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Abstract. Adopting a set of multioxide components 
and using published compositional data on olivine- 
and plagioclase-liquid equilibria we have developed a 
17 component regular solution model for met-alum- 
inous silicate liquids. The partial molar excess free 
energies predicted from this model can be used to- 
gether with phenocryst compositions as an effective 
geothermometer, with an approximate error of 20~ 
(30~ for olivine, 12~ for plagioclase). The regular 
solution formulation is also successful in predicting 
liquid immiscibility at (1) high mole fractions of silica 
commonly observed in phase diagrams, and at (2) 
lower temperatures in lunar basalts and intermediate 
lavas. The model yields activities of silica which are 
consistent with those obtained from solid-liquid silica 
buffers in rocks which contain olivine and enstatite 
or quartz. From predicted activities of KA1Si308 in 
liquids coexisting with plagioclase a value is obtained 
for the limiting Henry's law activity coefficient of 
KA1Si3Os in the solid. This coefficient agrees well with 
that inferred from plagioclase-sanidine equilibrium 
phenocryst assemblages in rhyolites. The activities of 
silica obtained from this model are used to place 
constraints on the pressure-temperature regions 
where various types of basic magmas are generated. 
In conjunction with plagioclase geothermometry an 
application is given where the pressure, temperature, 
and water content of an olivine andesite is predicted 
from the activity of silica. 

Introduction 

There is now a considerable body of experimental 
data on the compositions of minerals in equilibrium 
with anhydrous silicate liquids at high temperatures. 
These experiments, generally made at 1 bar total 
pressure, are represented by the work of Roeder 

(1974) on olivine-liquid, Drake (1972) on plagioclase- 
liquid and more recently Walker et al. (1979) and 
Bender et al. (1978) on the composition of coexisting 
olivine, plagioclase, and pyroxene in basaltic liquids, 
at pressures up to 12 kbars, as a function of tempera- 
ture. Mainly arising from this type of study are a 
number of postulated geothermometers often ex- 
pressed in the form: 

A 
l n X = ~ - + B  (1) 

where X represents some function, usually a ratio, of 
the concentration of elements or oxides in the solid 
to those in the coexisting liquid, T is the absolute 
temperature, and A and B are fit parameters. This 
type of formulation will generally only apply to li- 
quids of almost identical composition to those exper- 
imentally investigated. For example, Longhi et al. 
(1978) offer a plethora of values of the constants A 
and B for olivine-liquid equilibrium depending on the 
composition of the liquid, so that the choice of equa- 
tion, and often the inconsistency of the calculated 
temperatures derived from the known compositions 
of olivine and liquid, may bewilder the petrologist 
anxious to estimate a temperature for a particular 
phenocryst-liquid assemblage. 

It can be said in general, however, that the results 
of these liquid-solid equilibrium studies have been 
underutilized. The approach of this paper is to ex- 
press the compositional-temperature dependence of 
solid-liquid equilibrium using a generalized silicate 
liquid solution model, calibrated on existing experi- 
mental data. This will allow the prediction of so- 
lution properties over a wide compositional range 
and provide for adequately precise solid-liquid 
geothermometers and methods for calculating a va- 
riety of derived properties of relevance to the cooling 
history of igneous rocks. The heart of the problem is 
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to find an expression for the Gibbs free energy of the 
solution (GS~ given formally by: 
G s~ = G O + G ideal + G xs  (2) 

where G o is the free energy of the liquid in the 
standard state, which we will define as unit activity of 
the pure component  at any temperature and pressure, 
G ideal the free energy associated with the ideal en- 
tropy of mixing, and G ~' the excess free energy of 
mixing. Hence, the excess partial molar free energy of 
component  i, #Ts, is: 

xs  xs  __ (~?a /On~)T,p,,, j =#~ - - R r l n  '/~ (3) 

with n~ being the number  of moles of component  i, R 
the universal gas constant, and 7~ the activity coef- 
ficient of component  i. The subscript nj denotes the 
number  of moles of each component  except j = i .  
Clearly: 

( O #xs/~ P)T,nj = R T( ~ In ?i/S P)T,nj = ffxs (4) 

and 

(~ x s  - x s  ( #i /3T) . , . j  = ( 0 R T l n  7,/c~T)p,., = - s~  (5) 
and 

( c~NX~/OT)e,., = (2 pX~/T (6) 

where g/~ and ~ are the partial molar excess volume 
and entropy of the i-th component. 

It follows that the energy terms involved in the 
equilibrium between a solid solution, such as olivine 
or plagioclase, and a silicate liquid may be repre- 
sented by two parts: a pure component  (G ~ solid and 
liquid terms) and a mixing (G ideal, G xs, solid and 
liquid terms) contribution. It is the past failure to 
separate out the one from the other that has largely 
made geothermometers (Eq. 1) based on mineral-so- 
lution equilibria so compositionally restricted. In a 
more rigorous thermodynamic treatment solid-liquid 
equilibria may be represented, using Mg2SiO , as a 
possible component, by: 

Mg2SiO, ~ ~ Mg2SiO 4 
solid liquid 
so that at equilibrium at any P and T 

where AH~ and A S ~  are the molar enthalpy and 
entropy of the reaction at the reference temperature 
Tr, which we take for convenience as the 1 bar fusion 
temperature (2,163 K for MgzSiO4); Cp~ and Cps~ 
are the molar  heat capacities (at constant pressure) of 
the liquid and solid respectively and A V~ is the 
molar volume of the liquid minus the volume of the 
solid as a function of pressure at the temperature T. 
The mole fraction of MgzSiO 4 dissolved in the liquid 
is represented by X, R T l n  7~ q sio is the excess partial g2 4 
molar free energy of MgzSiO 4 dissolved in the liquid, 
and aS~ is the activity (relative to pure MgzSiO 4 
crystals at any P and T) of MgzSiO 4 in the olivine 
crystals. This equation, in its general form, will be 
used to calculate partial molar  excess free energies 
from experimental solid-liquid equilibria in silicate 
systems, which in turn will be employed in the cali- 
bration of the liquid solution model to be postulated 
below. We shall first comment  upon the nature of the 
standard state thermodynamic properties and re- 
levant compositional relations in the solids, necessary 
for the evaluation of Eq. (7), before addressing the 
problems of modelling the free energy of the liquid. 

Sources of Thermodynamic Data 

Thermodynamic data for pure liquid and solid MgzSiO4, Fe2SiO4, 
CaMgSi206, MgSiO 3, SiO z, CaAlzSizOa, and NaA1Si30 s are 
given in the Appendix, and are derived in part from experimental 
pressure-temperature fusion curves. Typically only the liquid com- 
pressibility, or (~V~q/~P), and the one bar heat of fusion are 
unknown. The latter can be calculated from the initial slope of the 
fusion curve using the Clapeyron relationship: 

A H ~ (dP/d T)Tr, 1 bar r= 0 Tr A V~r 
whereas (63vliq/~P) c a n  be obtained from the experimentally de- 
termined slope at elevated pressures. In reality the calculated 
values of (~Vliq/OP) are really fit parameters for they include the 
uncertainties in the extrapolation of Cp~ above Tr, which is 
normally close to the upper limit of the heat capacity data; they 
also tend to compensate any uncertainty in the heat of fusion, and 
any pressure dependence of the thermal expansion of the liquid. 
All the standard state properties are internally consistent with each 
of the experimental fusion curves of the chosen components, but 
there is very little evidence to demonstrate their mutual con- 
sistency. 

T 

0 = A H ~  + S (Cp~ - CP~ d T  
Tr 

T 0 0 
- T ( A X ~ 1 7 6  ) 

P 
+ ~ A V~ dP + R T In vliq AMg2SiO4 

1 

R liq sol + T In 7gg2sio, - R T  In aMg2SiO 4 

Activity-Composition Relations: Solid Solutions 

(7) 

Throughout  this paper it has been assumed that Mg 
and Fe mix ideally on octahedral sites in olivine and 
the components NaA1Si308 and CaA12Si20 s observe 
ideal mixing in plagioclase. These assumptions are 
consistent with the relatively high temperature range of 
the data (1,000 1,700 K). As a consequence the activity 
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of either olivine component is ~X~2~ ~MgorFe~ to  take ac- 
count of the two energetically identical lattice sites, 
and the activities of the albite and anorthite com- 
ponents in plagioclase are given by their respective 
mole fractions (Kerrick and Darken, 1975). 

In pyroxenes however, there are two non-equiva- 
lent octahedral lattice site, an M2 sites and a smaller 
M1 site. By analogy with the treatment of diopside 
by Wood (1976) and Newton (1976), we have approx- 
imated the activity of MgSiO 3 in orthopyroxene as: 

aOp x - -  F { Y  ~, ] M 2  . ( y  
MgSiO3 -- k \~  Mg ZMg] \~Mg ~MglUl3  89 ~ q 

where X and 7 represent site mole fractions and 
activity coefficients, and (7~g 2~ MI~ 89 YMg! is assumed to be 
unity. However, the assignment of atoms in a py- 
roxene analysis is not unambiguous, so they have 
been distributed as follows: 

M2 contains Ca, Mn, Na, Mg 1, Fe ~ 
M1 contains Cr, Ti, A1/2, Mg 1, Fe ~ 

where Mg t and Fe ~ represent the amounts of as- 
signed Mg and Fe in proportion to the ratio Mg/(Mg 
+ Fe) in the pyroxene analysis, and allocated so that 
the total number of atoms in M1 and M2 are identi- 
cal. Thus: ,: 

Xc M2 = YCa/(Yca q- YMn -}- YNa q- YMg' q- YFe~) 

and 

x M 1  ~ Mg = YMg/ tYcr  + YAI q- YTi + YMg I -~- YFe 1) 

where y represents the number of atoms in each 
lattice site. As the amount of A1 assigned to the 
tetrahedral sites depends conventionally upon the 
amount of Si in the analysis, and as this is known 
only to _+ 1% at best, we have arbitrarily assumed 
that half the amount of A1 present is octahedrally co- 
ordinated. 

