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Assrnect

Spinel-peridotite
T'C Ptor.r

Trachybasalt 1396 24.2kbar
Iligh-alumina basalt 1648 3l .z
Olivine-tholeiite IO74 1 .8
Basaltic-andesite 1065 Z.z
Ugandite 1340 4E.z

Garnet-peridotite
T'C P ro"ot

l32L 22.7 kbar
1588 30 .0
7 5 0  - 5 . 1
7 6 7  - 3 . 6

1658 51 .6

m&gmas are likely to be responsible for their very rare occurrence.
High-temperature thermodynamic data for Al2o31uo*go.; and AI2O3111qo;6;

have been calculated from Zeir's (1972) suggested value for corundum.

IllrnooucrroN

In another paper on silica activity (Nicholls et al., ISTI) we were
able to calculate the pressure (Pror"r) at which the phenocrysts of
rhyolites equilibrated, and, for basic lavas, the pressures at which they
would bd in equilibrium with olivine and orthopyroxene, equivarent to
a probable mantle assemblage. However, this method involved making
an intelligent guess of the temperature at which basic masma could
have been in equilibrium with the mantle.
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NICHOLLS AND CARMICHAEL

In this paper we show that if both the activities of silica (os1e") and
of alumina (a^,,o,) are known at any pressure and temperature, then
it is possible to calculate a unique value of temperature and pressure

at which a particular magma could have equilibrated with either a

spinel-peridotite or a garnet-peridotite. It is convenient to calculate
both osio" and. oarns. for a lava, whose groundmass was presumably
quenched. at 1 bar, and at a temperature which can be obt'ained from
the composition of the co-existing iron-titanium oxides (Buddington and

Lindsley, 1964). In what follows, we make the assumption, as we did
in the last paper, that, any lava can exist as a liquid of identical com-
position at depth in the earth.

In the same way that certain pairs of minerals can act as silica buffers,
so c&n certain mineral assemblages buffer Qe.bo.t and at equiiibrium the

variation of oa1"s. in the presence of such a buffer is only a function of

temperature at constant pressure. one example of an alumina buffer

assemblage is given below:

CaMgSi,Ou + SiO, + Al,Oa : CaA.LSLO' f MgSiO' (1)
d i o p g i d o  g l r l !  t i q u i d  s D o r t b i t e  e o B t a t i t o

with all the components in their standard states (pure glass and liquid

for siog and Alzoa respectively), namely pure solids of unit activity,
the variation of o41,q. with temperature is given by

tog al',"""dl : aG" /2.303 RT - log a'."tlu (1a)

As the solid components form solid solutions, we can take account of

the reduced activity of these components by keeping the logarithmic

terms; thus

Iog al'fltl : aG" /2.303 nr - log ol',%"lu * log o?,'"Till'1"'".i"

* log oi;:t1od:"'"' - log atl"ff""3i"". (1b)

where the subscripts refer to components and the superscripts to phases.

The effect of pressure on log oer.o. is obtained by differentiating

Equation la at constant temperature, and assuming, for the moment,

that all the components have unit activity. Thus

av" (l c)
230E NT

where ayo is the difference between the molar volumes of the products

and reactants in their standard states. It will be assumed that AI/o is

independent of pressure, so that Equation lc can be integrated to give

(tr%F :),: #-*r(%#),:
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(1e)

AGo / 2.303 ft ? can be represented by an equation of the f.orm A / T -f B,
but because of the large effect of temperature on the molar volume of
liquid AlrOa (Kirshenbaum and Cahil, 1960), AVo/2.303.R cannot be
assumed to be independent of temperature. This point witl be taken up
again below, and it is sufficient to emphasise here that withAI:Osrriquia)
as a component in contrast to SiO21"1,"., (Nicholls et al., LgZl), tlne
temperature dependence of the molar volume of a reaction AVo /2BOB n
cannot be disregarded, although, as compressibility data forAlrO, liquid
are not known, any pressure dependence of. LV"/2.809 E cannbt be
treated. If we let LVo/2.303 R : C, then Equation le becomes

( logo^ ' "o" ) " -Pbers  -  
#*  "  

