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Abstract

In the system CaO-MgO-Al1,04-Si0,, the solidus curve for simplified spinel lherzolite has
been determined from 9 to 14 kbar; and at 9 kbar, 1305°C, an invariant point on the lherzolite
solidus has been located at which forsterite, enstatite, diopside, anorthite, spinel, and liquid
are in equilibrium. The AL O, content of enstatite on the spinel lherzolite solidus is 8.4 weight
percent at 11 kbar, 1350°C. This point, combined with data on Al,O; in enstatite in the garnet
lherzolite field and the position of the spinel to garnet lherzolite transition curve, leads to the
conclusion that ALQO; isopleths of enstatite in the spinel lherzolite field have gentle and
probably negative d7/dP slopes in sharp contrast to the steep positive slopes found by
MacGregor (1974) in the system MgO-Al,0,-SiO,. Published paleogeotherms for spinel
lherzolites therefore need revision to the extent that they depend on the data of MacGregor.
Isopleths of Al, Oy in enstatite in the plagioclase lherzolite field are more steeply negative and
may provide a good geobarometer for this rock type.

Introduction

Until recently, it has been possible to make only
very crude estimates of the depth of origin of ultra-
mafic intrusions and ultramafic nodules brought to
the surface by volcanic eruptions, these estimates
being based on the experimental observation that
spinel lherzolite is stable at lower pressures than gar-
net lherzolite. Boyd (1973) introduced a method that
shows promise of revealing much more detailed in-
formation about the stratigraphy of the upper
mantle. For lherzolite nodules from northern Leso-
tho containing the assemblage garnet + diopside +
enstatite, he used the Ca/(Ca + Mg) ratio of diopside
as a geothermometer and the Al,O; content of ensta-
tite as a geobarometer. He was then able to order the
nodules according to depth, and to plot them along a
paleogeotherm. For determining pressures from the
Al,O; content of enstatite, he used the data of Mac-
Gregor (1974) for the assemblage forsterite + ensta-
tite + garnet in the system MgO-Al,0;-Si0..

MacGregor (1974) also determined the Al,O; con-
tent of enstatite for the assemblage forsterite + ensta-
tite + spinel in the same system, and found Al,O,
isopleths with positive d7/dP slopes sufficiently steep
to be useful as a geobarometer for spinel lherzolites.

! Contribution No. 296.

He constructed paleogeotherms for both garnet and
spinel peridotite nodule localities, and MacGregor
and Basu (1974) used similar paleogeotherms for a
more extended discussion of the thermal structure of
the lithosphere.

Based on thermodynamic considerations, Wood
(1976) criticized MacGregor’s Al,O; isopleths in the
spinel field, and concluded that the d7/dP slope of
the isopleths varies from zero at about 800°C to
slightly positive at higher temperatures. Obata (1976)
also calculated Al,O; isopleths in the spinel field and
obtained a very similar result. It was pointed out by
Wood that the Al,O, content of enstatite determined
by Anastasiou and Seifert (1972) at 3 kbar, 920°C is
in good agreement with the theoretically derived iso-
pleths. MacGregor (1974) also noted the discrepancy
between his own data and the results of Anastasiou
and Seifert.

An additional data point (Taylor, 1973) not men-
tioned by Wood is also in good agreement with his
theoretically derived isopleths. In Table 2, Taylor
listed a run at 15 kbar, 1570°C for the composition 31
percent MgO, 20 percent Al,O,, 49 percent SiO,, in
which he made a microprobe determination of the
Al,O; content of enstatite (13.4 weight percent Al,0;)
in equilibrium with liquid. The composition of the
starting mixture is very close to the peritectic at which
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forsterite, enstatite, spinel, and liquid are in equilib-
rium, and the temperature of the run is only 5 degrees
above his temperature (1565°C) for that peritectic.
Thus, he essentially determined the composition of
enstatite in equilibrium with spinel and forsterite at
the solidus for that assemblage.