Any departure of the modelled activity from the 
actual activity of each crystalline component will 
affect (through the assumption of solid-liquid equilib- 
rium) the calculated excess partial molar free energies 
in the liquid. 

Activity-Composition Relations: Liquids 

a) Components 

The choice of components used to describe the com- 
position of silicate liquids is arbitrarily determined by 
convenience and simplicity. Generally mole fractions 
of a component are computed in terms of the simple 

oxides. For our purposes however, this formulation 
has severe disadvantages. Consider for example the 
equilibria: 

Mg2SiO 4 ~ 2  MgO + SiO 2 
solid liq. liq. (8) 

In order to evaluate the standard state thermody- 
namic properties of this reaction we require the vol- 
umes and heat capacities as functions of P and T as 
well as the enthalpies and temperatures of fusion for 
forsterite, MgO, and SiO 2. The state functions for 
many oxides are poorly known, so that to compute 
thermodynamic excess properties for the liquid oxide 
components from olivine-liquid equilibria would nec- 
essitate simultaneous regression of the standard state 
thermodynamic properties of the oxides. The situa- 
tion is further complicated by considering liquids 
saturated with other phases containing MgO and 
SiO 2 (i.e., enstatite) for which the same standard state 
properties must hold, and the derived liquid excess 
functions must conform to those of Mg2SiO4-1iquid 
equilibria within the constraints of the adopted so- 
lution model. It is clear that agreement between all 
solid-liquid equilibria in silicate liquids using oxide 
liquid components would involve the evaluation 
(through regression) of a large number of constants 
most of which, we believe, would be poorly con- 
strained in composition, temperature and pressure 
space by the paucity of experimental data. 

Carmichael et al. (1977) made an attempt to avoid 
this difficulty and still evaluate equilibria of the form 
of Eq.(8) by postulating a quantity J( - the ideal 
contribution to the activity - which for Mg2SiO 4 
would be written: 
~l iq  = ( y l i q  ~ 2 . / y l i q  ~.~:r 

MgaSiO4 ~,~ MgO! ~,~ SiO2/ "~ 

where 2* is a constant defined such that for a pure 
Mg2SiO 4 liquid, ~Diq - 1  (i.e.,),*= 6.75). Similarly ~ Mg2SiO4 -- 
for MgSiO 3 one would write: 

~l iq  = x ~ q  O  9 x~iq02.4.0 MgSiO3 g 

It can be readily shown that the definition of Jf 
results from equivalent expressions of the total Gibbs 
free energy of the liquid, in terms of a simple set of 
oxide components in one case and a more complex 
set, including the multi-oxide compounds (like 
Mg2SiO 4 or MgSiO3) , in the other. Thus for the 
MgzSiO 4 component we can write (making the sub- 
stitution for 0 #Mg2SiO4 by initially evaluating the ex- 
pression at XMgO=2/3 and Xsio3=l/3, i.e., pure Fo 
liquid): 

In aMg2SiO 4 ~ in 27 2 E(T)  XMgOXsi02] -~- 
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21nr•, /~,(pure Fo liq)'l 
lxx I, fMgO/,CMgO = 2/3 J 

- q - | ~  E,, /~(pure  Fo tiq)~ 
 9 *..t \~ 'SiO2//SiO2 = 1/3 ] 

where (~) 2 X M g o X s i o 2  i s  simply XMg2SiO4  a n d  

y(pureFoliq) is the activity coefficient of MgO in the MgO = 2/3 
solution at XMgO=2/3 ; similarly for SiO 2 at X=1/3 .  
Although the activity of Mg2SiO 4 in the liquid is 
constrained by this relation its mole fraction, 
XMg2SiO ,,depends on the choice of the compounds in the 
complex component set used to describe the com- 
position of the liquid. X is not equal to ~.  Neverthe- 
less we could evaluate solid-liquid equilibria, using 
the concept of X, and obtain for each different miner- 
al-solution pair expressions involving sums of the 
excess properties of oxide liquid components. A so- 
lution model could then be fitted to these sums of 
excess properties by regression. This proceedure is 
identical to using the oxides as components directly 
through reactions of the form of (8), except that here 
we have eliminated the need to simultaneously eval- 
uate the standard state properties of the oxides, but 
still cannot unambiguously define the individual ex- 
cess properties of those oxides. 

It would be far more convenient, and less cumber- 
some numerically, to be able to directly define a set 
of excess properties from the experimental solid-li- 
quid equilibria; that is for instance to obtain VMg~sio, 
f r o m  aMg2SiO 4 ~---XMg2SiO a ~)Mg2SiO4" This can be done by 
adopting a set of complex-oxide components which 
can uniquely define the composition of a silicate 
liquid and which have molecular configurations stoi- 
chiometrically identical to the solid phases (generally 
solid solution end members) in equilibrium with 
these liquids. To write down such a unique set of 
components for the whole compositional range of 
igneous rocks is impossible (without allowing for 
negative concentrations), as is evidenced by the com- 
plexity of the CIPW norm. Confining one's interests 
however to the met-aluminous group of rocks, to 
which the large proportion of experimental data ap- 
plies, a comprehensive set of components can be pos- 
tulated. We have adopted such a set, which is given 
along with a scheme describing a method for their 
calculation from the simple oxides in Table 1. With 
these we can now write reactions of the form: 

Mg2SiO , ,  ~ - M g 2 S i O  r 
solid liquid 

for olivine and plagioclase liquid equilibria (for which 
standard state properties can be derived directly from 
fusion curves). Pyroxene end members diopside and 
enstatite were not used as components because they 
severely restricted the compositional range of the 
silicate liquids that could be treated. 

Table 1". Adopted components 

giG 2 C02SiO 4 NaA1Si308 Fe304 
Mg2SiO4 Mn2SiO 4 KA1Si30 s FeTiO 3 
Fe2SiO4 CazSiO 4 SrA12Si208 FeCr20 * 
Ni2SiO~ CaAlzSi2Os BaA12Si2Os Ca3(PO4) z 
H20 

If moles of the simple oxides are first computed, they can be 
transformed to moles of the new components in the following 
manner: 

r l ~ 2  = nslo2 + 0.5 r/TiO2 -- 1.5 nAlzO a q- 0.5 rtFe203 

+ 0.5 ncr2o 3 - 0.5 riFe O --  0.5 rtMn O -- 0.5 MgO 

- 0.5 Nio - 0.5 nco o - 0.5 nc~ o - 4.5 nNa2o 
- 4.5 nK2 o + 1.5 np2o5 - 0.5 nsr o - 0.5 nB~ o 

nMg2Si04 ~ 0. 5 nMg O 

r/Fe2SiO 4 = -- 0.5 TiO2 -- 0.5 nFe203 -- 0.5 ncr203 q- 0.5 rife O 

/'/Ni2SiO4 ~ 0.5 HNi O 

nCo2SiO 4 ~ 0.5/'/Co O 

nMn2SiO 4 = 0.5 nMn O 

nCa2SiO 4 = -- 0.5 nAi203 + 0.5 nc~ o + 0.5 nN~o + 0.5 nK~ o 
- 1 .5  np~o ,  + 0 .5  ns~ o + 0 .5  %aO 

t'ICaA12Si208 ~ nA1203 -- nNa20 -- nK20 -- nSr O -- nBa O 

F/NaAISi308 ~ 2 nNa20 

nKAISiaO8 ~ 2 F/K20 

nSrAl2Si208 ~ nSr O 

/2BaAI2Si208 ~ l'/Ba O 

nFe304 = nFe203 

nFeTiOa = F/TiO2 

nFeCr20 a ~ nCr20 a 

~'Ca3(PO4)2 ~ ~P205 
F/new Ft H20 ~ H20 

The compositional restrictions imposed by our 
choice of components will now be discussed in detail. 
Examination of Table 1 shows that the requirement 
of positive mole numbers (nl) of CaESiO 4 and 
CaA12Si208 (ignoring for the moment the generally 
minor contributions of SrO, BaO, and P205 to the 
liquid composition) implies the met-aluminous con- 
dition: 

F/Ca O -~- n N a 2 0  -~- n K 2 0  ~ nA1203 ~ n N a 2 0  ~ n K 2 0 .  

It is not clear, however, that the stipulation of posi- 
tive n new is synonymous with this inequality. Let m SiO2 
be the sum of moles calculated in terms of the new 
components, m is positive. Then it can be easily 
shown that, consequently: 

n s i o 2  -~- nTiO2 -~- nFe203  -'~ riP205 -~- n c r 2 0 3  

> nA12O 3 + 3 nNa20 + 3 nK2 o. 