+gg# (10

where 7 is in "K. We have given values of A, B, and C, derived by
least-squares analysis, in Table 1. The sources of the thermodynamic data
are also given there, with the exception of the data for AIrOr1o.,"1"1"y &rld
AlrOs(srn""). Zen (1972) has suggested that the free energy of formation
(AGor) at 2980 of corundum should be decreased by 7 kilocals. We have
ua"gldingly recalculated AGo, for both AlrOslorystar.) and AI2Or11;n,161
using this revision, and the values are given in Table 2. Values for
A, B, and C for all the reactions used in the sequel are given in Table 1.
We have also assumed, as in the last paper, that the partial molar
volumes of the solid components are independent of composition, or in
other words, that so far as volume is concerned, the solid solutions are
taken to be ideal. The logarithmic terms for the soZad components in.
Equation lb are therefore assumed to be independent of pressure.

Many mineral assemblages may define (!eroo", or act as oa1"6" buffers,
and the reactions we will use are listed below.

Alros -- Al,o3
l i q u i d  o o r u n d u n

log ol',""',li : AG"/2.303RT

S iOr+A l rO3 :A l rS iOu
s l s ! !  l i q u l d  a n d r l u r i t o

(tog ol\""tl)i=P bar. - (Iog ox[dl)?-, bsr + ffi (1d)

: AG'/2.303nT + 
AV"(P :-l)
2.303 RT

(2a)

(3)

(2)

and
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Iab l .  I  va luer  o f  Ac ' /2  3Ol  RT -  A , /T  +  I  +  c (P -  l ) /T

C sourc€  o f  Data

-6662 +t.ts6 L+!! - 0 i2ile ' 'r-- 
l: l i : 

and vdrdb.n (rs58)

2  r l z o : 1 l i q u i d ) ' e l r o r l . o p u n a u m ) -58\6 +2 \76 y+2 '  o.7zt3g x lo-r  zenl( l t l ;  JANAF tables;

3  A l z 0 r  +  S i o r .  A l r s l o t -5548 +2 &o 9.1!!9 -  s 72339 x to-r  bble and valdb'w (1968)

4  C a i g s i 1 0 6  +  j s l 0 2  +  A l r 0 3  =  C a A l r S i r 0 s  +

i h s z s  i o q

-5145 +0.858 L+Z - o-j233e 
" 

'. , 
t i i : 

and vardb.w (re68)

5  C $ 9 5 l r O !  +  A t r O r  -  C d A t r S i O 6  +  l s i O z  +

l19 ,s  io r

- \73s +t is3 9)!3! -  s 7233e 
" 

' ,  '  
l : i i :  

and lardbaun (re6o)

6  i l g r s i o r  +  A l r o r  q  i l 9 5 i 0 !  +  H 9 A I r o r -8t3t +2 632 q+13 - 0.7233e - ', '  
l : l i :  

.hd vardbaum (re68)

7 xs,sior + i lesio! + sio, + At2o! . rslAr,sirqzn -gzog *4 556 0'0!75 - 0.72'e x ro-{ 
ff: l : j :: i i ;: i i : 'r j l?:t)

I  i l s r s l o r  +  5 i o ?  -  2 i 9 S i O 3 -ro3q +0 597
-0 ,0q2q

N i c b l l s ,  c a r n i c h a e l  a n d

s t o . m e r  ( 1 9 7 1 )

* See note on pa,ge

and

tog ofi"tl : AG'/2.303 RT - log o'"$lu (3a)

CaMgSLOo + +SiO, + Al,os : CaAl,Si,O. * *Mg,SiOn e)
g l s r 6  t i q u i d  s u o r t b i t e  l o r s t e r i t e

and

rog axfl"dl : aG" /2.BoB Rr +* [W]

d i  o p s i d e

d i  o p s i d e

- * log o"1'tlo

CaMgSLOu + Al,O3

Ga)

: CaAl,SiOu -1 |SiOz * *Mg,SiO" (5)
C a - T e c b e r m a k s  g l a s s  f o r s t e r i t e

py r  oxeD e

(5a)

(6)

and

l - l ^ P Y . o * u ^ u  \  -  / ^ o l  i v i n e  \ 1 , / 2 ' l

IogoX[",i] : aG"/2.3oBRT + tos lry |L (o8"."'l'T3i""") I
- * log ol',%lu

and for the two generalized mantle assemblages:

