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Abstract. The variation of silica activity with temperature and pressure for a variety of silica
buffers (mineral pairs) allows Py ., to be calculated for a wide range of igneous rocks. The
method also depends on evaluating (0 log ag;0,/0 P)p and (4 log ag;,/4 T)p; the former is
equivalent to the partial molar volume of silica in silicate liquids, while the latter is estimated
from published experiments on natural melts. Results for calc-alkaline rhyolites with pheno-
crysts of quartz, olivine or orthopyroxene, and iron-titanium oxides, range from 3.45 to
9.58 kilobars; a pantellerite is intermediate at 7.53 kilobars. At 1327°C, the silicate inclusions
in diamond equilibrated at 63.5 kilobars, and the kimberlite crystallisation path intersected
the baddeleyite-zircon reaction at 55.7 kilobars. Two trachybasalts would equilibrate with
their lherzolite xenoliths at 17.0 and 21.0 kilobars at surface quenching temperatures. Potassic
lavas such as orendites and ugandites at 1300°C would be in equilibrium with mantle olivine-
orthropyroxene at 35.1 and 69.0 kilobars respectively. Basalts and basaltic-andesites could
equilibrate (at 1100°C) with quartz at between 24.9 and 26.8 kilobars; quartz can therefore
be considered a possible high pressure ““xenocryst’™ in lavas with low Sr¥7/Sr®¢ ratios. Andesites
will equilibrate at 1300°C with the mantle at a depth of 75 kilometres; at greater depths
andesite will have a basaltic precursor. In general, lavas with low silica activity will equilibrate
at greater depths in the mantle than those with higher silica activities.

The Apollo 11 basalts contain minerals which suggest equilibration at 37 kilobars; the
calculated quenching temperature is 1009°C, from which log f;, can be derived (—15.2)
which in turn indicates approximately 0.10% Fe,O, in these lavas.

Intreduction

In another paper on silica activity (agy,) in igneous rocks (Carmichael ef al.,
1970) we examined the variation of aggo, with temperature for a variety of
mineral pairs, each of which would buffer or define silica activity in any magma
in which they occur. However, despite a vast amount of work on experimental
silicate equilibria, there is no generally applicable method of extracting estimates
of total pressure (B,) from igneous mineral assemblages. Tt now seems possible,
within the limitations of the thermodynamic data, to use ag, to estimate
B 1 for a wide variety of igneous rocks; the procedure depends on only a few,
and reasohable, assumptions.

As there has been an influx of new thermochemical data in the last two or
three years, we have been able to add to the reactions which define agq, in
igneous rocks, and, as a prelude to the discussion of the effect of B ; on agq,,
we first summarise the effect of temperature.

1la Contr. Mineral, and Petrol., Vol. 83



2 J. Nicholls, I. 8. E. Carmichael, and J.C. Stormer, Jr.:

If for example, crystals of pure fayalite and ferrosilite ecoexist in equilibrium
with a silicate liquid, then the activity of silica in that liquid is only a function
of temperature at constant pressure. The variation of ag, can be calculated
from the reaction:

Fe,8i0, 4 8i0, =2FeSiO, (1)

fayalite  glass ferrosilite
which at equilibrium (A4 G=0) gives
log alifid — A G0/2.303 RT + 2 log abie™ —log g, . (1a)

For the components in their standard states (pure solids of unit activity and
silica glass) at the temperature of interest and a pressure of 1 bar, the variation
of log a!i3id with temperature can be represented by an equation of the form
A|T + B. The two constants 4 and B, derived by least-squares analysis, are given
in Table 1 for Eq. (1) and for the other reactions listed below. However as both
fayalite and ferrosilite form solid solutions in nature, the reduced activity of the
two components Fe,Si0, and FeSiO, (subscripts) in their respective solid solutions

(superscripts) is accounted for by the logarithm terms in Eq. (1a).
Other reactions which we will use in this paper are:

Si0, = Si0, (2)
glass  quartz
and
log 338194 = 4 30/2.303 RT.
Mg,Si0, 4 Si0, =2 MgSiO, (3)
forsterite glass  clinoenstatite
and o _
log ai08i4 — 4 G9/2.303 RT + 2 log afiemsm® —log aSiyss, . (3a)
ZrO, + 8i0,=ZrSiO, 4)
baddeleyite glass  zircon
and i ) )
log o384 = 4 G°/2.303 RT +log aZréss, —log g ooy, (4a)
1 NaAlSiO, + Si0, =% NaAlSi,Oy for I'<<907°C, (5)
f-nepheline glass  high-albite
ab
T >907°C
2 NaAlSiO, -+ Si0, =% NaAlSi 04 (6}
y-nepheline glass  high-albite
and : s ..
log o/§8i0 = 4 G/2.303 RT + § log a¥§R¥0, —  log AAASIT, (6a)
KAISi, 0, + 810, = KAISi;0, (7

leucite glass  sanidine



Silica Activity and Py, in Igneous Rocks 3

and
log @334 = 4 G°/2.303 RT +log alf'ih®, —log aiite . (7a)
CaTiO, + 8iO,=CaTiSiO, (8)
a-perovskite glass  sphene
and )
log o519 = A G°/2.303 RT +log aieko, —log aopiorte. (8a)
KA1SiO, + Si0, = KAIRi, 04 9)
kaliophilite glass leucite
and : . . R
log alifiid — A G0/2.303 RT +log a5t , —log afaipilite, (9a)
£ Fe,0, + Si0, =Fe,Si0, -1 O, (10)
magnetite glass  fayalite
and . . s
log /i1 = 4 G/2.303 RT +log agi¥ie + % log f,, —3 log afaigeti®e. (10a)
% Fe,0, 4 8i0, =FeSi0, + 1 O, (11}
magnetite glass  ferrosilite
and

log aligiid = 1 G0/2.303 RT +log af¥Se™ 41 log fo,—3 log aigetite  (11a)

The sources of the thermodynamic data used to calculate the 4 and B constants
for each of the above reactions are given in Table 1. Data taken from Wones
and Gilbert (1969) and Williams (1971) have been changed so that the standard
state of silica is silica glass rather than quartz.