Akella (1976) extended the data of MacGregor
(1974) in the garnet lherzolite field by adding CaO
and determining the Al,O,; content of enstatite in
equilibrium with garnet and diopside. His Al,O; iso-
pleths are slightly steeper than those of MacGregor.
Akella reversed his reactions by approaching the final
ALO; values using enstatites with both high and low
ALO; contents. Obata (1976) calculated Al,O; iso-
pleths for the spinel lherzolite field in the system
Ca0-MgO-A1,0,-SiO, and found them to have
d7/dP slopes ranging from zero at about 800°C to
very slightly positive at 1200°C, as in the system
MgO-Al1,0,-Si0,.

In this paper data are presented for the solidus
curve of the assemblage forsterite + enstatite + diop-
side + spinel in the system CaO-MgO-AL,Os-SiO,
from 9 to 14 kbar. The composition of enstatite at 11
kbar on this curve has also been determined. These
data thus define the high-temperature stability limit
of simplified spingl lherzolite and a limiting value for
the ALO; content of enstatite in equilibrium with
forsterite, diopside, and spinel. By combining these
data with the Al,Oj isopleths of Akella (1976) in the
garnet lherzolite field and the location of the transi-
tion between spinel and garnet lherzolite, it is pos-
sible to determine some rough limits for the slope of
ALO; isopleths in the spinel lherzolite field.

Experimental method

The high-pressure experiments have been carried
out in a piston-cylinder apparatus (Boyd and Eng-
land, 1960) with a pressure-cell arrangement identical
to that described by Presnall et al. (1973, Fig. 1),
except that the mullite sleeve around the thermo-
couple has been replaced by crushable alumina. Both
Pt/Pt10Rh and W3Re/W25Re thermocouples have
been used with no pressure correction applied to the
emf values. Temperatures have been corrected to
conform to the International Practical Temperature
Scale of 1968 (Anonymous, 1969). All experiments
were of the decompression (piston-out) type and no
friction correction has been applied. The sources of
the starting materials are the same as described by
Presnall et al. (1972). Glass starting compositions
were prepared by firing the oxide mixtures in a gas-air
furnace. Mixtures CMAS-4 and CMAS-5 were fired
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at 1500-1600°C for 4 hours, and mixture CMAS-6
was fired at 1550°-1670° for 4 hours. Polished thin
sections of all runs were made, and phases were iden-
tified with a petrographic microscope using both re-
flected and transmitted light. Analyses were per-
formed with an Applied Research Laboratories
model EMX-SM microprobe. Two synthetic glasses
(CaMgSi,O; and 90 percent MgSiO;, 10 percent
ALO; by weight) obtained from F. R. Boyd of the
Geophysical Laboratory were used as standards. Op-
erating conditions were 15 kilovolts accelerating po-
tential, 0.05 microamp beam current, and 150 micro-
amp emission current. The raw data were corrected
for fluorescence, absorption, and atomic number ef-
fects using the EMPADR VII computer program of
Rucklidge and Gasparrini (1969).2

Data

In order to determine the solidus for lherzolite at a
given pressure (for example 1 atm) a mixture was

2 Electron microprobe analytical data reduction, EMPADR VII,
Department of Geology, University of Toronto, Toronto, Canada
(unpublished manuscript).
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Fic. 1. Liquidus phase relations in the system
Mg,Si0,~CaMgSi,0,~CaAl,Si;04~-Si0, at 1 atm. Heavy lines are
quaternary liquidus univariant lines with arrows indicating direc-
tions of decreasing temperature. Compiled from Osborn and Tait
(1952), Bowen (1914), Andersen (1915), Kushiro (1972), Hyténen
and Schairer (1960), Yang (1973), and Presnall and O’Donneli
(unpublished data).
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TaBLE 1. Compositions in weight percent
and CIPW normative mineralogy of
starting mixtures

CMAS-4  CMAS-5  CMAS-6
Ca0 14.86  13.89 9.57
Mg0 16.16  18.92  28.14
Al,03 19,22  18.26  13.56
510, 49.76  48.93  48.73
fo 3.69  11.51  26.83
i 16.56  14.86 8.16
en 27.31  23.81  28.01
an 52.44  49.82  37.00

chosen that lies close to p (Fig. 1) and on a line
between p and forsterite. Runs at temperatures above
the invariant point will consist of olivine and liquid.
If the mixture does not lie exactly on the line between
p and forsterite, some combination of two or less of
the additional phases enstatite, diopside, and anor-
thite could also be present. Exactly at the temper-
ature of p, forsterite, enstatite, diopside, and anor-
thite would be in equilibrium with liquid. Below the
invariant point, the phase assemblage would be either
forsterite + enstatite + diopside + anorthite, or en-
statite + diopside + anorthite + liquid, depending on
the bulk composition. That is, either forsterite or
liquid disappears below p.