Y.g?llg'+ +'* : YsP* + YE*I'9'
and

log oifl".lj : AG"/23O3 RT

* log o'^il?il"8l * log oiiii",'"". - log aiiil''%. (6a)
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Tab le  2 ,  LC i / z . 3o3  RT  f o r  A l z0a  ( co rundum)  and  A1203  ( l  i qu i d )  
on  t he  bas i s

o f  (AG i ) zse  f o r  co rund t rm  o f  371  kca l s  ( zen ,  l 97 l  ) .
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-  o t . o ) J

- 55.082

.  \9 .527

-  \ \ . 7 7 0

-  40 .650

- 37.052

A l z o s  
1 1 ; q u i d )

- l \6.227

- 1 r 9 . 5 4 4

- l  00 .494

- 86.216

-  7 5 . 1 1 6

-  6 6 . 1 6 0

- 58.75\

- 52.680

- \7.505

-  \ 3 . 0 7 2

- 39.236

- 35.882

Mg,SiOn * MgSiO, + SiO, + AI,OB : Mg3Al,Si,O,,
I o r s t e r i t e  e D s t s t i t e  g l a s s  l i q u i d  p y r o p o

and

logoli",".il : AG"/2.B}BRT + IogofilHj - logoi,'il',%. - log oiilK"d:
- log ol',%":o (7a)

but as AGoy for pyrope is not, known, we have calculated it, as noted
Iater, using MacGregor's (196a) experimental results. We also require
a mineral assemblage which defines log os;6" in our generalized peridotite
composition; the following reaction is used:

M g , S i O n + S i O , : 2 M g S i O ,
f o r s t e r i  t e  g l o s s  o n s t s t i  t e

and

log ogie, : AG"/2.808 nT + 2 tog oiiiKiil - log a#;;ll"o. (8a)

Tnn YenreuoN oF @a1,e" wrrrr pnnssunp

In the absence of an alumina buffer, the variation of oay,s", in a
silicate liquid or m&gma, with pressure can be obtained by difierentiating

(7)

(8)
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the following equation at constant temperature.

p.i1""".j1 : &f;r"o. * Ef h offl"dl (9)

where pf,,.6. is the chemical potential of AlzOa in the standard state,
namely ALO. Iiquid. With the appropriate substitutions and re-arrange-
ment we obtain

(10)

where 7!,"o. is the molar volume of pure AlrOr liquid and Zer"o" is the
partial molar volume of AlrO3 in the silicate liquid or magma. If we make
the assumption that 7o,"o. - 71,"o, is independent of pressure, then
Equation 10 can be integrated to give

Vot -v7
(log oXi"3l)i b""' : (Iog o|f"i)i='b"' + :-t)tffi 

;i, (P - 1) (11)

Bottinga aud Weill (1970) have calculated the partial molar voiumes
of many oxide components in liquid silicate systems for a range of
temperature and composition. Least-squares analysis of their data for
7o,"o. over the temperature range 1573-1873oK gives

7o,'.o. : 1.0195 X 10-8f('K) + 36.25 cc mole-' (12)

or

V oroo, : .0243666 X 10-3?fK) + .866396 cal bar-' (L2a)

The density of liquid Al2O3 is a linear function of temperature over
.the range 2300-260O"K (Kirshenbaum and Cahill, 1960), and least-
squares analysis of their density data, recalculated in terms of molar
volumes (cal bar') yields

yi,"o. : 0.331002 x 10-3?(oK) + .0398282 cal bar-' (13)

Combining Equations 72a and 13 gives

Vot - Vi' (14)
230E NT

: qJ#q _ 0.67002 x lo-n

By substituting Equation 14 into Equation 11, we get

(tog ai',",'d)i un' : (log oo,"o.)i-' o"

t [tP 
- 0.6?002 x ro-.](p - 1) (1ra)

Before applying Equation 1la to a natural example, it is appropriate
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to consider the anhydrous aluminous minerals that occur in igneous
rocks.

Ar,urvrrNous Mrnnner,s rN IGNEous Rocr<s

Anhydrous aluminous minerals in igneous, or igneous-looking, rocks
are very rare and one of the most familiar examples is corundum in
the nepheline-syenites of Blue Mountain, Ontario. Andalusite has been
reported in granitic pegmatites (Deer, Howie, and Zussman, 1962),
but the occurrence of any alumino-silicate (mullite, kyanite, silli-
manite, or andalusite) is usually considered to be evidence for, or the
result of, contamination of the magma.