The variation of log alsi?(‘)lid with temperature at 1 bar for the above reactions
is plotted in Fig. 1, and updates the curves given previously by Carmichael et al.
(1970). None of the conclusions suggested by them need to be modified in the
light of the new data for kaliophilite, leucite and zircon. However, Williams
(1970) has stated that the free energy of formation (4 GJ) of enstatite should be
decreased by about a kilocalorie. If this was applied equally over the temperature
range shown in Fig. 1, it would depress the Fo—En curve so that it would intersect
the Ab-Ne curve at about 770°C. As olivine, rather than orthopyroxene, is found
with nepheline in trachytes and phonolites, it would appear that the data for
nepheline are in error if William’s enstatite measurements are correct.

The Effect of Pressure on ag,

The effect of pressure on a silica buffer can be obtained by differentiating
Egs. (1) to (9) at constant temperature and assuming for the present that the
solids have unit activity. Thus

9 log gliauid 1 24 Qe 0
( g s;oz> ( G )T AV (12)

8P |, 2303RT \ P /r 2303RT’

where A V0 is the volume change of the reaction for the components in their
standard states. It will be assumed that the molar volume, A4 79, is independent
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Fig. 1. Variation of log agjo, with temperature at 1 bar for silica buffer reactions. In each
case the desilicated mineral is stable at lower values of log agjq,. All reactions are explained
in the text except for Fo + Gh -+ 8i0, = Di - Ts which corresponds to Mg,8i0, 4- Ca,Al,;Si0, -
Si0, = CaMgSi,0; + CaAl,Si0,

of pressure; this is reasonable as the effect of temperature (800-1300°C) on
increasing 4 Vg will be offset by the effect of pressure contracting A V9, at least
up to 10 kilobars. Thus (Eq. (12) can be integrated to give

: . . s o
(log aISl?(l)I:d)P =P bars _ (log alsx%]:d)P =1 bar + 23‘(‘)% (P — 1) (13)

2—3]0—2%15 a constant, values of €= % are
given in Table 1 for each of the reactions listed above. The variation of log agq,
with pressure at 1000°C (1273°K) for each of the reactions is plotted in Fig. 2.
Note that with the exception of the kaliophilite-leucite reaction, all the slopes
are negative, so that for all but the most silica-poor igneous rocks, an increase
of pressure at constant 7' and composition promotes the presence of the more

siliceous mineral of each buffer pair.

where P is the pressure in bars. As
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Table 1. Coefficients A, B and C for the equation log agig,= AG%/2.303 RT =A|T +-B+4C
(P—1)/T for the listed reactions

Eq. Reaction A B c Source of Data
No.
(1) Fe,Si0, + SiOu(gl) 663  —0.46 —0.0406  Williams (1971),
=2FeSiO, Robie and Waldbaum (1968),
Kelley (1960)
(2) SiO,(gl) =8i0,(f — Q) —309 +0.183 —0.0239 Robie and Waldbaum (1968)
(3) Mg,Si0, + SiO,(gl) —1034 40597 —0.0424  Robie and Waldbaum (1968),
= Mg8iO, Kelley (1960)
(4)  ZrO,-+ SiO,(g)) —1228 10730  —0.0478  Kelley (1960),
=ZrSi0, Robie and Waldbaum (1968),
JANAF Tables
(6) 3NaAlSiO,(f)+ SiOy(gl) —871 +0.031 —0.0216 Kelley (1960),
=1NaAlSi,04 (7<907° C) Robie and Waldbaum (1968)
(6) 1NaAlSiO,(y)+ SiOs(gl) —855  +0.012  —0.0216  Robie and Waldbaum (1968),
=1NaAlSi,0, (T>907° C) Kelley (1960)
(7)  KAISi, 041 8i0,(gl) —972 —0.039 —0.0345 Robie and Waldbaum (1968);
=KAISi,0, for leucite: 4AH}—Kelley (1962)
and Cp, Pankratz (1968)
(8) aCaTiO,+ SiOy(gl) —2203  40.905 —0.0274 Robie and Waldbaum (1968),
= Ca'TiSiO; Kelley (1960)
@) KAISIO(Kp)+ SiOy(gl) —685  —0928  -+0.0064  Robie and Waldbaum (1968),
=KAISi,0, and Cp-—Pankratz (1968)
(10)  2/,Fe,0,+ SiOy(gl) 8270 —2.81 —0.0552  Wones and Gilbert (1969),
= Fe,8i0,+1/;0, Robie and Waldbaum (1968)
(11)  /,Fe,0, - SiOugl) 4467  —1.63 —0.0479  Williams (1971),
= FeSiO; +1/50, Robije and Waldbaum (1968)

A and B were obtained by a linear least squares analysis of calculated 1 bar data for
(4G9)/2.303 RT.

It is also assumed that in all the solid solutions represented in Eqs. (1a) to (10a)
by the logarithmic terms, the partial molar volume of each component is in-
dependent of composition, or in other words, so far as volume is concerned, the
solid solutions are considered to be ideal. Thus the logarithmic activity terms in
Eqgs. (1a) to (10a) are assumed to be independent of pressure.