Consider a rock with normative larnite (x moles), 
anorthite (y), nepheline (z), and kalsilite (p) (an exam- 
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pie is given by Carmichael et al., 1974, p. 499, 
Table 10-2, an ijolite from Uganda). In terms of oxide 
components we have: 

n s i o 2 = X + 2 y + z + p  

nA1203 =y+  89 z + 89 
nca o = 2 x + y 

nNa20 ~  89 Z 
1 

nK2 0 = ~ P. 

Such rocks are clearly met-aluminous for all values of 
x, y, z, and p: 

2x+y+ 89189189189189189 

Substitution into the other inequality derived above 
however, yields: 

X ~- nTiO2 "4- nFe203 ~- np205 ~- ncr203 

> z + p - y .  
Granted the assumptions made by only considering 
Si, A1, Ca, Na, and K (i.e., by ignoring silica as- 
sociated with the other metals), this inequality could 
be violated if z, p, or z+p are sufficiently large. That 
is, the transformation from oxide mole numbers to 
those of the new components will result in negative 
mole fractions of silica for some met-aluminous rocks 
with substantial amounts of nepheline or kalsilite in 
the norm. 

There is no fundamental thermodynamic objec- 
tion to a negative mole number, resulting in a nega- 
tive mole fraction of a particular component. In such 
a circumstance the ideal entropy contribution can be 
shown to be --RIXi] In IXil 1, and the total free en- 
ergy of solution, being independent of the component, 
set chosen, implies the existence of a real G ..... .  
(activity coefficient). Thus In a, will be a real number 
despite the fact that Xi<0. It remains however a 
matter of conjecture whether the calculations pur- 
sued below (where in the data base all n i were re- 
quired to be >0) will ever be useful for rocks re- 
moved from the compositional space bounded by 
positive mole fractions of the adopted set of com- 
ponents. Preliminary results, on slightly per-alum- 
inous rhyolites (with negative mole fractions of lar- 
nite) indicate that such extensions may be applicable. 

b) Calculation and Regression 
of Excess Partial Molar Free Energies 

On the basis of the thermodynamic data given in the 
Appendix, and using the activity formulations of the 

J Where IX] denotes the absolute value of X here and sub- 
sequently 

various components in the solid phases as described 
above, together with the mole fractions of the adopted 
components (Table l) in the liquid, values of 
R Tln 71 iq can be calculated for the appropriate com- 
ponent using compositions of both solid and liquid in 
equilibrium at any known temperature and pressure. 
Of the data available to the writers, 235 cases are 
experimental points, and 20 represent silicic lavas 
where the intensive parameters and compositions of 
both liquid (now glass) and phenocrysts are known. 
These data were obtained from the experimental re- 
sults of Bender et al. (1978), Green et al. (1979), Lee- 
man (1974), Longhiet  al. (1978), Mysen and Kushiro 
(1977), Roeder (1974), Takahashi (1978), Thompson 
(1974; 1975), Walker et al. (1979), Drake (1972), Eg- 
gler (1972), and Helz (1973; 1976). Data on natural 
silicic lavas were taken from Carmichael (1960; 1962; 
1967), and Hildreth (1977). It is appropriate now to 
show how the values of RTln 71i iq, the excess partial 
molar free energies, derived from the 255 cases were 
treated in forming a consistent solution model. 

Carmichaeletal.  (1977) and Nelson and Car- 
michael (1979) have demonstrated that within experi- 
mental uncertainty (about 2~o) anhydrous silicate 
liquids of the range in composition found in nature, 
expressed in terms of simple oxide components, have 
no excess volume of mixing and no partial molar 
excess heat capacity. It follows at once that any other 
set of components (Table 1) that can be related by a 
linear mapping to the simple oxides will also show an 
absence of excess volume and heat capacity. This 
conclusion is of critical importance and can be seen 
from the following proof. 

Consider a set of components, indexed on i, and 
represented by the vector N (moles), for which some 
physical property Q (say volume or Cp) exhibits ideal 
mixing. Thus: 

(2 = ~ QO N~ (9) 
i=1 

where N z are the number of moles of each component 
comprising the vector N, and QO is the property in 
question of the pure component i. Given another set 
of components, indexed on j, and represented by the 
vector M (moles) we define a linear mapping: 

M = C N  

o r  

Mj = Z c,j 
i 

(10) 

where C is a square matrix of rank n. We can now 
write (at constant P and T): 
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a e =  e o aN, 
i = 1  

and 

dMj = ~ C 0 dN i 
i = i  

from which, holding M k constant, yields: 

= L~___ (k , j ) .  
\S M j ]Mk ~N~/M 

~i~lCij k 
(11) 

which demonstrably cannot be described in terms of 
regular or ideal solutions. The treatment of water, 
then, as a regular or ideal solution component in a 
silicate liquid can only be successful at very small 
Xmo (see below). 

The total Gibbs free energy of mixing, G mix, can 
be written: 

G mix = Gideal  q- G excess 

where 

(13) 

G ideal = R T  ~ n i In X i. (14) 
i = 1  

We must now show this derivative is independent of 
composition. From Eq. (10) we may write: 

N = C  1M 

for an n component system, with n~ being the number 
of moles of the ith component and X/ its mole 
fraction. For a simple regular solution G ...... is de- 
fined to be: 

o r  

N~ = ~ C~ 1 Mj 
) = 1  

from which 

aN i = ~, Cij 1 dMj. ( 1 2 )  
j - 1  

It follows at once from the requirements of (11), 
namely constant M k, k4=j, and Eq. (12) that: 

dN~ = C:~ 1 dMj 

Substitution into (11) with simplification yields: 

J 

The right hand side is independent of the components 
of the vector M, and the proof is complete. 

In light of the discussion above we have chosen to 
represent the excess properties derived from the ex- 
perimental solid-liquid equilibria, calculated using 
the components of Tablel ,  by a regular solution 
formulation. This choice warrants further clarifi- 
cation. The experimental data of Carmichael et al. 
(1977) and Nelson and Carmichael (1979) is not in- 
consistent with an ideal solution treatment but the 
prevalent immiscibility repeatedly found in silicate 
liquid systems is. A regular solution model allows for 
immiscibility and is comparatively easy to apply to 
systems of large (~  17) numbers of components. The 
justification for regular solution behavior, however, 
has not been established for hydrous silicate liquids 
and clearly can only be an approximation, since as 
Xmo ~ 1 hydrous silicate liquids become electrolytes 

G . . . . . .  _- Z %n, xj (15) 
i = 2  j - 1  

where W~j are constants independent of temperature, 
pressure and composition. The W's represent binary 
interaction coefficients and could in principle be de- 
rived from liquid-solid equilibria within all possible 
binary subsystems of the n component system. In a 
more complex regular solution model one could pos- 
tulate ternary and higher order interactions; however, 
we have chosen not to do so and have adopted Eq. (15) 
as the functional form of the excess free energy 
surface. 

Differentiation of (15) with respect to n k yields the 
partial molar excess free energy of the k-th com- 
ponent: 

U ...... t ~n~-k l,~ =RTln 7k 

~ (  ~_IXj) ~ i - 1  : + x, % -  E x, xj 
i ~ 1  j - -  i = 2  j = l  itj  

i , j , k .  (16) 

Eq.(16) can be rearranged into the more familiar 
form: 

n 

RTln ?k = ~ Wig X2 
i--1 

i 1 
+ ~ Xi E (Wik+VVk~-Wij)XJ i , j*k.  (17) 

i=2 j--1 

The excess partial molar free energies obtained, as 
described above, from experimental solid-liquid equi- 
libria can now be used along with their correspond- 
ing liquid compositions to derive a consistent set of 
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Table2. Binary interaction parameters. (all those not  listed are 
zero) 

Interaction W (cals) Std. error 
of W 

Fe2SiO4, MgzSiO 4 -24,135.6 752.5 
Ca2AlzSizOs, MgzSiO 4 - 11,069.9 805.6 
SiO2, Mg2SiO 4 - 6,801.71 552.26 
SiO2, NaAISi30 s 6,460.71 330.15 
H 2 0  , KA1Si30 8 309,321 48,608 
CazSiO4, Mn2SiO 4 268,388 90,076 
SiO2, F%SiO 4 4,838.84 601.58 
CaAlzSiaOs, Fe2SiO , - 5,948.71 1,052.30 
NaA1Si3Os, Mg2SiO , - 8,836.45 883.98 
Ca2SiO,,  Fe2SiO 4 - 35,688.8 2,842.4 
FeTiO3, Fe2SiO , 12,506.2 1,870.2 
KAISi3Os, Fe2SiO 4 9,681.68 3,143.29 
Ca3(PO,)2, Fe2SiO, ~ - 130,674 21,765 
SiO2, H 2 0  -29,219.0 8,862.5 
CaA12Si2Os, Mn2SiO 4 - 140,218 52,653 
Mn2SiO4, MgzSiO 4 - 35,128.3 14,774.9 
FeTiO 3, Mg2SiO,  - 5,535.20 1,783.53 
NaA1Si3Os, Fe2SiO 4 3,914.24 1,169.44 
Ca2SiO,,, MgzSiO r - 9,719.72 2,603.07 
NaA1Si3Os, CaA12Si20 s 1,608.89 477.05 
FeTiO3, CaAlzSi20 s 12,099.8 4,696.3 