In Figure I we have plotted log oa,.e. as a function of temperature
for Equation 2 and Equation 3. As the andalusite curye falls below
the comndum curve, cooling magmas with high silica activities will
precipitate andalusite rather than corundum, but nepheline-syenites
with lower silica-activities (Equation 3) will precipitate corundum, as

500 600 700 800 9.00 to00 r  r00

Toc
Ftc. 1. The variation with temperature of log aa1oe" for the labelled reactions

(Equation 2 and 3 in text). The upper curve corresponds to the lower curve except
that log osio, fu defined by the reaction |NaAlfliOr + SiO, : lNaANli6Oo.
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the reduced activity of silica displaces the andalusite curve above the
corundum curve (Fig. 1).

As an example of the calculation of the pressure at which a nepheline-
trachyte (kenyte) magma could become saturated with corundum, we
will use Equation 5 to estimate Iog o61,6" at 1 bar and at the quenching
temperature, which we will arbitrarily take to be 900"C. Thus from
Table I we get for Equation 4

(rog al'fJdl)'-l bo'.'1173 : -?+# + 0.8s8

* los tgt,'=',f')'"'(","lli1'gJl 1rs)(o8"..fiTii,.") . (ots'"u)'^ I
In the paper on silica activity (Nicholls et aI., l97l), we discussed

the relationship between the activity, e, of a component in a solid
solution and the mole fraction, X, of that component. It is sufrcient
to state here that the ideal mixing assumption (Afl-i* : 0) does not
exclude an entropy term arising from the random mixing of atoms on
difierent lattice sites, so that for the magnesian olivines, a;|;;;11. can
be taken to equal Xzr"rg,sio. (Nicholls et aI., L97l). In all the other
mineral components we have assumed a : X, unless noted otherwise.
For the kenyte in question the mole fractions are: pyroxene 0.540
CaMgSLOu; olivine 0.570 Fo; feldspar 0.191 An; and log os;e" &t 900"C
is approximately -0.6636. Substitution of the relevant mineral data
into the logarithmic terms of Equation 15 gives log aer"o" at 1 bar and
1173oK of. -4.7444.If it is now assumed that the temperature of the
kenyte lava is raised by a very small increment, so that the alumina and
silica buffers dissolve, then log oar,o, will change in the liquid, due to
increasing pressure, according to Equation 11a, Thus

ilog of;;";f)"=" 0"""

: (log axfl"d:)":' *'+ 
[9JE99t 

- 0.67002 x ro-']{r - rl

: -4.24M. 
[# 

- o.6zoo2x ro-']rr - rl

If this kenyte liquid is to precipitate corundum at 900oC and some
pressure, then (log o^.,, o")"-" 0"" of Equation 16 must equal Equation 2
(Table 1) and hence we can solve for P. We obtain

-4.7M4. 
[ffit 

- o'zoo2x ro--](P - r)

: -#g + 2.24G* [H 
- ,.zz*Bs x ro-']tr - rl (r7)

(16)

P : 47. kilobars.
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Similar calculations for metaluminous rhyolites (AI ( Na * K * Ca)
indicate that acid magmas at 850oC wouid not be saturated with either
andalusite or corundum below 25-45 kbar; obviously for corundum or
an alumino-silicate to precipitate in metaluminous magma requires
extreme, and unlikely pressures, and the occurrence of these phases is
more likely to be due either to contamination of the magma, or to a
change in its composition, perhaps by loss of alkali (Ltftln et al.,1964).

Tun Er,r,ncr or TurppneruRE oN o11"6.
It is not geologically realistic to assume that a lava at depth was at

the same temperature as that at which it was quenched on the earth's
surface. We therefore have to take account of the influence of increasing
temperature on log aa1, e" in the absence of an alumina buffer assemblage.
Thermodynamically the effect of temperature carr be obtained by
differentiating log oa1,s" at constant pressue. If the appropriate substi-
tutions are made, we obtain

(18)

where E^,"o" is the partial molar enthalpy of AlrO3 in the magma or
silicate liquid, and f/i,"o" is the molar enthalpy of AlzOg in pure Al2Og
liquid (the standard state). However, there are no data available to us
on Fo,"o", so we are unable to use this approach.