At higher pressures, the composition of p changes
and this necessitated the use of several different mix-
tures to determine the location of the univariant line
in P-T space. Table 1 gives the composition and
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normative mineralogy of each of the three starting
mixtures used.

Above 9 kbar, anorthite is replaced by spinel, and
the assemblage along the univariant solidus curve is
forsterite + enstatite + diopside + spinel + liquid.
Above the curve, one or more of the phases enstatite,
diopside, and spinel is absent, and below the curve
forsterite or liquid is absent, depending on the bulk
composition of the mixture.

The solidus curve has been reversed at 9.3 and 14
kbar using runs of 6 hours duration (Table 2). This
was done by initially bracketing the curve with 6 hour
runs. A second set of runs was then made in which
the sample was first held for 6 hours on one side of
the curve and then held on the other side of the curve
for an additional 6 hours. This was accomplished
without quenching the sample after the initial 6
hours. Complete conversion of the phase assemblage
was not achieved except for the reversal going up-
temperature at 14 kbar (Table 2), but in every case
the new phase or phases on the other side of the curve
were produced. The reversals are thus considered to
be valid. However, in order to be sure of the position
of the curve and in order to produce more homo-
geneous enstatites for microprobe analysis, runs of 24
hours duration were made. These are the only runs
shown in Figure 2. In every case, the 24 hour runs
were consistent with the position of the curve based
on the 6-hour reversal experiments. At 9.3 kbar, an
apparent inconsistency occurs between the runs at
1315° and 1320°C (Table 3), but when a + 10° uncer-
tainty is taken into account, the inconsistency dis-
appears.

TABLE 2. Reversal experiments

Initial Conditions

Final Conditions

T P Time T P Time
(°c) (kbar) (hr) °c) (kbar) (hr) Phases Present*
Composition CMAS-5
1330%* 9.3 6 - ~ - fo + gl
1330*%* 9.3 6 1290 9.3 6 fo + en + diop + sp + gl
1290 93 6 - - - diop + en + sp + gl
1290** 9.3 6 1330 9.3 6 fo + en + diop + sp + gl
Composition CMAS-6
1423 14 6 - - - fo + en + gl + q(fo, px)
1423 14 6 1382 14 6 fo + en + diop + sp + gl + q(fo, px)
1399 14 6 - - - fo + en + diop + sp + gl + q
1382 14 6 1423 14 6 fo + en + gl + q(fo, px)

*fo = forsterite, en = enstatite, diop = diopside, px = pyroxene, sp = spinel,
gl = glass, q = quench crystals, types of quench crystals in parentheses.

**A Pt/Pt10Rh thermocouple was used for these experiments.

For all other

experiments a W3Re/W25Re thermocouple was used.
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FiG. 2. Univariant solidus curve for plagioclase and spinel
lherzolite in the system CaO-MgO-Al,0,-Si0,. Open circles are
runs above the solidus, half-filled circles are runs on the solidus,
and filled circles are runs below the solidus. Brackets indicate
experimental uncertainty in the position of the curve. diop =
diopside, en = enstatite, fo = forsterite, sp = spinel, an = anor-
thite, iq = liquid. Mineral names in parentheses label the
univariant curves according to the absent phase.