In any silicate liquid, the chemical potential of silica, is given by
8.} =0, + BT In o) (14)

where pg;0, is the chemical potential of silica in the standard state, namely silica
glass. If Bq. (14) is differentiated at constant temperature, re-arranged and the
appropriate substitutions made, then we obtain:

ologalfll®\ Va0, — Vo,
P |, 2303RT

(15)
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Fig. 2. The variation of log agig, with pressure at 1000°C for the mineral buffer reactions
shown in Fig. 1. Note that all have negative slopes except for the Kp-Le curve. The two
dotted curves refer to the variation of logag;;, as a function of pressure (ITSiOZ_ Vio,)
(P—1)/2.303 RT in the absence of a silica buffer

where V? is the molar volume of pure silica glass, and V is the partial molar
volume of Si0, in the silicate liquid or magma. Again we assume that the volumes
are independent of pressure, so that Hq. (15) can be integrated at constant
temperature to give:

- . Viern, — V0.
(log algP =Pram _ (oo gliguid)P~1bar 4 8‘;?03 R%Qa_ (P —1). (18)
Bottinga and Weill (1970) have evaluated the partial molar volumes, V, of
many oxide components in liquid silicate systems for a large range of composition
and temperature. Least-squares analysis of their data for I—fsioz over the tem-
perature range 1250°-1600°C gives:

T/"Sioﬁ =2.573 X 10¢T(°K) 4 26.37 c.c, mole?
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which with change of units (to cal. bar—) and substitution of Vg, gives:

V—ve

_ s 0.0047
SR — 1.34 X 10 —5 (17)

By substitution of Eq. (17) into Eq. (16), we obtain:
(log aligsiayP = Pbar _ (log gigsiyp—tbar  [1 34 5 10-s— DTN (p_1). (18)

Two hypothetical examples of the determination of B, are shown in Fig. 2.
Let us suppose that a basaltic lava has a glassy groundmass which was quenched
at 1000°C and 1 bar, and log #3859 is —0.219 (Fig. 2). The effect of pressure on
log o831 at 1000°C using Eq. (18) is shown by the upper dotted curve in Fig. 2
assuming that a silica buffer is not present. This curve intersects the Quartz curve
at 10.8 kilobars, so that the hypothetical basaltic liquid, at constant temperature
and constant composition, would be saturated with quartz at pressures in excess
of 10.8 kilobars. As another example, assume that a phonolitic lava is quenched
at 1000°C on the surface to an assemblage of glass with microlites of nepheline
and albite; then log afio would be equal to —0.629 (Fig. 2). In the absence of
a silica buffer, i.e., either nepheline or albite (or both) disappears, then log afifyid
will vary with pressure (Eq. 18) as shown by the lower dotted line in Fig. 2.
A phonolitic liquid at 1000°C would therefore be in equilibrium with forsterite
and enstatite at a pressure of 15 kilobars.

Before applying these equations o actual examples with measured mineral
compositions, it is necessary to digress into the relationship between the activity,
a, of a component in a solid solution, and the mole fraction, X, of that component.
Williams (1971) has given the following equations relating activity to composition
for olivines and the calcium-poor pyroxenes.

log agegio, = 0.22 (1 — Xpegi0,)* +108 Xpesio, »

log aygi0,=0.22 (1 — Xyggi0,)* +10g Xypsio, »
log ageg, 0, = 0-16 (1 — X, gi0,)* +108 Xy 510,
log apggsi,.p0,=0-16 (1 — Xy 6i0,)* +10g Xy 550, -

He indicates that these equations apply in the temperature range 900-1400°C
and for pressures up to 10 kilobars. These equations contrast to the ideal mixing
relationship (4H,,; =0) which for calcium-poor pyroxenes would be Xg,g0, =
pesio, and for olivines, ay, Slol_XMngK)a’ the squared term arising from an
assumed random entropy of mixing on two lattice sites.

As an example of the application of William’s equations, and their contrast
to the ideal mixing relationship for olivine, we will use the mineral data obtained
by Brown (1971) on a ugandite lava (U.111). The groundmass contains kalsilite
(0.95 Kp), leucite (0.99 Le), olivine (0.13 Fa), ilmenite and titanomagnetite
(0.346 Mt). Using Buddington and Lindsley’s (1964) curves, the co-existing iron-
titanium oxides give an equilibration temperature of 990°C and log f,_ of —11.2.
Substitution of the kaliophilite-leucite data into Eq. (9a) gives a value for
log a5 of —1.457 at 990°C. Substitution of the relevant mole fractions and
fo, into Eq. (10a) at the same temperature gives a value of log @gi0, Of —1.457
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Table 2. Values of Py for quariz bearing acid lovas

Locality Xpe,5i10, Xwesio, I°C  logfo,  Xweo, Diotal FPotat  Pm,0?
and (@=Wil- (a=X
sample No. liams)  or X?)

kilobars kilobars bars

Arran, 0.879 — 900 —12.9 0.442 5.62 5.44 —
Scotland

(AC.T)

Pantelleria 0.862 — 1025 —11.2 0.236 7.53 7.28 —
(3112)

Mono Craters, California

Cam. 73 0.893 — 810 —14.7 0.564 345 3.33 —
Cam. 99 0.893 — 790 —15.1 0.588 3.62 3.50 —
Cam. 86 — 0.629 940 —11.1 0.577 9.25 7.71 e
Cam. 93 — 0.630 960 —10.9 0.573 7.45 6.19 —
Cam. 95 —_ 0.664 850 —13.2 0.590 7.64 6.48 —
Lassen Peak, California

Cal. 19 — 0.293 865 —10.9 0.844 7.83 2.61 265
Talasea, New Britain

196 — 0.35 920 —10.5 0.768 4.94 0.30 —
279B — 0.30 860 —11.5 0.802 3.82 —1.29 —
Taupo Region, New Zealand

P30411 — 0.45 745 —14.6 0.783 9.58 6.77 1800
P30407 — 0.45 740 —14.6 0.783 0.58 6.77 1650
P28360 — 0.45 35 —15.2 0.752 6.12 3.32 1500
P27574 — 0.45 780 —13.6 0.755 8.91 5.99 —
P27575 — 0.447 755 —14.6 0.744 6.99 4.11 —
P27576 —_ 0.412 760 —14.1 0.758 8.24 4.97 —
P27580 — 0.408 755 —14.4 0.752 6.49 3.19 —
P27573 — 0.45 770 —14.0 0.752 8.55 5.66 —
P27579 — 0.45 750 —15.0 0.729 4.68 1.84 —
Average of calc-alkaline rhyolites 6.82 4.27 —