Kudo and Weill (1970) have shown that silicate liquids can be treated
as regular solutions, or, in other words, the activity coefficient 7; is a
function of compositiotr, d,, which is itself independent of temperature.
We can therefore write

log ?o,"o" : log oa'"e" - log Xa1,e , : Qtf (1e)

and in the appendix we provide data on the system NarO-AlrO'-SiO,
to illustrate an example of our assumption of re$ular solution behavior.
Any basic lava with a groundmass composed of plagioclase, pyroxene,
and olivine, together with the iron-titanium oxides for a quenching
temperature, can be used to give a value of (log an,"o,)"-r bsr at the
quenching temperature if the appropriate mineral compositions are
substituted in Equation 1 or Equation 4. For basic lavas withou! a
feldspar, such as a nephelinite or a ugandite, Equation 5 should be used,
but this poses a problem of the random entropy of mixing term for
CaAluSiOu in CaMgSizO6; Verhoogen (1962) calculates that, as"a1, 91e" :
X'(2 - X)/4 where X is the mole fraction of CaAlzSiOe, which itself
cannot be unambiguously calculated.l

I In the only lava, a ugandite (Table 3), for which this component was used to
ealculate log oa I ror, we assumed that the standard state of CaAlzSiOo was disordered,
and thus used X2(2 - X) to obtain the activitv of CaALSiOe.

(a log aor,o.\ _ _En,"o. * r/ i,"o,
\ a? l": 

---Z.soB 
nr'--
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For any lava, log e,s1o6, ?"t the quenching temperature can be cal-
culated, and substituted into Equation 19, together with the mole
fraction of Al2O3, Xer,o.r which allows log To,"o" or 6or"o.f T to be
calculated for that particular lava. 6; is dependent upon composition,
but in what follows we assume that a particular lava can exist as a
liquid of identical composition at elevated pressure and temperature. We
are now in a position to calculate log o^,,o" at any pressure (Equation 11a)
or temperature (Equation 19) if it is known at I bar and the quenching
temperature of the lava.

Besrc L.q.ves eNo SprNnr,-Pnnroorrrns

For a basic liquid to be in equilibrium with a spinel-peridotite, the
chemical potentials or the activities of the various components in
the liquid have to be identical to those defined by the solid assem-
blage. The mineral assemblage of a generalized spinel-peridotite can
be plausibly represented by Equation 6 and frorn a perusal of the
literature (O'Hara and Mercy, 1963; Green,7964), typical composi-
tions are 0.90 Fo, 0.85 En, and 0.75 MgAlzOe for the spinel phase. Sub-
stitution of the mineral compositions into Equation 6 gives

(log oi",'"'ii't'e)P'r - -ryt + 2..082* [q#4 
- 0.72s*s X 10-']

.(P - t) - .r04. (20)

Note that log ag1 e" is also fixed by the presence of olivine and enstatite
(Equation 8) and the value of this with the mineral compositions sub-
stituted is given by (Table 1)

(tosa'"",'61"'r,e)P'r - -ry + 0.597 -WF (p - l) - 0.050 (2r)

For a liquid of basaltic composition, the variation of log @a1,e" with
pressure and temperature is given by either Equation 1 or Equation 4;
for the example taken in detail here, we use the mineral data on a
Recent trachybasalt (253) from southern California (Smith and Car-
michael, 1969), and therefore Equation 4a is appropriate to obtain
log o4"o" at 1 bar and 1253oK, the quenching temperature; this can
be equated thus

( log olf l"6)P-1 bar'r253 : logxa1"6" * log?o,"o, Q2)

: log X^1,s. + H
(23)

Substitution of the groundmass mineral compositions into Equation
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4a allows the left-hand side of Equation 22 to be calculatedl the value
is -3.8519. Substitution of the mole fraction (X.*',o. : 0.100) allows
@eroo. to be obtained (-3573.a; Table 3). An exactly parallel procedure
gives

( log otrt f8iu)"=l bsr 'r253 : log xg;s" * log7*o, Q4)

: log X6;eo + ##
(25)

where (log o'r',"d:u) at I bar and 1253oK is taken from NicholTs et al.
(1971; Table 3). The value of du,o" is -612.0 (Table 3).