The solidus curve for the assemblage forsterite +
enstatite + diopside + spinel terminates at a qua-
ternary invariant point at which these four phases in
addition to anorthite and liquid are in equilibrium.
This occurs at 9.0 kbar, 1305°C (Fig. 2), and one run
was made at this temperature and pressure in which
all the phases at the invariant point were observed. In
addition to the solidus curve for spinel lherzolite
(anorthite-absent), two other univariant curves are
shown. The spinel-absent curve corresponds to the
solidus curve for simplified plagioclase lherzolite (for-
sterite + enstatite + diopside + anorthite) and the
liquid-absent curve is the subsolidus transition curve
between simplified plagioclase lherzolite and spinel
lherzolite. Three other univariant curves originating
from the invariant point have been omitted for clarity.

The liquid-absent curve has been determined by
Kushiro and Yoder (1965, 1966) using a gas-pressure
apparatus, and their curve gives a pressure of 8.9
kbar at 1305°C. This is essentially identical to the
value of 9.0 kbar obtained here, suggesting that the
piston-out procedure used here requires no pressure
correction. This curve has also been determined with
piston-cylinder apparatus by Herzberg (1972) and
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Herzberg and O’Hara (1972), and the reported pres-
sure using a piston-out technique is 8.9 kbar, inde-
pendent of temperature. However, data points
plotted in Figure 60 of the paper by Herzberg (1972)
are compatible with a very steep positive d7/dP slope
and permit an uncorrected piston-out pressure of 9.1
kbar at 1305°C. Either of these pressures agrees with
the value of 9.0 kbar found here, indicating that
uncorrected piston-out pressures in the two labora-
tories are comparable. Using a gas-pressure appa-
ratus, Herzberg and O’Hara (1972) obtained a pres-
sure for this curve of 8.6 £ 0.15 kbar at 1100°C. Use
of the very steep d7/dP slope mentioned above yields
a value of 8.8 + 0.15 kbar at 1305°C, which also
agrees with the present determination.

At 11 kbar, 1350°C, a 24 hour run was made
containing forsterite, diopside, enstatite, spinel, and
glass. Enstatite grains from this run were analyzed
with an electron microprobe, and the tests for supe-
rior analyses of pyroxenes proposed by Papike et al.
(1974) were used as a filter for accepting or rejecting
analyses. ‘“‘Superior” analyses were obtained for
seven grains with Al,O, contents of 8.3, 8.6, 8.5, 8.7,
8.1, 9.6, and 5.5 percent by weight. Assuming all the
analyses are good, it appears that 24 hours is not
adequate to establish completely homogeneous ensta-
tite compositions throughout the capsule. However,
because the first five analyses are closely grouped
around an average value of 8.4 percent, I have ig-
nored the last two. Inclusion of the last two would
change the average to 8.2 percent, and would cause
no important changes in the conclusions of this pa-
per. The complete analysis and structural formula for
the average of the first five grains are given in Table 4.

Discussion

In order to determine the general trend of Al,O,
isopleths of enstatite in the spinel lherzolite field, the
data point at 11 kbar, 1350°C determined here has

TasLE 3. Quenching experiments all 24 hours in duration

T P
Composition (°C)* (kbar) Phases Present#**
CMAS~4 1302 8.7 diop + en + an
L 1305 9 fo + diop + en + an + gl
CMAS-5 1305 9 fo + diop + en + an + sp + gl
CMAS-4 1310 9 fo + diop + gl
CMAS-5 1310 9.3 fo + diop + en + sp + gl
e 1315 9.3 fo + en + gl
- 1320 9.3 fo + diop + en + sp + gl
" 1350 11 fo + diop + en + sp + gl + q(en)
u 1354 11 fo + en + gl + q(en)
CMAS-6 1400 14 fo + diop + en + sp + gl + q(en)

*A W3Re/W25Re thermocouple was used for all experiments.
**Abbreviations as in Table 2.
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TaBLE 4. Enstatite composition at 11 kbar, 1350°C
Number of Cations
Wt. Percent for 6 Oxygens
510, 53.3 + 0.3% si 1.82}2 00
Aly03 8.4 £0.2 a1 o0.18f
Mg0 34.7 £ 0.2 Al 0.16
Ca0 2.3 0.1 Mg 1.77 2.01
98.7 Ca 0.08

*Standard deviation based on separate
analyses of 5 grains ranging from 10 to
20 microns in diameter.

been combined with data on the AlLO; content of
enstatite in the garnet lherzolite field (Akella, 1976)
and the position of the transition curve between
spinel and garnet lherzolite (MacGregor, 1965; Kush-
iro and Yoder, 1965, 1966; O’Hara et al. 1971; Obata,
1976). Figure 3 shows a compilation of these data,
together with extreme positions for the 8.4 percent
Al,O; isopleth, depending on which curve for the
spinel to garnet lherzolite transition is used.