2 Py,o has been caloulated from fg,g using the tables of Burnham ef al. (1969); f g,owas
not corrected for Pyyy,1, which is equal to P A Vyjiqs and is small.

for the ideal mixing assumption for olivine, and of —1.215 if the William's
formulation is used. This descrepancy does not of necessity require that the
William’s equations are in error, but rather that the assumed ideal mixing of the
titanomagnetite taken together with the ideal mixing assumption of olivine is a
better way of approximating the mixing relationships of these two solid solutions;
in other words the errors involved in the assumption for olivine are balanced by
those for titanomagnetite. Hereafter we use the ideal mixing relationship for all
solids unless the William’s equations are specified for the olivine and calcium-
poor pyroxene components.
The other assumptions used in the later part of the paper are as follows:

(i) The partial molar volume of any component in it’s respective solid solution

series is independent of composition.
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(ii) A magma quenched on the surface (P=1 bar) can exist as a liquid of
identical composition at some depth in the erust or mantle.

(iii) The chemical potential of silica, ugg, is fixed at any temperature and
pressure by the presence of a silica-buffer. Although the concept of the chemical
potential does not require a liquid phase, we have to assume that a liquid was
present in order to estimate the change of ugo, with pressure, Eq. (18).

(iv) Most temperatures have been estimated by using the equilibration tem-
peratures of the coexisting iron-titanium oxides (Buddington and Lindsley, 1964);
in several cases, inspired guesses have been made.

In the next two examples of caleulating £ .., we do not have to take into
account the effect of temperature on silica activity in a magma. This effect will
be considered later.

Acid Lavas with Quartz Phenoerysts

Many acid lavas, particularly obsidians, contain phenocrysts of quartz together
with a fayalitic olivine or an orthopyroxene, ilmenite and titanomagnetite. It is
reasonable to assume that these phenocrysts crystallised at the same time,
especially as they are often present in only small amounts, so that the values of
temperature and oxygen fugacity (f, ) derived from the composition of the iron-
titanium oxides can be assumed to apply to the whole phenocryst assemblage.
By substituting log f, and the relevant mineral data into either Egs. (10a) or
(11a), we obtain a value for log alsi?(‘)‘id at the iron-titanium oxide equilibration
temperature and at P bars total pressure. This must be equal to log u‘si%l;d given
by Eq. (2) (Table 1) as quartz and the other phenocrysts are in equilibrium; the
equations are illustrated below for a fayalite-pitchstone from Scotland (AC.7)
using William’s equations (p. 7) for the olivine. The mineral compositions are
taken from Table 2.

liquid, P bars, 1173° K
(log asio,")

8270 0.0552 - 1 2
= 1173 —2.81 — 1173 (P - 1) +10ga%‘lgéli18=+ ?log fO, - ilog a’Fe,O‘
Eq. (10a), Table 1. (19)
0.0552 309 0.0239
= +0.0695 — 1173 (P—1)= — 413 +0.183 _W(P—l)

Eq. (2), Table 1.
E .., =562 kilobars.

We have tabulated in Table 2 the calculated values of F,,, for a variety of acid
lavas, the mineral data having been taken from Carmichael (1967a); Ewart et al.
(1971) and Lowder (1970). We have given two values for B, for each rock, one
calculated on the ideal mixing assumption, and the other using William’s equa-
tions (p. 7).

The values for B, are systematically lower if the ideal mixing expression for
activities is used in Egs. (10a) and (11a), but the writers have no way of evaluating
which set of data are more correct; we tend to believe the William’s set here but
we have no check in the rocks themselves on his activity expressions as we did
in the ugandite lava (p. 7).
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The data show that all the rhyolites equilibrated at less than 30 kilometres,
with the one peralkaline rhyolite, a pantellerite, having an intermediate value of
F, a1 - Infour cases, values of Py o are known, derived either from the occurrence
of biotite or in the case of the three New Zealand rhyolites from the phenocryst
assemblage of orthopyroxene, cummingtonite, and quartz (Ewart et al., 1971). In
all cases, Py o is much lower than F, as has been suspected by petrologists for
many years.

It is obvious from the Quartz curve in Fig. 2 that a typical acid magma pre-
cipitating quartz at a depth equivalent to an average of about 6 kilobars, will
become unsaturated with quartz at lower pressure at constant temperature.
Presumably this explains the resorbed or embayed quartz phenocrysts so common
in acid lavas.

Many rhyolites do not contain phenocrysts of quartz, so that values of F .,
derived from Eqgs. (10a) and (11a) in conjunction with Eq. (2) will give minimum
values of B, . Two Icelandic rhyolites from Thingmuli have an average F,;,; of
4.19 kilobars, while a mildly peralkaline obsidian from another locality (Oraefi)
indicates a minimum value of 7.58 kilobars.

ofal >

Kimberlites

Nixon ef al. (1963) have given a splendid account of the mineralogy of the Basuto-
land kimberlites which we use to estimate E,,; for these rocks. A typical kimberlite
contains olivine, diopside, perovskite, and ilmenite with substantial amounts of
MgTiO, (giekielite). In addition, Nixon et al. report zircon with an outer rim of
baddeleyite (ZrO,) so that the crystallisation path must have cut the Bd-Z curve
(Fig. 2) at some pressure and temperature; we have assumed a temperature of
1327°C (1600°K).
The major mineral components of a kimberlite can be represented by the

following reaction

CaTiO, + 1 Fe,SiO, + 2 Mg,SiO, - 8i0, = § FeTiO; 4 § MgTiO, 4 CaMgSi,O4*

p-perovskite fayalite forsterite glass  ilmenite giekielite diopside

which can be recast to:
(log aif§it)? **® — A4 G°/2.303 RT

il it il it
AV b 1) 1 10g afarzsio,) (wemio, )1 (AgTio, ) (20)
+ + 10, THel . .
2303 RT (@peaios )" (Fersio ) (g sio)*