The value of log @a1"6. irl the liquid at any elevated pressure and
temperature is given by combining Equation 1la and Equation 23, ar'd
is given below

(los olfl".jl)"''

: (tog @xf"'6)"=' bari r a [q.UOgl - 0., 
'1

,  L r  _.67002X01*J(P- 1) (26)

: rog xo1.6. + tufi . [t#* 
- 0.67002 x ro-']rr - rl Q7)

: -r.0000 -ry. 
[tur* 

- o.6zw2x ro-']tr - rl (28)

In an analogous way (Nicholls et aL,l97l)

(log o'r'S:o)"''

: ( log@,;$iu)"='bar'" a [r.ru, 
10-6 - 

ry](P 
- 1) (2s)

: rogxg;so + + + [r.a+ x ro-u -ry](P - r) (80)

: _.2840 _ry+ 
[r.a+ x 10-6ry"](P - r) (Br)

Equations 20121,28, and 31 are combined and re-arranged as a quadratic
equation for ?. Although there are two possible values f.or T, one is
physically unreasonable, and a value of P.oro1 corresponding to the
plausible temperature can be extracted for the equilibration of the
trachybasalt 253 with a spinel-peridotite whose mineral compositions
have been stated above. The calculated values for 253 arc T : 1396oC
and P : 24.2 kbar. In Table 3 we show the calculated temperatures
and pressures which various lava-types could equilibrate with a spinel-
peridotite; none of these results seems too discordant with the various
speculations found in the literature. It is obvious that lavas with low
silica-activities equilibrate at greater pressures with spinel-peridotite
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than those with high-silica activities. As we have used a different
expression for the effect of temperature on os;6, in the liquid than that
used before (Nicholls et al.,l97l), the results in Table 3 are not exactly
comparable to our previous estimates of P61^1, which depended on
estimating a temperature for each lava at depth.

Besrc Leves ern Genmnr-Ponrnorrrns

Another possible mineral assemblage with which a basic magma could
equilibrate at depths in the earth is garnet-peridotite, and Equation 7
represents a typical assemblage. However, free-energy data for pyrope
are unknown, so the variation of log oa1.e" with temperature for Equa-
tion 7a cannot be calculated. So we have attempted to calculate AGol for
pyrope using MacGregor's (1964) experimental results on the reaction

n*f.fl19'+ Y*l*. 
: y"g?P19. * Mg'Af,s.io" G2)

He gave the following equation for the equilibrium curve:

? o C : 0 . 0 5 4 6 P - 1 7 3

where P is the pressure in bars. Substituting ?oC = T"K - 273 gives

ToK :0.0546P + 100
The slope of the equilibrium curve is given by

dPAsr
dT AV 0.0546

from which we obtain

os : ##. : -offfi: -B.zBr e.u.
using the molar volume data of Robie et al. (1967\.

The temperature derivative of the Gibbs free energy of the reac-
tion at constant pressure is given by

/aac\ (BE)la r  J " :  
-AD

Integrating at constant pressure gives

AGr' : AG" - T2 AS + fr AS (36)

if we choose ?, such that AGa, is zero (i.e., T : 0.0546P * 100), and
substitute into Equation 36, we get

(33)

(34)

AGr" : -f, AS + 0.0546P AS + 100 AS (37)
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AGz' : 3.73rT + 0.2037P - 373.1

and dividing by 2.303 -B? gives

z.stf,nr: -ry+0.815 -9ql4pP (Bs)

If pure enstatite is to be the standard state in Equation 32, some
account must be taken of the extensive amounts of AlzOg which dis-
solve in enstatite in equilibrium with pyrope, and Equation 37 can be
re-written to include the reduced activity of the enstatite component

AG
2.303 RT

-%q + 0.815 - Wf p - 4log oi[iK'61 (Be)

The solubility of AlzOs in enstatite along the equilibrium curve
(Boyd and MacGregor, 1964) with garnet, olivine, and spinel can be
represented to a high degree of precision for MgSiOg < 0.99 by the
eouation

los Xifi'Jt'61 "'u' : !J!! - 0.1281 (40)

If it can be assumed that, oNa"gi o" : Xv"si 6", then Equation 39 becomes,
by utilizing Equation 40,.