The solidus curve for spinel lherzolite and the tran-
sition curve between plagioclase and spinel lherzolite
(liquid-absent) are taken from Figure 2. MacGregor
(1965) and Kushiro and Yoder (1965, 1966) both
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determined the transition between spinel and garnet
lherzolite in the system CaO-MgO-Al,04-510; using
piston-in experiments. Uncorrected pressures for the
two curves are nearly identical, but MacGregor origi-
nally applied no pressure correction while Kushiro
and Y oder applied a —13 percent correction (O’Hara
et al., 1971, p. 59-60). MacGregor (1974) later de-
cided that a —10 percent correction should be ap-
plied to his piston-in experiments, and this correction
is used in Figure 3. A correction of —10 percent is
about in the middle of the range found in several
laboratories for the amount needed to make piston-in
measurements agree with piston-out measurements
(Johannes et al., 1971). The spinel to garnet lherzolite
transition curve in the system CaO-MgO-A1,0;-Si0,
determined by O’Hara et al. (1971) is drawn in Figure
3 exactly as they reported it. They used piston-out
runs and made no pressure correction, exactly as
done in this paper.

In his determination of the Al,O4 content of ensta-
tite in the garnet lherzolite field, Akella (1976) made
piston-out runs and added a correction of one kbar.
To bring his data into correspondence with the other
curves in Figure 3, this one kbar correction has been
removed. The Al,O; isopleths shown are drawn from
his raw data (black dots) and differ slightly from the
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~
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Fic. 3. Stability fields for plagioclase, spinel, and garnet lherzolite in the system

Ca0-MgO-A1,0,-Si0,, with isopleths showing Al,O, content (weight percent) of enstatite. Isopleths in
the garnet lherzolite field are constructed from the data of Akella (1976).
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curves shown in his Figure 2. His curves would trans-
late into isopleths that are slightly eonvex upward
with slightly steeper slopes (especially in the lower
temperature region) than the straight isopleths shown
here. Use of his curves along with his +1 kbar cor-
rection would cause the 8.4 percent Al,O, isopleth
in the spinel lherzolite field to be more steeply nega-
tive. In order to determine the 8.4 percent Al,O,
intercept on the spinel to garnet lherzolite transition
curve, it was necessary to make a small extrapolation
of Akella’s data to lower pressures. At 1300°C,
Akella’s data indicate that the difference in pressure
between adjacent isopleths increases linearly with
pressure, and this relationship was used to construct
the approximate positions of the 8 and 9 percent
Al O, isopleths (Fig.3).

The extreme positions shown in Figure 3 for the 8.4
percent Al,O; isopleth in the spinel lherzolite field do
not take into account several uncertainties. One of
these is the analytical uncertainty in the analysis at 11
kbar, 1350°C (Table 4). Also, the isopleths in the
garnet lherzolite field intersect the spinel to garnet
lherzolite transition curve at a very small angle. Thus,
when the location of the transition curve is shifted
only slightly in pressure, there is a large shift in the
point at which the 8.4 percent Al,O, isopleth inter-
sects the transition curve.

Another problem is that enstatite with 8.4 percent
Al,O; occurs at two points on the transition curve of
O’Hara et al. (1971). An error must exist either in this
transition curve or the isopleths of Akella (1976). The
gentle curvature in the spinel to garnet lherzolite
curve calculated by Obata (1976) suggests that the
bend in the curve by O’Hara et al. (1971) at about 21
kbar, 1370°C, is too sharp. A very slight curvature of
the 8 and 9 percent Al,O; isopleths above 1400°C
would avoid a high-temperature intersection with
Obata’s transition curve. For all of the transition
curves, and especially for that of O’Hara ef al., a
lower temperature intersection appears to be un-
avoidable. Thus, I have ignored the high temperature
intersection on the curve of O’Hara et al. Because of
all of these uncertainties, the slope of the 8.4 percent
Al,O; isopleth could be steeply negative to approxi-
mately horizontal. It seems clear, however, that a
steeply positive slope is not possible.