Obviously the value of log ag,q, derived from Eq. (20) must be equal to that of
Eq. (4a) for that point in the kimberlite crystallisation path where zircon was
replaced by baddeleyite. Representative mineral data taken from Nixon et al.
(1963) are olivine =0.92 Fo ilmenite = 0.58 FeTiO,; giekielite =0.30 MgTiO,;
diopside = 0.60 CaMgSiOg and the value taken for perovskite (0.87) is the average
analysis given by Smith (1970). Using the free-energy and molar volume data of
Robie and Waldbaum (1968), Eq. (20), with substitution of the relevant mineral
data, becomes:

0.0338
(log aff5.Y)" =P = —0.5253 — — oo (P—1). (21)

* Note that this equation involves cubic §-perovskite with a molar volume of 0.79766 cal.-
bar—! and fayalite whose 4 Gf of the solid was extrapolated to 1600°K.
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Eq. (21) is set equal to Eq. (4) (assuming unit activity for both zircon and
baddeleyite), the value of which (Table 1) is given below in Eq. (22).

(log alif5idy? =P — _0,0375 — o (P —1). (22)

Eq. (21)

Solution for P gives a value of 55.7 kilobars for the pressure at which baddeleyite
replaces zircon at 1327°C in a kimberlite. It is now assumed that either perovskite
or ilmenite disappeared at higher pressure and that the liquid at 1327°C and
55.7 kilobars was present at the stage of diamond formation (Kennedy and
Nordlie, 1970); then by using the analyses of Meyer and Boyd (1969, 1970) for the
olivine (0.92 Fo) and orthopyroxene (0.94 En) inclusions in diamond, a value for
E i1 can be calculated. We can state that

(1 og ahquld)P diamond

= (log ahquld)P Bd-Z eqlm. + [1'34 « 1076 — 0.070747 ] (P—PBd'Z). (23)

wheretheright hand sideis obtained from Eq.(18); the value of (log ahq‘“d)P =Bd-Z eqim.
is taken from either Eq. (21) or (22) at 55.7 kilobars and equals —1.7015. Thus
the right hand term of Eq. (23) becomes

0.0047
1600

The left-hand side of Eq. (23) is obtained from Eq. (3a) (Table 1) and if the
values for the olivine and enstatite inclusions are inserted gives

0.0424
1600

At equilibrium, with Eq. (24) set equal to Eq. (25), we obtain a value of
63.5 kilobars for the pressure at the stage of diamond formation. For pressures of
this magnitude, mineral compressibilities, or the variation of A V with pressure,
should be taken into account, if the information were available. Despite this,
these values of F, ., are in accord with the various speculations on kimberlite
which have recently been summarised by MacGregor (1970).

(log aligyidyP =diamond — __ 1 7015 4- |1.34 x 1076 — (P—55700). (24)
g

(log qligyidyP = diamond . _ (306 — (P—1). (25)

The Effect of Temperature on ag;q

One of the principal applications of the method for determining B, is tolavas
quenched on the earth’s surface. If a silica buffer assemblage is present in the
groundmass, then log ulslﬁc‘,“d can be determined at the quenching temperature.
However it is unlikely that a lava was ever in equilibrium with mantle material
at the quenching temperature, so that knowing log alsi?gid at one temperature, it
is necessary to calculate it at some higher temperature, and then calculate the

effect of pressure using Eq. (18).
The appropriate thermodynamic relationship analogous to Eq. (15) is

( olog agio, ) _ —Hsio,+H";o,
oT P 2.303 RT#

(26)

where H sio, 18 the partial molar enthalpy of silica in the silicate liquid, and H?
is the molar enthalpy of silica in the standard state (glass).

Si0,
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However there is no data, at least available to writers, on H, sio, in silicate
liquids. So we have attempted to estimate the effect of temperature on ag,, by
using two sets of experimental results on lavas.

For an andesite, Green and Ringwood (1968) report that quartz appears on
the liquidus at 1240°C (1513°K) and 18 kilobars, and in the same composition
at 1330°C (1603°K) and 27 kilobars. If it is assumed that the co-precipitation
of the other minerals with quartz changed the liquid composition by the same
amount in each case, then by using Eq. (2) we can calculate log a3 at each

temperature and pressure. Thus

(log aliggiaytsss®, 1so00bass_ —39 4 o g5 0929 (1g000)— _0.3055 (27)

1513 1513
and
(log alggiaytoos zro00tan_ —39 ¢ 193 089 (97000)— —0.4122. (28)

If these values are corrected back to 1 bar using Eq. (18), in this way;

(log alggid)P 10w (1og gimueyP 1 1345 10— 2D (1 _p)  (29)

we obtain —0.2738 and — 0.3692 respectively. The difference between the two
values, 0.0954, is taken to result from a temperature rise of 90°.

Alogadffid  —0.0954

Therefore T 50

= —10.60 x 10—+ 71,

Similar reasoning for an olivine-tholeiite (Green and Ringwood, 1967) with a

. . A log aligid
similar temperature range (110°C) gives a value of —ATS‘O—M = —15.18 x 10471,

We follow a time honoured principle, and take the average of the two results,
so that

(log a8 T: = (log @58 T: —0.001289 (T, —T1). (30)

We are now in a position to caleulate B, for any lava if we know log aiinid
at 1 bar and any temperature.

Trachybasalts of Southern California

In the eastern Mojave desert, there are a series of Recent lavas of frachybasalt
which contain phenocrysts of olivine and pyroxene, together with a residual glass
with substantial amounts of normative nepheline (Smith and Carmichael, 1969).
In two of these lavas 253 and 256, olivine, titanomagnetite and ilmenite are also
found as groundmass constituents; the iron-titanium oxide equilibration tem-
peratures are given below together with the appropriate mineral data.