544 , r o^E O.0a,E 
e- T - t -  t ' o z t -  

T
AG (41)

2308 nT

If values of AGol for pleonaste, forsterite, and enstatite' (Robie and'Waldbaum, 
1968) are substituted into Equation 41, a value of. LG"/

2.303 RT for pyrope can be extracted, which, however, is subject to
a rather large uncertainty because of the unknown mixing properties
of AlrO' in the enstatite solid solutions.

Using this estimate of the free energy of formation (AGor) of pyrope
from Equation 41, we can calculate AGo /2.303 RT f.or Equation 7, our
model mantle assemblage; the result of least-squares analysis is given
in Table 1.

After that digtession on estimating the thermodynamic data for
pyrope, we return to estimating the temperature and pressure at which
a basic lava would equilibrate with an assemblage represented by
Equation 7 shown below:

lThe values given are for clinoenstatite, which will be only a few hundred
calories different from enstatite.
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Mg,SiOn f  MgSiO, + SiO, +Al,Os: MgaALSiaO,z
f o r s t e r i t e  e D s t s t i t e  g l s s s  l i q u i d  p y r o p e

and

(log oX"'",'31't'e)P=l bst'r : aG" /2.303 nT + log oiiili'," r,"o,,
- log oiiilll'o. -' los o';iiK"8l - tog oH$lu (za)

we have taken as typical garnet-peridotite mineral compositions,
olivine:0.90 Fo; pyroxene:0.85 En; and garnet:0.65 pyrope, so that by
substitution of these mineral compositions into the logarithmic terms'
of Equation 7 a, a value of log oa1" s" can be obtained if log osi o; is known.
As olivine and enstatite coexist in Equation 7, log ag1 6, is defined, and
with the substitution of the relevant mineral compositions, log ogi6"
can be obtained (Equation 8a). By subtracting Equation Za from
Equation 8a (Table 1), we obtain

(log ai",io'i,t,e)p," - -Y+ 8.95e 1- [ryU 
- o.z2t*s X l0-.]

.(P - 1) - 0.34e (42)

where 0.349 is the sum of the activity terms.
, At equilibrium, a basic liquid will have log @a1, e" ,&rld log os1 6" equal

to that defined by the mineral assemblage of the garnet-peridotite, and
we now have to solve the equations in order to find the unique pressure
and temperature at which this could occur. Again we take as an example
the trachybasalt (253) from southern California, whose variation of
log oa,,e" and log ar1 e" with pressure and temperature is given by
Equation 28 and Equation 31, respectively. Combination of Equation
27, Equation 30, Equation 42, and Equation 8 with re-arrangement
gives a quadratic equation f.or T, and the physically plausible value
of ? is substituted to obtain P. For the trachybasalt 258 (Table 3) we
obtain 1321oC and 22.7 kilobars as the temperature and pressure at,
which a liquid of identical composition to this lava would equilibrate
with a garnet-peridotite of the assumed mineral composition. As may
be seen from the data set down in Table 3, the pressures of equilibration
do not differ greatly from those calculated for equilibration with spinel-
peridotite. However, lavas such as the Icelandic olivine-tholeiite and the
basaltic-andesites from New Britain and western U.S.A. equilibrate at
low or negative pressures and at temperatures often lower than their
1 bar quenching temperatures. This strongly suggests that,the origin of
these particular lavas does not involve either spinel- or garnet-peridotite.
They are either derivatives of a more basic parental liquid, and have

1Note  tha t  oMe,A l rs i "o1 .  :  X31,1g"4r ,g i .o '  and d l rg ,s io .  :  Xzyg,g io4 .

(7)
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fractionated at low pressure, or they have been generated by fusion of
transformed oceanic crust (eclogite), and have remained segregated from
mantle material containing spinel or garnet. In contrast, the equilibra-
tion temperatures and pressures for the ugandite lava (Table 3) indicate
a region close to the diamond stability field (Clark, 1966). Perhaps the
sporadic occumence of diamonds in this part of the Uganda rift valley
(Reece, 1961) is related to nearby explosion craters of this lava-type,
which many petrologists believe to be related to kimberlite in accord
with the pressure calculations.

One of the most characteristic lavas of the island arc volcanic suites
are andesites with perhaps 55-60 percent SiOz. The composition of
andesite lavas, particularly K2O, has been correlated to the depth of
the underlying Benioff zone (Hatherton and Dickinson, 1969), and it
is either in this zonle, er in its intersection with the low-velocity zone
(90-130 kilometres) that many geologists believe that andesite magma
is generated.