binary interaction parameters, W,, which will lead to a 
quantitative description of the excess free energy 
surface of the solution. In the 17 component regular 
solution formulation given by Eq.(15) there are 136 
W's. The majority of these were initially set to zero 
(all interactions involving C028iO4, Ni2SiO4, 
SrA12Si208, BaA12Si208, Fe304, and FeCr204) be- 
cause we judged that the compositional variation of 
these components was insufficient to resolve their 
binary interaction parameters which must necessarily 
span the whole compositional spectrum. The remain- 
ing 55 W's were evaluated as coefficients preceeding 
the compositional variables in the right hand side of 
Eq.(16), and regressed against the values of RTln 7k 
for Mg2SiO~, F%SiO4, NaA1Si3Os, and 
CaA12Si20 8. The 255 experimental equilibria resul- 
ted in 530 statements of Eq.(16) 2 from which were 
extracted 21 binary interaction parameters that were 
significant, as regression coefficients, above the 5 ~o 
level (determined by F-test criteria). This was done in 
order to avoid the numerical instability of having 55 
regression coefficients being determined from 478 sets 
of data. Those W's not selected as statistically signifi- 
cant were set to zero. The resulting interactions, 
which through Eq. (15) describe the excess free energy 
surface of met-aluminous silicate liquids, are tabu- 
lated in Table 2. 

One of the intriguing thermodynamic con- 
sequences of this solution model is the ability to 

2 52 had to be rejected due to their drastic inconsistency with 
respect to the majority of  the data - see later 

predict from the thermodynamic properties of the 
components of Table 1 and the W's of Table2, the 
standard state properties, as functions of P and T, of 
the molten oxides. If mj refers to the number of moles 
of the j-th component of Table 1, and n~ the number 
of moles of the i-th simple oxide, then clearly we can 
define: 

mj ~. ~ clj gl i 
i=1 

and furthermore 

i = l  

j = l  j = l  i=1 

The total free energy of the solution is thus" 

G= ~ l~~ ~ niRTln (~)+ ~ RTnilnT~ 
i=1 i = l  i=1 

o r  

G = J=~l #jo, mj + .i=~l [mj[ R Tln n~ 

+ ~ R Tmj In y) 
j = l  

where the primed quantities correspond to the com- 
ponents labeled by mj. Setting these two equations 
equal to each other, expressing R Tln 7) in terms of 
the regular solution formulation Eq. (16) and evaluat- 
ing the result at all n i =0, except for i= ~, we obtain 
an expression for the standard state chemical poten- 
tial of the ~th molten oxide: 

n 

Lt~ ~ cij~~ Icg~l in 

+ 4k/c2+ % 
j = l  k - 1  i=1 i~-k 

k--1 C~ k C~i] -- ~ VVk i i, k =~ j, 
k=2 i=1 C2 J 

where c= ~ c~j. 
j = l  

Appropriate derivatives yield the volume, entropy 
and heat capacity of the pure component/. 

The usefulness of this expression is tempered 
somewhat by the uncertainties in the W's (to be 
discussed below) and the large errors in, or complete 
absence of data for, some of thep~ as functions of T 
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and P (see Appendix). For these reasons we have not 
pursued the calculations quantitatively. Instead we 
present this result to suggest that an acceptable and 
potentially experimentally preferable way of deter- 
mining the pure molten oxide properties may be to 
predict them using relationships of this type and 
precise solution models of compounds of those ox- 
ides. 

Significance of the Interaction Parameters 

The values of the binary interaction parameters given 
in Table2 must be considered in terms of the re- 
stricted compositional variation in the experimental 
data. The volume which encloses the data set in our 
17 dimensional component space is but a small frac- 
tion of the total volume of this space. It is in- 
appropriate, therefore, to assume that the W's de- 
rived by regression of these data will yield interaction 
parameters that conform strictly to the corresponding 
binary phase equilibria. This can be inferred from the 
interaction parameter for the system Fo--Fa, re- 
ported in Table 2. The magnitude of this term (proba- 
bly a consequence of the necessity of assuming all 
iron in the liquids to be in the ferrous state; see below) 
does not predict the solid-liquid relationships known 
from the experimental binary phase diagram. How- 
ever, it should at this point be stated that using the 
thermodynamic data in the appendix for Fo and Fa 
and treating both the liquid and solid as ideal does 
not result in a liquidus-solidus loop matching the 
experimental binary system 3. There exists a funda- 
mental experimental inconsistency between olivine fu- 
sion curve data (used by us to extract thermodynamic 
constants - see Appendix) and the experimentally 
determined phase diagram MgzSiO4--F%SiO~. This 
fact must also lead to the large and unexpected 
magnitude of l/VMg2SiO4, Ve2SiO 4. In a similar manner 
objections might be raised to the rather large W's 
associated with binaries that have not been experi- 
mentally determined (like CaAleSi308, Mn2SiO4). It 
should be emphasized that the derivatives of the 
excess free energy surface depend on combinations of 
the W's and by mutual cancellation of errors may not 
show the drastic inconsistency evidenced by the Fo-- 
Fa system. The success of the model (see below) in 
application as a geothermometer, and in predicting 
(1) the activity of silica in the liquid, (2) immiscibility, 
and (3) activity coefficients in coexisting solids, in 
part substantiates this assumption. 

3 Strictly speaking this is not  a binary as Fe2SiO 4 melts in- 
congruently to Fe and liquid, which will also contain small amounts  
of FezO 3 

Geothermometry 

Some measure of the validity of the regression pro- 
cedure utilized above can be seen by substituting 
Eq.(16) into Eq.(7) and, for any of the experimental 
solid-liquid equilibria, solving for an equilibration 
temperature. Predicted temperatures obtained in this 
manner are compared to their corresponding experi- 
mental temperatures for the whole data set in Ta- 
ble 3. We consider the average temperature recovery 
for olivine- and plagioclase-liquid equilibria to be 
within acceptable error and cite it to justify in part 
the adequacy of the proposed modelling of these 
excess properties. It follows that Eq.(7) and Eq.(16) 
along with the W's of Table2 can be used as a 
geothermometer for all but the most silica-poor 
met-aluminous silicate liquids that contain olivine 
or plagioclase. 

The larger errors associated with temperature pre- 
diction of olivine-liquid equilibria deserves some 
comment. Equilibration temperatures predicted from 
the forsterite component of olivines found in silicic 
lavas (Carmichael, 1960; 1962; 1967) are poor, pre- 
sumedly because of the evident difficulty of determin- 
ing small amounts of MgO in fayalitic olivines and 
particularly in the residual glasses of these lavas. 
Large inconsistencies also exist between some pre- 
dicted fayalite and forsterite equilibration tempera- 
tures. This must in part be due to the necessity of 
assuming that all iron in the crystals and residual 
glasses was in the ferrous state. 

As the microprobe is invariably used to analyse 
the experimental liquid-solid assemblage, only total 
Fe is determined (usually reported as FeO), which for 
a solid phase such as olivine is appropriate. However 
Fe20 3 will also be present in the liquid, and at 
present there is no way to calculate its concentration 
as a function of either temperature or composition. 
Since the vast majority of the experimental con- 
ditions reflected equilibrium with metallic iron, or 
were constrained to an oxygen fugacity defined by 
the fayalite-magnetite-quartz (FMQ) buffer, as a first 
approximation all Fe was assumed to exist as FeO, 
despite the widespread evidence that Fe20 3 will be 
present. Another way of looking at this approxima- 
tion is that it assumes that an olivine in equilibrium 
with a silicate liquid does not change composition 
significantly at constant temperature if the oxygen 
fugacity is increased from that defined by metallic 
iron to that of the FMQ buffer. 

The excess properties for the olivine components 
in 24 of the experiments (see Table 2) generated re- 
siduals that were greater than two standard de- 
viations about the regression surface and were stat- 
istically segregated from the data set used to obtain 
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Table 3. Average errors of recovered temperatures for experimental data and rhyolitic phenocryst  assemblages 
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Temp. range Pressure Olivine Plagioclase Plagioctase- 
K olivine 

Av. No. of No. Av. No. of No. Av. No. of 
error samples rejected error samples rejected error samples 
~ ~ ~ 

Bender et al. (1978) 1,478-1,563 to 10kb 15 18 0 14 7 0 8 7 
Drake (1972) 1,368-1,570 1 bar - 12 63 0 - 
Eggler (1972) 1,303 1 kb 3 1 0 - - 

(4.3 wt % H 2 0  ) 
Helz (1973; 1976) 973-1,273 5kb 1 11 b 0 - - 

( ~  7.0-8.0 ~oH20 ) 
Green (1979) mix E 1,873 20kb 13 1 0 
Leeman (1974) 1,344-1,673 i bar 19 66 15 6 8 0 14 8 
Longhi  et at. (1978) 1,397-1,648 to 12.5kb 38 18 1 
Mysen and Kushiro (1977) 1,636-1,973 20kb 117 10 4 
Roeder (1974) 1,427-1,579 1 bar 47 18 1 - - 
Takahashi  (1978) 1,473 1,673 1bar 29 10 3 - - - 
Thompson  (1974; 1975) 1,398-1,498 to 10kb 28 7 0 - - - 
Walker et al. (1979) 1,379-1,472 1 bar 31 8 0 16 14 0 12 8 

Rhyolites 
Carmichael (1960; 1963;} 

1967) 1,000-1,300 - a - 13.4 6 2 - 
Hildreth (1977) 

Average 30.2 157 24 12.4 98 2 11.4 23 

a Water  concentration unknown in fayalite-rhyolites 
b All but  one of these are peraluminous,  and could not  be used in the regression 

the final W values (Table2). We believe that the 
source of their inconsistency lies primarily in the 
problem regarding the oxidation state of iron. 