Sample Xgegi0, I°C  logfo, X¥e,0, log alif8id at 1 bar
253 0.320 980 —11.7 0.323 —0.7724

256 0.275 995 —11.4 0.320 —0.8794
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Substitution of the relevant mineral compositions into Eq. (10a) gives values
for log ag;o, at 1 bar for the two lavas at their respective temperatures.

In the Dish Hill cinder cone of this voleanic field there are abundant lherzolite
nodules whose constituent minerals have been analysed by White (1966). Let us
assume that these lavas could have been at a temperature of 1300°C, and then
calculate the I, at which they could have been in equilibrium with these
nodules.

Using Eq. (30), we first calculate log alli® at 1300°C and 1 bar. For lava
No. 253, a value of —1.1849 is obtained. Then at 1300°C, the variation of
log aif3™ with pressure will be given by Eq. (18) (Table 1). Thus

—0.0047

(log asf, 7" D™= —1.1849 + |1.34 X 1078 —

(P—1). (31)

In the lbherzolite nodules, log als"}(‘)“d is defined by the assemblage of olivine and
orthopyroxene. Typical values for the composition of these minerals are (0.899 Fo
and, for the orthopyroxene, 0.889 En; log af}? for the Iherzolite can be calculated
from Eq. (3a). Thus

hquld)P P bars __

(log a hquld)P 1 bar

(IOg 280,
AVo (32)
+ 530w (£ —1) +log ag, —2log ay,

which from Table 1, and substituting the mineral data becomes

=P 0507 2% (p_1)—0.0095. (33)

1f Eq. (33) is set equal to Eq. (31), it can be solved for P. Below we have given
the values of B, for each of the two lavas, firstly calculated at 1300°C, and
secondly at the quenching temperature, thus assuming that the lavas have not
cooled since equilibrating with the lherzolite nodules.

1300°C Quenching. 7°C
253 44.0 kilobars 17.0 kilobars
256 47.5 kilobars 21.0 kilobars

These calculated results are not far from those obtained by Green and Hibberson
(1970) who found that the near-liquidus orthopyroxenes of an alkali olivine-basalt
(no normative nepheline) at 1200°C and 14 to 16 kilobars was similar in composi-
tion to it’s orthopyroxene ““xenocrysts”.

Ugandite Lavas

These are potassic lavas from the African rift valley, whose mineral composi-
tions (Brown, 1971) have already been noted on page 7. Log alsl%‘d at 990°C and
1 bar was calculated to be —1.457 irrespective of whether Eq. (9a) or (Eq. (10a)
was used. The lavas contain nodules of biotite-olivine-pyroxenite, or dunite with
small amounts of biotite (Combe and Holmes, 1945). As yet orthopyroxene has
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not been found either in the nodules or as xenocrysts in the lavas. However we
will assume that these lavas were in equilibrium at some pressure with a gen-
eralised mantle assemblage of olivine (0.90 Fo) and orthopyroxene (0.85 En).
Presumably the absence of orthopyroxene indicates that these estimates of
F, o1 will be maximal, for at all lower pressures orthopyroxene of Eng; composition
will be unstable.

If Eq. (3a) is taken in conjunction with Eq. (18), then E_,,; can be obtained
assuming a constant temperature of 990°C. If on the other hand the lava is
considered to have cooled since leaving the mantle, then using Hq. (30) we can
calculate another value for B, . Theresults for U.111 are: 38.0 kilobars at 990°;
69.0 kilobars at 1300°C. The latter I}, ; value is not dissimilar to that calculated
for kimberlite at the same temperature, which is not unsuspected, as many
petrologists believe the two rock-types to be genetically connected.

Leucite Hills, Wyoming

Orendite lavas contain leucite and sanidine in the groundmass and may contain
phenocrysts of olivine (ca. 0.90 Fo) or olivine with & reaction rim of phlogopite
(Carmichael, 1967b). As co-existing iron-titanium oxides are absent in this suite
of lavas, it is not possible to derive a temperature at which they were quenched
on the surface. However as their solidus temperatures are close to, or above
1050°C, and as they often contain only small amounts of phenocrysts, it has been
arbitrarily assumed that the groundmass was quenched at 1100°C. Slis a jumillite
lava from Spain, and of allied composition. Substitution of the leucite-sanidine
mineral data, tabulated below, into Eq. (7a) gives log alsi‘i%‘id at 1100°C and 1 bar,
which is then substituted into Egq. (18). Although orthopyroxene phenocrysts
have not been found to accompany olivine phenocrysts in the Leucite Hills lavas,
we have assumed that if they did occur they would have the composition 0.85 En.
Substitution of the olivine and orthopyroxene data into Eq. (3a), and its equality
to the appropriate data in Eq. (18), will allow £, to be calculated. A parallel
calculation gives P, if the lavas are assumed to have equilibrated at 1300°C
with an olivine-orthopyroxene assemblage. The results are shown below.