Extension of MacGregor’s isopleths in the system
MgO-Al,0,;-SiO, to the conditions of the data point
reported here (1350°C, 11 kbar) would give an ex-
tremely high AL,O, content of about 16 weight per-
cent. The addition of CaO would be expected to
modify the ALO; content somewhat, but it seems
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unlikely that MacGregor’s data are correct, partic-
ularly in view of the discrepancies between his data
and the data and theoretical calculations of others.
The most likely explanation for the high Al,O, con-
tents found by MacGregor is a combination of very
small grains and the presence of spinel inclusions in
his enstatites. He suggested this himself as a possible
problem with the microprobe analyses (MacGregor,
1974, p. 113, 118). In reflected light, the enstatite
grains in the runs reported here are typically com-
pletely free of spinel inclusions.

Paleogeotherms for spinel and plagioclase lherzolites

At present, the data are insufficient to use Al,O,
isopleths in the spinel lherzolite field to infer pres-
sures of formation, and it remains to be seen if these
isopleths will ever be useful as a geobarometer. Figure
3 indicates that in the system CaO-Mg0O-Al1,0,-Si0,
these isopleths are possibly useful for lherzolites
very low in Cr,Os, such as are found in high tem-
perature intrusions like the Lizard complex (Green,
1964). Such compositions could be closely approxi-
mated by the simplified system. However, most alpine
peridotites are rich in Cr,Os, and this could strongly
affect the positions of the isopleths. It may turn out
that Al,O; isopleths in the spinel lherzolite field are
more useful as a geothermometer.

Although much more work is required before at-
tempting to use these isopleths, some general con-
sequences for geotherms already published (MacGre-
gor, 1974; MacGregor and Basu, 1974; Mercier and
Carter, 1975) can be discussed. Whereas Al,O; iso-
pleths for enstatite in the spinel Iherzolite field appear
to have gently negative or nearly flat slopes, it ap-
pears that these isopleths in the plagioclase lherzolite
field must have steep negative slopes. This is sugges-
ted by the very low Al,Oy content (between 1| and 2
weight percent) of protoenstatite at point p in Figure
1 (Presnall and O’Donnell, unpublished data). Also,
the ALO, content of enstatite phenocrysts in a Ha-
waiian lava that also contains phenocrysts of olivine,
diopside, and plagioclase, has been determined by
Kuno (1966, Table 1, analysis 1) as 0.75 weight per-
cent (see also Wright, 1971, p. 16 and Tables 7 and
15). Obata (1976) has also calculated steeply negative
Al O, isopleths for enstatite in the plagioclase lherzo-
lite field. Thus, two possible pressures of formation
can be indicated by the Al O, content of enstatite in a
lherzolite. Determination of the presence of plagio-
clase, spinel, or garnet in the rock would generally
eliminate the ambiguity. For example, Wilshire and
Jackson (1975) noted that uncritical application of



588

MacGregor’s isopleths leads to the absurd conclusion
that recrystallized Lizard peridotite formed at a
higher pressure (22 kbar) than the primary peridotite
(11-16 kbar). The recrystallized peridotite, however,
contains plagioclase and could not possibly have
formed at this pressure. The rock is easily explained
as having formed at low pressures in the plagioclase
lherzolite field where the Al,O, content of enstatite is
the same as at 22 kbar.

It is hoped that the data presented here might form
the beginning of a revised set of data on which pres-
sures or temperatures of formation of spinel and
plagioclase lherzolites can be determined. The use of
the ALO; content of enstatite as a geobarometer ap-
pears to be the most promising for plagioclase lherzo-
lites, and it is ironic that these are relatively rare
rocks.
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