For the hydrous silicate liquids that comprise part 
of the data set (the natural samples, and the experi- 
mental results of Helz and Eggler) the temperature 
recovery is also good. If these liquids are dehydrated 
(by calculation) and new equilibration temperatures 
recovered, a reasonable inverse relationship between 
temperature and the mole fraction of water is in- 
ferred. 

Liquid-Solid Geothermometry: A Caveat 

In general it seems doubtful whether experimen- 
tal results presently available will allow tempera- 
tures to be calibrated from silicate liquid-solid equi- 
libria which are meaningful to better than 15~ 
Although single sets of experiments, performed in 
one laboratory, may be able to detect a significant 
change in the composition of both liquid and solid in 
much less than a 15~ interval, there is insufficient 
precision for this to be sustained when comparing 
analytical results from one laboratory to another. At 
the heart of the problem is the lack of interlaboratory 

standardisation on microprobe analytical techniques, 
an all too familiar problem of analysis which has 
haunted geologists since the days of G - 1  and W - 1  
in the mid-fifties (Fairbairn et al., 1951). With a sus- 
tained effort to improve interlaboratory standardi- 
sation, geothermometers based on solid-liquid equi- 
libria could improve their resolution to 10~ or 
better. For experiments at high pressures, which are 
woefully small in number, there is evidently severe 
technical difficulty (e.g., Mysen and Kushiro, 1977) in 
analysing the glass phase due to Na loss. 

In using the excess free energy surface as a 
geothermometer, the reader should be aware that it is 
based essentially on basaltic liquids of a rather re- 
stricted compositional range, together with a few 
silicic lavas. The further an unknown phenocryst- 
liquid assemblage departs from the experimental 
compositional range, the larger the temperature un- 
certainty will be. Thus it becomes a matter of some 
importance to experiment on liquids other than tho- 
leiitic basalts, particularly andesites, basanites, and 
feldspar-free basic lavas. Only in this way will a 
geothermometer of general applicability come into 
being, for compositional effects dominate liquid solid 
activity relations. 
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pos Fig. 1. Idealized free energy of mixing (G mlx) 
for the hypothetical binary 1-  2, showing a 
region of immiscibility a-e 

Applications to Igneous Petrology 
a) Immiscibility 
If the excess free energy of mixing is significantly 
positive then the total free energy of mixing will take 
on a shape similar to that of the binary system 
displayed in Fig. 1. An immiscible region lies between 
the points a and e. In a multicomponent system 
immiscibility in the direction of a particular com- 
ponent can best be studied by examining the first and 
second derivatives of G mix (with respect to that com- 
ponent) whose behavior, as can be seen in two dimen- 
sions from Fig. 1, is diagnostic. For  a multicom- 
ponent regular solution we can obtain, by repeated 
differentiation of Equations (13-15): 

t ~?nk /,J = R T l n  Xk + RTln 7k 

=RTlnX k+ ~ (X 2+X i ~ Xj)Wik 
i=1 j=l 

i , j  
i--1 

-- ~ E WijXiXj i, jq=k (18) 
i_2 j - 1  

and 

( ~ ]  =RT (1-Xk)-2 RTln 7k 
~n k /nj n k n k 

( ) =RT X2+Xi ~_ X; Wig 
nk IZlk i - j - 

i# j  

-- E W i j X i X j  i, jq=k (19) 
i=2 j = i  

which can be restated in terms of mole fraction 
derivatives thus: 

( OGmix t -- n 
~ - k / , j  (1 --Xk) [RTln  X k + R T l n  ~k] 

-(l-X0 RTlnXk+i =, Xg+X  2 Xj % j- 
i~j  

i ] -- 2 W i j Z i X j  i , jq=k (20) 
i=2 j = l  

and 

( ~2 Gmix~ __ nRT nRTln Yk 
aX 2 l., 2X~ -~ (1--Xk) 

- 2Xk ~ - ~  ~=1 X 2  -[- x l  ~ X j  Wik 
i-- j = l  

i#:j 

i ] - ~, WijXzX j i, j4k  (21) 
i=2 j = l  

We present derivatives corresponding to Eq.(18) 
and Eq. (19) for the component silica evaluated us ing  
the liquid compositions from the data set and the W's 
of Table 2 in Figs. 3 and 4. The molar excess free 
energy of mixing calculated in a similar manner is 
plotted against Xs~o2 in Fig. 2. 

It is clear from Fig. 4 that those samples with 
higher mole fractions of silica tend to have positive 
excess free energies of mixing which can become as 
large as two kcals/mole. The magnitude of the ideal 
free energy of mixing however ranges from zero for a 
pure component to a minimum of RTln(1/17) at the 
compositional midpoint of the system. The struggle 
between the ideal and excess contributions is 
dramatically shown in Figs. 3 and 4, where with the 
shape of the general G mix c u r v e  of Fig. 1 in mind, we 
have extrapolated the derivatives to the pure silica 
axis. Both derivatives imply unmixing of the liquid at 
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Fig. 2. Molar excess free energy of mixing predicted for all the samples used in the regression of the interaction parameters of Table 2, as a 
function of the mole fraction of silica. Note that the abscissa represents a projection of the variation of l 7 independent variables onto 1 axis. 
The units of G ...... are kcals/mole 

high mole fractions of  silica; a conclusion not un- 
warranted by liquid behavior in the silica-rich por- 
tions of experimentally determined three component  
systems (e.g., Bowen, 1928). In addition the positive 
H x+ term (Fig. 2) for many liquids of intermediate 
silica content demonstrates an incipient immiscibility 
at low temperatures. For  example, a liquid of olivine- 
andesite composit ion (Col. 11, to be discussed in de- 
tail below), would unmix between 1,000K and 
1,300 K, which is in good agreement with the experi- 
mental results and observations of  Philpotts (1979) on 
the residual liquids of tholeiitic basalts. Immiscibility 
is also indicated (by the stars in Fig. 4) for the lunar 
basaltic liquids of Longhi et al. (1978) and commences 
between 1,300 K and 1,000 K. Petrographic evidence 
for unmixing in these lavas has recently been sum- 
marised by Roedder (1978). The ability to correctly 
predict immiscibility in highly siliceous liquids shows 
the power of a thermodynamic approach, for this 
solution model was calibrated from plagioclase-oliv- 
ine-liquid equilibria in predominantly basaltic sys- 
tems. 

b) Activity o f  Silica 

Since: 

R T l n  a k = \~/.j 

then through Eq. (18) we can predict the activity of  any 
of the components  given in Table 1 in any met-alum- 
inous silicate liquid. The most interesting of these 
activities is perhaps that of silica. The silica activity 
in a magma  on the liquidus can be readily calculated 
if a suitable buffer reaction between phenocrysts can 
be written (see Nicholls et al., 1971, Carmichael et al., 
1970; 1974, and DePaolo, 1979). 

From the experiments of Green (1979) and Mysen 
and Kushiro (1977) involving liquids in equilibrium 
with both olivine and orthopyroxene, it is possible to 
calculate the activity of SiO 2 in these liquids defined 
by the reaction: 

MgzSiO r + SiO 2 = 2 MgSiO 3 
solid liq solid 
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Fig.3. The first derivative of the free energy of mixing with respect to silica (identical to RTlnaslo2 ) for the same data set as Fig.2 as a 
function of Xs~o2. The unit is kcals/mole. The data are plotted at 1,700 K with trends at 1,300 K and 1,000 K indicated. The temperature 
dependence arises solely through the ideal contribution [Eq. (18)]. Comparison with Fig. 1 allows extrapolation to and prediction of an 
immissible region (a e) at high mole fractions of silica. The assymetry of the immiscible region in this figure and the next is undoubtedly 
due to the fact that we are projecting a 17 component system into two dimensions 

so that at equilibrium at P and T: 

p 

0 = A G o + ~ A V~ (T) dP + 2 R Tln ,~PY . . . . . .  ~MgSiOa 
1 

- R T l n  aolivlne - -  R T l n  asio2 ~Mg2SiO4 

The s tandard state the rmodynamic  properties 
(AG(T) ,  AV(T,P)) are given in the appendix. Values 
of  R T l n  "~liq calculated from the composi t ions of ~SiO2 
the solids and this equilibria are reported in Table 4. 
Also shown in Tab le4  are the predicted silica acti- 
vities, obtained from the W's of  Table2  and the 
composi t ions of  the liquids, evaluated using Eq.(18). 
The agreement between the two calculations is good, 
being on average equal, in cals, to the s tandard error 
of  the G Xs regression surface. With this error in mind 
it should be noted that  Mysen and Kushiro  had 
difficulty analysing their glasses, quenched from 
20 kbars, and they estimate that their reported values, 
for Na, may be 50 ~o too low. This will undoubtedly  
affect the calculated temperatures and silica activities, 

and is the reason that  a number  of  their experimental 
results were rejected from the data set in deriving the 
W's of Table2,  and accordingly are not  reported in 
Table 4. To further evaluate the predictive ability of 
this solution model  we have calculated the silica 
activity in 3 rhyolites saturated with quar tz  on the 
liquidus (Table4). The agreement  between the silica 
activity calculated from Eq.(18) and that  obtained 
from the buffer: 