Table 3
Sample Xieucite Xsandine 1°C (log alsi(il(‘)lzd)l bar  Pital Protal
at 1100° C at 1300° C

Si 1.000 0.903 1100 —0.7912 20.3 kilobars 37.1 kilobars
LH3-13 0.965 0.980 1100 —0.7396 18.5 kilobars 35.1 kilobars
LH-10 0.965 0.979 1100 —0.7406 18.6 kilobars 35.1 kilobars
LH-11 0.965 0.983 1100 —0.7388 18.5 kilobars 35.0 kilobars
LH-15 0.965 0.981 1100 —0.7407 18.6 kilobars 35.1 kilobars

Phonolitic Trachytes

Two kenytes from Antarctica described by Carmichael (1964) contain pheno-
erysts of anorthoclase enclosed by a glass with infrequent crystals of nepheline.
The composition of the nepheline (0.593 Ne) suggests a temperature of about
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800°C (Hamilton, 1961) and the alkali feldspar microlites have a composition of
0.464 Ab. Substitution of this mineral data into Eq. (6a) (Table 1) gives a value
for log ol at 800°C and 1 bar of —0.8340. The problem is to calculate P,
at which the anorthoclase phenoerysts (0.646 Ab) were in equilibrium with
nepheline of groundmass composition. As nepheline did not in fact co-precipitate
with the anorthoclase phenocrysts, the calculated F,,,, will be a minimum estimate,
and at all higher pressures nepheline of that particular composition will be un-
stable. Solution of Egs. (18) and (6a) for a kenyte (1910 — 199) givesa B, value
of 4.20 kilobars; the parallel calculation for 1000°C gives a value of B, of
31.3 kilobars. The rather large difference between these two results for a tem-
perature rise of 200°C, reflects the rather shallow slope of the Ab—Ne curve in
Fig. 2 in comparison to the Fo—En curve.

Basie Lavas with Quartz “Xenoerysts”

Many of the basalts or basaltic-andesites associated with volcanism along the
continental margins contain resorbed crystals of quartz with coronae of pyroxene
grains. Examples are found in the 1851 and pre-1851 eruptions of Lassen Peak,
California (Smith and Carmichael, 1968) and in Talasea, New Britain, lavas
(Lowder and Carmichael, 1970), but in neither case do the Sr87/Sr8¢ ratios give
any indication of the incorporation of silicic material (Peterman ef al., 1970a, b).
As the groundmass mineral compositions of these lavas are known, and assuming
a quenching temperature of 1000°C, the pressure at which these lavas would be
saturated with quartz can be calculated. Eq. (3a) gives a value for log alsi?gid at
1 bar, which is inserted into Hq. (18) which in turn is equated to Eq. (2) and
solved for P. The Lassen basalt gives a value of 14.3 kilobars, and the Talasea
basaltic-andesite a value of 16.0 kilobars.

If a temperature of 1100°C is assumed to be the temperature at which these
basalts equilibrated at depth, then the calculated values of P,,,, are 24.9 kilobars
and 26.8 kilobars respectively. The so-called quartz ““xenocrysts’ may in fact be
stable at elevated pressures, and cognate in the same way as more widely rec-
ognised high-pressure pyroxene phenocrysts in lavas (e.g., Binns et al., 1970).

Basaltie Liquids and the Mantle

Many basalts show evidence either in their xenoliths or their phenocrysts of
having come from the mantle, or having been in a higher pressure environment.
Thus it is interesting to calculate F,;,; for these lava suites, assuming, as before,
that they equilibrated with a mantle made up of olivine (0.90 Fo) and ortho-
pyroxene (0.85 En). One example is the iron-rich tholeiitic series of Thingmuli in
eastern Iceland (Carmichael, 1964). These lavas commonly have liquidus tem-
peratures near 1100°C (Carmichael, 1967) and we shall assume, as before, that if
they did equilibrate with the mantle they did so at a temperature of 1300°C. The
calculations indicate that a basaltic-andesite and an olivine-tholeiite would
equilibrate at 11.1 and 15.6 kilobars respectively. At their liquidus temperatures,
this suite of basic lavas would become saturated with quartz over a range of
5.95 to 13.4 kilobars, and must therefore have acquired their 1 bar silica activity,
or composition, at depths corresponding to lower pressures.
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Fig. 3. The calculated values of P, plotted against depth for the rock types described in
the text at their quenching temperatures. 253 and 256 refer to two trachybasalts from
southern California; Quartz-Basalts represents one sample from Lassen, California, and one
from Talasea, New Britain; B ,; (at 1327°C) for inclusions in diamond and Z-Bd (zircon-
baddeleyite) refer to kimberlite

An olivine-bearing high-alumina basalt from the Lassen region, California,
(Hat Creek) (Smith and Carmichael, 1968) would become saturated with quartz
at 47.6 kilobars at it’s liquidus§ temperature (1050°C) and at 1300°C would be in
equilibrium with our generalised mantle composition at 40.2 kilobars.

In Fig. 3 we have plotted the calculated E;,; for all the rocks described above,
which can be equated to depths using Birch’s (1964) depth-pressure curve. All
the plotted points are derived from the actual quenching temperatures, rather
than the assumed temperature of 1300°C which we have used to calculate the
total pressure for equilibration with a generalised mantle composition. The
general trend is for liquids of low-silica activity to equilibrate with a particular
limiting reaction at greater depths than those lavas with high silica activities.
‘We may note in passing that the calcium-content of olivine becomes diminished
with increasing pressure at constant temperature (Fig. 2, lowest curve), so that
as more plentiful and accurate data becomes available (e.g., Simpkin and Smith,
1966), the calcium content of olivine could be used as an indication of B, in a
wide variety of rocks.