A typical andesite lava is unlikely to have log osi o" Iower than -0'200

at 1 bar and 1000oC, a reasonable quenching temperature. If we take
the compositions of the groundmass minerals of a shasta andesite
(Smith and Carmichael, 1968), we can calculate the temperatures and
pressures at which a magma of identical composition could equilibrate
with either a spinel- or a garnet-peridotite. The results are shown below:

Spinel-peridotite
Garnet-peridotite

and suggest that andesite never equilibrated with a mantle of the

assumed mineral compositions. Either andesite has a basaltic pre-

cursor, and is.therefore the result of some fractionation process despite
the relatively small volumes of associated basaltic lava, or andesite

liquids are directly generated by the partial fusion of transformed
oceanic crust (Green and Ringwood, 1968). If the latter hypothesis is

correct, then this andesite magma must be completely segregated from

mantle material in order to preserve its composition. This raises the
possibility of the fractionation of quartz, with which the andesite

liquid will become saturated at 42.3 kilobars and 1300"c (Nicholls

et a"1., 1971) ; for andesite magma with higher silica activities than
-0.200, which is itself a low estimate, the pressure at' which quartz

would precipitate would be lower. If the geological evidence was

available to indicate that quartz never precipitated at depth in an

andesitic magma, then the magma source region would be at a depth

of less than 120 kilometers.

T"C Pror", kilobars
905 -3.9

584 -9.9
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Although the calculations in this paper are precise within the limita-
tions of the mineral and thermodynamic data, there is also considerable
uncertainty in the composition of spinel and garnet in peridotites,
compositions which themselves are likely to change with pressure and
temperature. Until more is known of this variation, the calculated values
will remain rather general; but with more data on mantle assemblages,
and particularly on lavas of all types, precise values of ? and Pror", are
possible. We have also assumed in this paper that any lava can exist as
a liquid of identical composition at elevated temperatures and pressures,
but it seems likely that the water content may increase with depth. Un-
fortunately, we have no way at present to evaluate the effect of increas-
ing water content on log og; e" and log aa,, e" in the absence of a mineral
bufrer assemblage; possibly the effect could substantially modify the
calculated values of temperature and P*o.,, shown in Table 3.
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ApprNnrx

In the system Na.O-ALO"-SiOz, alumina activities for liquids in equilibrium
with comndum at one bar wiII be given by Equation 2:

9 7

logof;f i f  :  -f f i  +2.476(Tablet)

The logarithm of the activity coefficient of ALO" will be given by:

los zl'"""dl = tog ol,",".il - tog xf;fJd,f

This we assume to have the form:

(A-1)

(L-2)

tos 2f;i1".i1 (A-3)

where { is a function of composition only. In a three-component system there are
only two independent compositional variables, which we choose to be Xts\ndid and
X|'"1"60. A seconddegree equation for a symmetricternarysolution (Thompson, 196?)
in these two variables is:

6 : T[].osal,"""dl - los XXfl"d"J : ar X2s1e" + 02 Xir,"o { o3 Xsi6"XN,,o (A-4)

rvhere o', de, and os are constants solely related to this power series.
Using the data plotted and tabulated by Schairer and Bowen (1956), values

of 6 were calculated for various liquids in equilibrium with corundum at known
temperaturee by combining equations (A-1) and (A-2) :

6
T
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a: r  - f f  +2.476 - logxf f , "d l .  (A-b)

A least-squares a.nalysis of the resulting data for @ and composition gave the fol-
lowing values for the constants in equation (A-4) :

ar : -2297.7

a 2 :  2 5 3 8 . 5

as = -1879.4

A comparison of log of;f""jf values calculated from equation (A-1) and from:

log af;f"'df = log xfrq"".j! * frXu,o, * #**^,o + frx*""oxr,o" 
(A-6)

can be made as follows for a range of temperatures.

Eq. (A-1) Eq. (As)

- .8684 - .8766
-1 .0183 -1 .0166
-L.2405 -1.2638
-1.8997 -L.74lr
-t .3r27 -1.3410
-r.4928 -1.5069
-1 .7818 -1 .7010
-1 .7818 -1 .8083
-L.7572 -1.8880
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