SiO 2 ~ SiO 2 
fl-quartz liq 

is very good (in light of the uncertainty of the equili- 
brat ion pressure of  the natural  samples) if the liquid is 
considered to be anhydrous.  This point  brings to 
light the instability that  water induces in the free 
energy surface calculations. Only two sets of  experi- 
mental  results (Eggler, 1972; Helz, 1973; 1976) are 
available which report  both the composi t ion of liquid 
and crystals, and for which the concentra t ion of  
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Table4. Partial molar free energies of SiO2(RTln 71siq2  9 ~iq  9 Xsio2 ) m cals/mole 

T K Calculated Calculated from 
from liq. solid assemblage 
composition 
Eq. (8) 

Bishop Tuff 1,063 - 521 
(Hildreth, 1977) 1,036 - 506 

1,029 - 467 

Mysen and Kushiro (20kb) 
No. 1611 1,723 -5,358 

1,748 -4,646 
1,773 - 3,099 
1,798 - 3,504 

No. 66SAL1 1,648 -3,631 
1,673 -3,887 

Eggler (1 kb) 1,303 - 1,331 
Green (20kb) mix E 1,698 - 4,106 

B-quartz 
-423 (3kb); -579 (5kb) - 
-408 (3kb); -562 (5kb) - 
-408 (3kb); -562 (5kb) - 

O livine-opx 
-4,131 - 1,227 
- 3,986 - 660 
- 3,96O + 861 
- 3,680 + 176 
- 4,980 + 1,349 
-4,698 +811 
- 1,776 + 445 
- 4,349 + 243 

w a t e r  in t he  l i qu id  is small ,  k n o w n ,  o r  can  be  ca lcu-  
la ted.  In  add i t ion ,  the  c o n c e n t r a t i o n  o f  w a t e r  m a y  be  
ca l cu l a t ed  for s i l iceous  m a g m a s  us ing  p h e n o c r y s t  as- 
s e m b l a g e s  wh ich  def ine  its fugac i ty  (e.g., H i l d r e t h ,  
1977). As  the re  is so l i t t le  d a t a  on  l iqu ids  c o n t a i n i n g  

w a t e r  (10 c o m p o s i t i o n s  ou t  o f  255), it is n o t  surpr is -  
ing tha t  the  r eg ressed  sur face  is d o m i n a t e d  by the  
a n h y d r o u s  data .  T h e  pa r t i a l  m o l a r  free energ ies  o f  
M g 2 S i O 4 ,  Fe2SiO4,  NaA1S i3Os ,  a n d  CaA12Si2Os 
are  c o n s t r a i n e d  by  the  regress ion ,  so tha t  the  re- 
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covered temperatures for hydrous liquids are good 
Table2). However the predicted activities of silica, 
calculated for these hydrous liquids are unreasonable. 
The large mole-fractions of water (about 10 mole% for 
each wt. ~o in the liquid) dominate the compositional 
terms preceeding the predominantly anhydrous bi- 
nary interaction W's of Eq.(18), creating this incon- 
sistency. The same instability can be seen in the 
components KA1Si308, and Ca2SiO 4. We have 
therefore elected to calculate all mixing properties on 
an anhydrous basis, and where appropriate apply 
these properties to temperatures calculated for solid- 
liquid assemblages containing water (see below). 

c) Activity of KAISi308 in Plagioclase 

Table 5. Predicted compositions of alkali feldspar (mole%) 

Rhyolite Temp. Calculated a Observed 

Cam 73 1,073 K Or72.2 Or67.6 - Or64 
B.T. 107 1,029 Or72.2 Or67.4- Or63.5 
B.T. 72 1,036 Or70.9 Or6s.9 - Or60.0 
B.T. 77 1,063 Or6 t.3 Or66A - Or59.o 

a Calculated from average Henry's law constant 7~a~si~o~ =9.47 
(6 - 2.44) 

One reason for the lack of closer agreement possibly 
lies in the unknown composition of the residual glass 
in some of the crystal-rich rhyolites, for which the 
whole rock was taken as an approximation. 

From Eq. (18), it is possible to calculate the activity of 
KA1Si30 s in a silicate liquid at any temperature of d) Source Regions of Basic Magmas 
interest. When these calculations are applied to the 
plagioclase-liquid experiments cited above they in- We turn now to a consideration of the source regions 
variably yield liquid activities of KA1Si30 s larger 
than those calculated from the composition of the 
plagioclase crystals, assuming ideal dilution by 
KA1Si30 s. This discrepancy may be resolved if an 
activity coefficient is associated with KA1Si308 dis- 
solved in the plagioclase solid solution series. The 
form of this activity-composition relation is required 
by exactness criteria to be a function only of the 
number of moles of KA1Si30 s in the plagioclase, 
since the components NaA1Si30 s and CaA12Si2Os 
were considered to mix ideally. Plots of predicted 
7Plag KAISi3O~ vrs X~:~gsi3o8 are very scattered, especially at 
low X~l~i3o~, due presumedly to the difficulty of anal- 
ysing for K at very low concentrations ( < 0.5 wt. %) in 
plagioclases and coexisting glasses. In light of this we 
have elected to ignore all data with vp~ag <0.03 AKAISi308 
and have obtained a Henry's law coefficient (7) such 
that: 

a~l~gsi3os = 7 XPl~gsi3os, )~ = 9.47.  

Within the plagioclase-liquid equilibria considered 
no temperature or pressure dependence of 7 can be 
found but note that we are dealing with variations 
of only a few kbars and 2-3 hundred degrees. 

On the basis of this relation, the activity of 
KA1Si30 s in plagioclase coexisting with sanidine 
may be calculated and compared to the activity of 
KA1Si308 in the sanidine after extrapolating the alkali- 
feldspar activity-composition relations of Thompson 
and Waldbaum (1968) to the crystallization tempera- 
ture. Four results for rhyolites are given in Table 5, 
and show satisfactory correspondence, particularly 
when the error in 7 is taken into account (0-=2.44). 

of basic magmas. In particular we will concentrate 
on magmas which yield plagioclase and are basaltic. 
The solution model proposed above provides a gen- 
eral framework to demonstrate the P - T  conditions 
of generation of these magmas. To simplify the dis- 
cussion and the calculations, we shall assume that 
subsequent to their generation in the mantle, and 
during their ascent to the surface, silicate liquids 
(magmas) behave as isochemical systems. This as- 
sumption is not intended to deny that mass transfer 
may take place during ascent through the upper 
mantle or crust, but rather to acknowledge that its 
effects are difficult to quantify especially with regard 
to the major elements, and may in fact be small (e.g., 
Carmichael et al., 1977). Additionally, the role of crys- 
tal fractionation in the liquid en route to the surface 
will be ignored for the reason that it is hard to make 
any general statement concerning compositional 
changes caused by this process for all basic magmas. 
Thus, as a first approximation, we take the com- 
positon of lavas at the surface as being representative 
of magmas generated at depth in the mantle. 

From the solution model and our choice of stan- 
dard state it follows that the activity of silica in the 
liquid is independent of pressure. A magma having 
left a source region where a liq sio2 was buffered by some 
solid assemblage would maintain that ,~iq if it ascen- ~SiO2 
ded isothermally. Thus for any silicate liquid in a 
closed system the activity of silica can only change 
with temperature, and the magnitude of this change 
depends on the value of RTln ,,liq ISiO2" 

The relevance of this discussion can best be 
shown in relation to a number of solid-liquid equili- 
bria plotted as functions of log a~i~2 and T in Fig. 5. 
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Thermodynamic data were obtained from Robie et al. 
(1978) and from the appendix for the following 
reactions" 

SiO 2 =SiO 2 
liq fl-quartz 

Mg2SiO 4 -I- SiO 2 = 2 MgSiO 3 
solid liq solid 

ZrO 2 + SiO 2 = ZrSiO 4 
solid liq solid 

1/2 NaA1SiO, + S i O  2 = 1/2 NaA1Si30 s 
solid liq solid 

CaTiO 3 + S i O  2 = CaTiSiO 5 
solid liq solid 

KA1SiO 4 + SiO 2 = KA1Si206 
solid liq solid 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

Reaction (27) is particularly significant in that per- 
ovskite has never been found with either plagioclase 
or sanidine in nature (Carmichaelet al., 1971) so that 
this reaction represents the lower stability bound, in 
terms of silica activity, for feldspar. It effectively 
separates the general basic lava type nephelinite from 
the various types of basalts, which by definition con- 
tain feldspar. Reaction (24) is shown in Fig. 5 at 
several different pressures. 

