk 
modulus with temperature, we have applied an 
empirical observation of Anderson [1967a]. In 

the case of oxides and silicates Anderson ob­
sen·ed that the variation of the bulk modulus 
with volume is similar when the volume change 
is produced by either compression or changes 
in temperature. Specifically, data for ten min­
erals listed by A nderson suggests the reb tion 

(a In Kr) ~ (a In Kr) + 0.S5 (9) 
a In p. a In p T 

Taking (12) as an equality, it follows that 

(aa~r), = -aKT[(aa~r). + 0. 85J (10) 

The properties of the various phases can be 
calculated numerically at a series of finite 
temperature increments as a function of tem­
perature in the order gi'·en below. The change 
in volume is calculated from the coefficient · 
of expansion a. At ench successive temperature 
the value of a is revised by using the Griineisan 
relation 

a = h/ V) (C./ K.) (11) 

where K. is the adiabatic bulk modulus and 
C, is the specific heat at constant pressure. 
The change in the Debye temperature ()D with 
changing volume is calculated from 

(In = (Joexp[I'(Vo - vVVo1 (12) 

which follows from the Debye model and the 
assumption rega rding equation S. A new value 
of C, is calculated from the thermodynamic 
identity 

Cp = C. + a'VTKT (13) 

and the change in enthalpy and entropy due to 
the incremental temperature increase is then 
calculated for both end members, in their high­
pressure and low-pressure pha:;:es. 

Using the aboye procedure , the theoretical 
phase diagrams calculated for r(:actions 2 to 
3 arc shown in Figures 2 nnd 3. 

The calculation for re:tction 3, summarized 
in Figure 3, indicates that it takes a greater 
shock pressure, at least 180 kb at room tem­
perature, than the 135 kb observed to produce 
the direct transformation of clinoenstatite to 
mixed ol.ide-type phase for a stoichiometry cor­
responding to Bamle enst~tite . (The tempera­
ture rise due to shock compression and the 
small density and enthalpy differences between 