Andesites and the Benioff Zone

Dickinson (1968) and Hatherton and Dickinson (1969) have shown that a cor-
relation exists between the potassium content of andesites and basaltic-andesites
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and the depth to the underlying Benioff zone. This correlation has become so
widely accepted that maps are now being made of the configuration of the
Benioff zone, one example being the Great Basin of western north America
(Lipman ef al., 1971). The low velocity zone of the upper mantle lies approxi-
mately between 90 and 180 kilometres, and Hatherton and Dickinson (1969,
Fig. 1) envisage this region, or it’s intersection with the Benioff zone, to be the
source of andesite magma or it’s precursor. It is obviously informative to cal-
culate B, ; for an andesite lava in equilibrium with a generalised mantle compo-
sition of olivine (0.90 Fo) and orthopyroxene (0.85 En). Presumably an andesite
lava (ca. 60% SiO,) will have a value of log aliiyd between that defined by the
Fo-En and Quartz curves in Fig. 1; we will take a value of —0.200 at 1000°C,
a plausible quenching temperature for this type of lava. By using Eq. (30), we
can calculate log alsi?(‘)‘id at 1300°C or 1400°C, again a reasonable estimate of the
temperature at which an andesite magma could be in equilibrium with the mantle
composition. The calculated values are 18.8 kilobars (1300°C) and 27.0 kilobars
(1400°C) using Eq. (3a) (Table 1). Allowing for a small variation in mantle
mineralogy and uncertainty of the precise value of log affy% in an andesite, an
upper limit of perhaps 25 kilobars at 1300°C is reasonable. Andesites therefore
equilibrate with mantle material at depths of 75 kilometres or less (Fig. 3) and
at all greater depths, the andesite liquid must change in composition, or lower
it’s silica activity, to remain in equilibrium with the mantle.

Magmas generated at greater depths will tend to be more basaltic than andesitie,
and the continued equilibration of an andesite precursor at depths between
perhaps 200 kilometres and 75 kilometres may generate, by fractionation of
crystalline phases which reject K,0, the requisite increase in K,0 shown by
Hatherton and Dickinson (1969) if indeed the Benioff zone is the source of the
parent magma of andesite.

If magma of andesite composition is generated at depths greater than 75 kilo-
metres (Green and Ringwood, 1968) then in order to maintain it’s composition
it will have to be segregated from the surrounding mantle. At pressures above
42.3 kilobars (1300°C) or 55.7 kilobars (1400°C), this andesite magma will become
saturated with quartz. It is apparent from the density data of Bottinga and Weill
(1970), that there may sufficient density contrast for quartz to sink in an andesite
magma. The distribution of quartz “xenocrysts” in island arc voleanic suites
with low Sr87/Sr% ratios could be a productive study of magma history at depth.

Lunar Basalts (Apollo 11)

Brown (1970) has provided a concise summary of the mineralogy of the lunar
basalts collected by Apollo 11 and also a few preliminary comments on the
Apollo 12 basalts. There are, in the Apollo 11 basalts, striking mineral incom-
patibilities, one for example, being the oceurrence of perovskite and plagioclase,
which has never been found to coexist in terrestrial lavas (Carmichael et al., 1970).
Other examples are the occurrence of cristobalite, perovskite and baddeleyite
which are unstable at all pressures and temperatures (Figs. 1 and 2); baddeleyite
and perovskite are only stable above 37 kilobars at 1000°C (Fig. 2). It seems not
unlikely that these basalts are partly a mechanical mix of incompatible phases,
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so that it is facile to accept the vast amount of chemical data on these basalts as
indicative of a magma with the same composition as the lavas.

However silica activity can be used to give estimates of T, f, and the rather
thorny problem of the existence of an Fe,0, component in these basalts. We
start with the occurrence of fayalite (1.00 Fa) and pyroxferroite (0.85 Fs) in the
groundmass of a lunar basalt (Brown, 1970, p. 6487). Substitution of this data
into Eq. (1) at 1 bar (Table 1) gives a value for log alg‘il‘olid which must be equal
(at 1 bar) to that defined by Eq. (2) (cristobalite has been substituted for quartz
as the solid phase); the solution for 7' gives a value of 1009°C.

The value of log agq, obtained from either Eq. (1) or Eq. (2) at 1009°C is
substituted in the following reaction

2¥e + O, -+ Si0, = Fe,8i0, (34)
iron glass  fayalite
which re-arranged gives
log fo, =4 G/2.303 RT -+log afiiy, —log aifid — 2 log afe®. (35)

By using a value of 4G%2.303 RT at 1009°C (1282°K) taken from Eugster and
Wones (1962), corrected for silica glass, and substituting log ag, = —0.0840,
ag, =1, and ap, =1, gives log f, = —15.18.

I ag,, fo,> and ayp, are now substituted in the following reaction

Fe,0, + 2 Si0, = £ Fe,Si0, + £ 0, (36)
or
log a%“j‘f(‘)“eme =/AG%2.303RT + £log a%]ég‘i‘g‘ glog fo, — 3log agp, (36a)

a value of ap, o, is obtained. The value calculated is 0.0099, which is equivalent
to 0.99% Fe,0, in the spinel phase if ideal mixing is assumed. This in turn gives
approximately 0.68% Fe,O, in the spinel phase, or if the basalt contained 15%
of this iron-titanium oxide, approximately 0.10 % ¥e,04 in the rock. Most analytical
chemists would shy away from reporting such small quantities of Fe,O4 in the
presence of so much FeO (~19%), particularly with metallic iron as a component.

Conclusion

In all the calculations of B, we have assumed that the composition of the lava
or magma remains constant. To what extent this is true of the major components
is unknown, but certainly many lavas are likely to lose water as they approach
the surface and crystallise on it. It is at least possible that a magma at depth may
only differ substantially from one at the surface by an increased amount of water.
Experimental work on silicate systems, particularly the granite system (Tuttle
and Bowen, 1958) indicates that increasing the water content of a silicate liquid
increases ag;o ; in other words liquid compositions which crystallise feldspar as
the initial phase when dry, crystallise quartz as the initial phase when the lignid
contains water. Thus the calculated values of P, for rhyolites will be decreased
if their water component increases with depth. For basaltic magmas, increasing
the water content may have the opposite effect. The data on the system diopside-
forsterite-silica (Kushiro, 1969) shows that water (Fg o= 20 kilobars) causes the
migration of the Fo-En boundary curve to higher silica contents compared to
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the same boundary with dry liquids at 20 kilobars. Although the effect of water
on silica activity is difficult, if not impossible, to evaluate, in prineiple it appears
that one way a basaltic liquid of otherwise constant composition could remain in
equilibrium with the mantle over a range of pressures is to increase it’s water
content as it migrates towards the surface.
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