All reactions are plotted assuming unit activities 
of the solids. Considering reaction (24), a typical 
composition of mantle olivine is Fog0, so that the 
activity of Mg2SiO~=0.81 ; this is very close to the 
square (stoichiometric coefficient is 2 in reaction 24) 
of the activity of MgSiO 3 in the coexisting orthopy- 
roxene (e.g., Mysen and Kushiro, 1977) unless it has 
substantial amounts of A120 3 in octahedral sites. 
Thus allowing for the reduced activity of the mag- 
nesian components in olivine and orthopyroxene, 
typical of a mantle assemblage, hardly displaces the 
standard state curves. 

If it is granted that in the source regions of basic 
magmas olivine and orthopyroxene coexist in 
equilibrium with liquid, then the activity of silica in 
that liquid is given at any pressure and temperature 
by the curves labelled F o - - E n  in Fig. 5. To inves- 
tigate the consequences of this consideration we have 
plotted the variation of silica activity with T [calcu- 
lated from Eq.(18)] for six general lava types, an 
olivine- and an amphibole-andesite, a Hawaiian tho- 
leiite, an alkali-olivine-basalt and a basanite, both 
from Hawaii, and an olivine nephelinite. Aside from 
the two andesites, which will be discussed in more 
detail below, we have assumed that the liquidus tem- 
perature is 1,400 K. If the intersection of these silica 
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Fig.5. Predicted temperature variations of the log a~i~. in typical 
lavas of various compositions compared to that obtained from 
mineral buffers as a function of temperature and pressure. Bold 
dotted lines represent crystallization paths of an olivine and am- 
phibole andesite (see text) 

activity curves with an olivine-orthopyroxene assem- 
blage at 20 kbars is considered, then the basanite is in 
equilibrium at a lower temperature than the alkali- 
olivine-basalt which in turn is lower than that of the 
tholeiite. 

Alternatively at constant temperature (e.g., 
1,400 K) the tholeiite equilibrates with opx and oli- 
vine at the lowest pressure and the nephelinite at the 
highest. Isothermal or isobaric equilibration repre- 
sents a limiting constraint to what must actually 
happen in nature where temperature is generally con- 
sidered to increase monotonically with pressure. Thus 
it appears that tholeiites must be generated at lower 
temperatures and pressures than basanites. For  lavas 
with very low silica activities, such as ugandites 
which precipitate leucite and kalsilite, the trends in 
Fig. 5 suggest that they were either generated from a 
source region without orthopyroxene, or they came 
from extreme depths (high P and T). 

The effects of water can be readily deduced from 
Fig. 5. Consider, a hydrous mantle assemblage, 
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Fig. 6. Correlation plots of predicted 
temperatures and log a~% 2 as a 
function of pressure and wt. % H20 
for an olivine andesite (stars) from 
Volc~n Colima, Mexico. 
Equilibration temperature and 
concentration of water in an 
amphibole andesite (dots) as a 
function of pressure. See text 

which melts at a lower temperature than an anhy- 
drous one (Mysen and Boettcher, 1975), at constant 
pressure, the drop in temperature caused by the 
addition of water will lower the activity of silica in 
the liquid (imagine sliding down the relevant isobar in 
Fig. 5). This diagram also indicates that in terms of 
silica activity, a dry mantle source will produce a 
more tholeiitic (siliceous) liquid than one containing 
water at the same pressure. 

The liquid-solid equilibria displayed in Fig. 5 form 
a petrologic grid of the P -  T conditions of  basic mag- 
ma generation given that olivine and orthopyroxene 
are universally present in the mantle source regions. 
Although the isochemical assumptions made above 
seem an obvious simplification for the whole dy- 
namic process of magma generation, which for large 
bodies of magma may involve a range of pressures 
and temperatures, following a complex ascent path, 
by using the geothermometers proposed in the earlier 
part of this paper temperatures can be calculated for 
the equilibration of any met-aluminous lava type 
with a mantle of any stipulated composition utilizing 
the techniques exemplified in Fig. 5. Such calculations 
have been done elsewhere (Carmichaeletal. ,  1977) 
and need not be repeated here. 

The influence of water may be demonstrated in 
more detail using the example of an olivine-and an 
amphibole-andesite from Volcfin Colima, Mexico 
(Luhr and Carmichael, 1979). In Fig. 6 the calculated 

equilibration temperatures of the CaA12Si20 8 and 
NaA1SiaO 8 components in the plagioclase pheno- 
crysts with the groundmass (treated as the coexisting 
liquid) are plotted as a function of weight percent 
H 2 0  in the liquid at various total pressures. The A b  
and the A n curves intersect to give an equilibration 
temperature as a function of water concentration at 
each total pressure. These intersections are shown at 
0.5, 1.0, 3.0, and 5.0 kbars, yielding unique values of 
temperature and water concentration. At each tem- 
perature the log a lia sio2 can be calculated from the 
liquid composition and these values are also plotted 
in Fig. 6. A curve drawn through these points will 
intersect the paths of log nliq defined by the buffer t~SiO2 
reaction between coexisting phenocrysts of olivine 
and orthopyroxene at a particular pressure (Fig. 6), so 
that in the example of this andesite which contains 
phenocrysts of olivine, orthopyroxene and plagio- 
clase, the calculated conditions of phenocryst equili- 
bration with the liquid are: 

t =1,393_+20K; P-~ 1,000 bars; 
H20-~ 0.82 wt. % 

which is in general agreement with the experimental 
results of Eggler (1972) and Eggler and Burnham 
(1973). For the amphibole-andesite, which does not 
contain olivine phenocrysts, only a track of equili- 
bration temperatures at various concentrations of wa- 



M.S. Ghiorso and I.S.E. Carmichael: A Regular Solution Model for Met-Aluminous Silicate Liquids 339 

ter at selected total pressures (probably 1-2kbars) 
can be obtained (dots in Fig. 6). 

The equilibration conditions of the phenocryst- 
liquid assemblages of these two andesites are plotted 
in Fig. 5, and in addition, the activity of silica of each 
is indicated at the calculated liquidus-temperature (ob- 
tained by equilibrating the whole rock composition, 
considered to be the parent liquid, with phenocryst 
cores), so that the cooling path from the liquidus to 
40%-50% phenocrysts is depicted in terms of tem- 
perature and silica activity. Above the liquidus, the 
variation of silica activity with temperature is also 
shown, and intersects the 10kbar Fo--En curve at 
high temperatures. The results indicate that it may be 
reasonably doubted if the mantle at shallower depths 
in andesite terrains is the source of these andesitic 
lavas. 

Summary and Conclusions 

Based on standard state thermodynamic data con- 
sistent with P - T  fusion curves, the free energy sur- 
face of met-aluminous silicate liquids has been calcu- 
lated and fitted to a regular solution model. The 
surface was calibrated by 255 sets of experiments 
recording the composition of olivine and/or plagio- 
clase in equilibrium with liquid over the range 
1,000 K-1,973 K and from 0.001 to 20kbars. Only 10 
sets of data were available for liquids containing less 
than 8 % water and for which compositions of both 
liquid and coexisting solids are given. Regression of 
this equilibrium data provides values for 21 W's 
which are interaction parameters between unlike 
pairs of the 17 components in the liquids. 

Recovery of temperature using the solution model 
as a geothermometer is good, being on average with- 
in 30 ~ for olivine, and 12 ~ for plagioclase. The 
solution model predicts immiscibility within a SiO2- 
rich melt at high mole fractions of SiO2, but for certain 
lunar and andesitic lavas immiscibility is found at 
much lower mole fractions of SiO 2. Both of these 
predictions are substantiated by phase equilibria and 
observations on the rocks themselves. 

There is also good agreement between the activity 
of silica calculated from the appropriate W's 
[Eq.(18)] and that inferred either from the occur- 
rence of quartz phenocrysts, or from the coexistence 
of olivine and orthopyroxene in equilibrium with the 
liquid. This is a testament to the predictive power of 
the model, for no statements on quartz or orthopy- 
roxene saturation of various liquids were included in 
the regression of the excess free energy surface. 

As another example, the limiting (Henry's Law) 
activity coefficient of KA1Si30 s dissolved in plagio- 

clase can be estimated, and leads to a satisfying cor- 
respondence with the concentration of KA1Si30 s in 
sanidines coexisting with plagioclase in rhyolites. 

A petrogenetic grid can be constructed (Fig. 5) 
that shows P - T  equilibration conditions for any 
basic lava with a mantle composed of olivine and 
orthopyroxene using the activity of silica (as a func- 
tion of T) calculated from the composition of the 
lava. The broad trends indicate that the more si- 
liceous the lava (or higher the activity of silica) the 
higher the temperature and the lower the pressure 
that it would equilibrate with the mantle. The effect 
of water is to lower the temperature, and thus the 
silica activity of the liquid in equilibrium with olivine 
and orthopyroxene at constant pressure. Tholeiitic 
magmas would therefore be drier than basanitic mag- 
mas if both were generated at the same depth. All 
these broad implications are in accord with current 
experimental work, although there may be incon- 
sistency in detail. 

Lastly, it is possible to plot the temperature of 
equilibration of the CaA12Si20 8 and NaA1Si30 8 
components of plagioclase phenocrysts with a liquid 
as a function of both water concentration and total 
pressure. These surfaces will intersect to indicate un- 
ique values of both temperature and water concen- 
tration as a function of pressure, so that with olivine 
and orthopyroxene phenocrysts also present (defin- 
ning the activity of silica), it is possible to estimate 
temperature, pressure and water concentration of a 
phenocryst-liquid assemblage (Fig. 6). This has been 
done for an olivine-andesite and leads to entirely 
plausible results. 

In order to improve solution models based on 
solid-liquid equilibria for the whole range of liquid 
compositions found in nature, there is a great need 
for data on the compositions of olivine, augite or 
feldspar in equilibrium with basanitic, andesitic, or 
any of the varieties of nephelinitic liquids, as a func- 
tion of both temperature and pressure. Certainly the 
evident experimental difficulties of analysing liquids 
quenched from high pressures makes most of the 
published results uncertain. The petrological con- 
clusions based on these experiments may be generally 
valid (e.g., Mysen and Kushiro, 1977) but the lack of 
their thermodynamic consistency should generate 
some scepticism. 

A program (written in Fortran IV) is available for 
calculating solution properties and equilibration tem- 
peratures from the proposed model and a copy will 
be provided to anyone upon request. 
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Appendix 
Thermodynamic data for six multioxide liquid components and 
SiO2 are given below. As neither the precision nor accuracy of 
these data are known, the number of decimal places is given only 
to avoid significant roundoff errors. The units for heat capacity at 
constant pressure (Cp) are cals mole-  1 K -  1, for heats of  fusion, cals 
mol-  ~ ; for entropies of  fusion, cals mole-  ~ K -  ~, for volumes, cals 
ba r -  1 mole-  1 ; and all temperatures (T) are absolute (K). Pressure, 
P, is in bars. 

MgzSi04: 

Cpllq=64.03 (Carmichaelet al., 1977) 
Cp~oj=35.81+6.54x10 -3 T - 8 . 5 2 x 1 0 5  T -z  (Kelley, 1960) 

Te~ion=2,163K; AHf~slo~=40,677; ASeusion=18.806 
V1iq = 1.0912+ 8.157 x 10- s T-5 .899  x 10 6p+4.28  x 10-11 pe 

V~oj-[1.0381 +2.490• 10 -5 T+  1.061 x 10 -8 T2](1-0.77 x 10-6 P) 
(Skinner, 1966; Birch, 1966). 

As the heat of fusion estimated from phase equilibria (sum- 
marised by Bottinga and Richet, 1978) is much lower than that 
estimated from the slope of the fusion curve (Davis and England, 
1964) the number chosen is obtained by taking the smallest value 
consistent with the initial slope of the fusion curve. The volume of 
the liquid is taken from Nelson and Carmichael (1979) and by 
fitting the fusion curve. 

FezSi04: 
CPliq=57.30 (Orr, 1953) 

CP~ol = 36.51 + 9.36 x 10-3 T - 6 . 7 0  x 105 T-2  (Kelley, 1960) 

Tf~o~=l,490K; AHf~s~o,=22,030 (Orr, 1953); 
ASfusion = 14.785 
Vnq = 1.0558 + 1.187 x 10 '~ T-2 .603 + 10- 6 P + 7.515 x 10-12P 2 

V~o~=[1.0969+4.013 x 10 -5 T-5 .748  x 10 _9 T2](1-0.91 x 10 6p)  
(Skinner, 1966; Birch, 1966). 

The volume of the liquid is taken from Nelson and Car- 
michael (1979) and by fitting the fayalite fusion curve (Lindsley, 
1967). Using the initial slope of the fusion curve and the volume 
data, the calculated heat of fusion is 21,264 cals, in good agreement 
with that measured. 

CaAl2SizO 8 : 
Cpliq=101.8 (Ferrier, 1969) 

Cp~o~ =64.42 + 13.70 x 10 3 T-16 .89  x 105 T-2  (Kelley, 1960) 

Tf~io~ = 1,823 K; AHfu~io~ = 32,000 (Weill et al., 1979); 
A Sf~io~ = 17.553 
Vll q =2.1072 +2.662 x 10- 4 T -  1.577 x 10- 5 p 

V~ol=[2.4007+2.944x 10 5 T+3.186 x 10-gT 2] ( 1 -1 . 5  • 10 -6 P) 
(Skinner, 1966; Birch, 1966). 

There is great uncertainty in the thermodynamic properties of 
the liquid. Weill et at. (1979) have estimated the heat of fusion as 
being between 32,098 and 39,900 cals whereas Robieet  al. (1978) 
give 19,360cals. We have chosen 32,000cals; the volume of the 
liquid is taken from Nelson and Carmichael (1979) and from 
Lindsley (1968) on the assumption that CaA12Si20 8 is stable to 
8 kbars at 1,853 K (cf., Goldsmith, 1979). 

NaAISiaO s : 
Cpl~q=85.69 (Carmichael et al., 1977) 

CPsol = 61.70 + 13.90 x 10-3 T-15.01 x 105 T - z  (Kelley, 1960) 

Teusion = 1,391 K; AHf~o~ = 15,620 (Weill et al., 1979) 

ASfu~ion = 11.229 
Vii q =2.5224+ 1.210 • 10 4 T-2 .505  x 10- 5 p +2.506 x 10 lopz 

V~o~ =[2.3877+3.566 x 10 s T+2.065 x 10- 8 T 2] (I - 1.48 x 10 6 p) 
(Skinner, 1966; Birch, 1966). 

The volume of the liquid was obtained from Nelson and 
Carmichael (1979) and by fitting the fusion curve of Boyd and 
England (1963). However, Windom and Boettcher (1977) have 
suggested quite a different pressure dependence of the fusion curve. 
These data are therefore uncertain. 

CaMgSi206: 
Cpliq=82.52 (Carmichaelet al., 1977) 

CPsol = 52.87 + 7.84 x 10- 3 T -  15.74 x 105 T -  2 (Kelley, 1960) 

Tfusion = 1,664.5 K; AHeu~ion = 34,435; ASfuslon =20.688 
Vll q = 1.6726 + 1.808 x 10- 4 T -  1.172 x 10- 5 p + 3.408 x 10-11 p2 

Vso1=[1.5698 +2.490 x 10 -5 T+  1.082 • 10 - s  Tz](1-1.07 x 10 -6 P) 
(Skinner, 1966; Birch, 1966). 

The heat of fusion is calculated from the initial slope of the 
fusion curve (Rosenhauer and Eggler, 1975) which compares well 
with 34,085 cals given by Weill et al. (1979). The volume of the 
liquid is taken from Nelson and Carmichael (1979) and from the 
fusion curve of Rosenhauer and Eggler (op.cit.) combined with that 
of Boyd and England (1963). 

MgSiO 3 : 
CPliq = 42.41 (Carmichael et al., 1977) 

CPsol = 24.55 + 4.74 x 10- 3 T -  6.28 x l0 s T -  2 (Kelley, 1960) 

Tfusion -- 1,832 K; AHfusion = 19,576; ASfu~ion = 10.686 
V11n =0.8786 + 3.602 x 10 -5 T-5 .658 x 10-6 P +2.370 x 10-11pz 

V~ot=[0.7453+l.962x10 5T+2 .186x10  9T2] (1 -1 .01x10  6 p )  

Skinner, 1966; Birch, 1966) 

The heat of fusion has been taken from the initial slope of the 
fusion curve, which was redrawn to include the results of Chen and 
Presnall (1975) below 25 kbars in preference to those of Boyd et al. 
(1964) which are accepted above 25 kbars. The volume of the liquid 
was obtained from Nelson and Carmichael (1979) and from fitting 
the fusion curve (above). 

SiO 2 : 
Cpiiq=20.79 (Carmichael et al., 1977) 

(AH~ = -222,258; S~ 
Vnq=0.6660-9.532 x 10 6 T-4 .204  x 1 0 - 6 p  
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The liquid properties have been calculated at 298.15, for 
although SiO 2 liquid would transform to a glass at high tempera- 
tures, these are above the temperatures at which multicomponent 
silicate liquids are stable. (AHf~ the heat of formation from the 
elements at 298.15K is the average of the cristobalite data of 
Helgeson et al. (1978) and of Robie et al. (1978) taken to the fusion 
temperature, combined with the heat of fusion of 1950 cals 
(Robie et al., 1978) and brought back down to 298.15 K with the heat 
capacity of SiO z liquid. The quantity (AH~ is very close to the 
enthalpy of formation of silica glass at the fusion temperature 
(Robie et al. 1978) with an error of 170 cals. The volume at 1 bar is 
taken from Nelson and Carmichael (1979) and the pressure de- 
pendence is an average derived from the adiabatic compressibility 
measurements in binary silicate liquids (Bockris and Kojonen, 
1960; Baidov and Kunin, 1968) extrapolated to pure SiO 2 liquid. 

The thermodynamic data used in Fig. 4 are taken from 
Robie et al. (1978) except that the following values have been used 
for the molar heats of formation at 298.15 and entropies at 298.15: 

MgzSiO * (sol): (AHf~ S~ 

MgSiO 3 (sol): (AHf~ - 370,200 cats; S~ = 16.2 

modified from Helgeson et al. (1978) and Robie et al (1978) so as to 
conform with the observed incongruent melting of MgSiO 3 at 
1,832 K. The values of the heat capacities for these two solids are 
given above. 
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