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Melting relations of model lherzolite in the system
Ca0-MgO-Al,0;-Si0O, at 2.4-3.4 GPa
and the generation of komatiites

Gudmundur H. Gudfinnsson! and Dean C. Presnall
Magmalogy Laboratory, Department of Geosciences, University of Texas at Dallas, Richardson

Abstract. Isobarically invariant phase relations in the CaO-MgO-Al,05-SiO, system
(CMAS) involving the lherzolite phase assemblage in equilibrium with liquid have been
determined at 2.4-3.4 GPa. These phase relations form the solidus of model lherzolite in the
CMAS system. Our data, which include determinations of all phase compositions, are in
excellent agreement with the 3.0 and 4.0 GPa points of Milholland and Presnall [1991] and
Davis and Schairer [1965], respectively. The invariant transition on the P-T solidus curve from
spinel- to garnet-lherzolite at 3.0 GPa, 1575°C [Milholland and Presnall, 1991], is confirmed,
but we observe that the theoretically required temperature depression on the solidus curve at
this point is not experimentally detectable. Composition trends along the solidus take a sharp
turn at the transition. In the spinel-lherzolite stability field, melt compositions become
increasingly Fo-normative and less En-normative with increasing pressure, but become less
Fo-normative and more pyroxenitic as pressure increases in the garnet-lherzolite stability field.
Calculated melting reactions indicate that forsterite is in reaction relationship with the melt up

to 3.0 GPa. Orthopyroxene is also in reaction relationship at pressures higher than just over
2.8 GPa and is the only phase in reaction relationship with the melt in the garnet-lherzolite
stability field. Comparison of the normative compositions and the CaO/Al,O; values of the
komatiites of Gorgona Island and of the Reliance Formation in Zimbabwe with the
compositions of liquids along the solidus of model lherzolite in the CMAS system indicates
that the former komatiites were generated at pressures close to 3.7 GPa and the latter at close
to 4.5 GPa, assuming that the melt generation occurred in the presence of the complete

garnet-lherzolite assemblage.

Introduction

The system CaO-MgO-Al,05-SiO, (CMAS) is the simplest
chemical system that can have analog phases for all the main
lherzolite minerals in equilibrium with melt and, at the same
time, constitutes a large part of the chemical composition of
the mantle (about 90 wt %). Hence it is the ideal four-
component system for investigating phase relations that govern
the generation of primary mantle melts.

Other important components are Na,O, FeO and, to a lesser
extent, TiO, and Cr,O5. Presnall and Hoover [1987] and Walter
and Presnall [1994] studied melting of model lherzolite in the
system CMAS + Na,O at 0.7-3.5 GPa. They observed that
addition of Na,O has a strong effect on phase boundaries,
resulting in more alkalic primary melts. FeO causes less shift of
phase boundaries [Shi and Libourel, 1991; G. H. Gudfinnsson
and D. C. Presnall, manuscript in preparation, 1996]. The
volatile components H,O and CO, can have a very strong
effect on the composition of primary basalts [e.g., Kushiro,
1972a; Eggler, 1978]. However, the source of most mid-ocean
ridge basalts, even close to hot spots, appears to contain very
small amounts of H,O, 450 ppm or less [Michael, 1988]. The C
content of the upper mantle is estimated to be in the range
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50-250 ppm [Trull et al., 1993]. Furthermore, mid-ocean ridge
basalts are generated by relatively large aggregate degrees of
melting, generally >5% [e.g., Klein and Langmuir, 1987; John-
son et al., 1990], which lessens the importance of small amounts
of volatiles. Thus volatile-free melting relations are a good
approximation for many basalts.

In the CMAS system, forsterite, enstatite, diopside, and one
of the aluminous phases, anorthite, spinel, or garnet, coexist
with melt at isobaric invariant points, and these isobaric invari-
ant points form the solidus of simplified lherzolite in the
CMAS system. At a fixed pressure in the CMAS system, the
lherzolite assemblage and melt can exist only at a single tem-
perature, and each of the coexisting phases has a uniquely
defined composition, independent of the bulk composition.

Davis and Schairer [1965] studied melting relations of the
Di-Fo-Py join in the CMAS system at 1 atm and 4.0 GPa. They
constrained the composition of the 4.0 GPa garnet-lherzolite
invariant point. Kushiro [1972b] determined the isobaric invari-
ant point involving the spinel-lherzolite assemblage and melt at
1.0 GPa. Presnall et al. [1979] mapped the solidus of simplified
lherzolite in the CMAS system from 1 atm to 2.0 GPa. They
showed that the transition from plagioclase- to spinel-
lherzolite occurs at 0.93 GPa and that this transition creates a
cusp on the model lherzolite solidus. They also suggest that a
comparable cusp on the solidus of mantle peridotite could
cause enhanced melting of upwelling mantle at around 30 km
depth. Milholland and Presnall [1991] found that the spinel- to
garnet-lherzolite transition on the CMAS solidus occurs at 3.0
GPa, 1575°C. At still higher pressures, Fujii et al. [1989], using

27,701



27,702
Table 1. Starting Compositions

CaO MgO ALO, Sio,
CMAS-6 9.57 28.14 13.56 48.73
CMAS-30 12.75 23.99 16.13 47.13

In weight percent.

a multianvil press, determined the isobaric invariant point at
5.4-GPa. Also, on the basis of multianvil experiments, Herzberg
and Gasparik [1991] constrained garnet-lherzolite invariant
points in the CMAS system from 8.0 to 16.0 GPa. Herzberg
[1992] wrote equations to describe melt compositions on the
solidus of garnet-lherzolite based on these and other experi-
ments. In this paper we present results of melting experiments
that constrain the solidus of simplified lherzolite in the CMAS
system in the 2.4-3.4 GPa range.

Experimental and Analytical Procedures

Starting materials were made from mixtures of high-purity
oxides and CaCO,, which were finely ground and then fired
and quenched. The resulting glasses were ground to a powder
in an agate mortar. Compositions of starting materials are
listed in Table 1. All the experiments were conducted using
solid-media piston-cylinder presses [Boyd and England, 1960]
at the University of Texas at Dallas, using the hot piston-out
technique with no pressure correction [Presnall et al., 1978].
The pressure cell assembly is similar to the one described by
Presnall et al. [1973] with the exception that Pyrex sleeves were
used instead of boron nitride and crushable alumina instead of
mullite and fired pyrophyllite. To ensure anhydrous experi-
ments, the sample and all the assembly parts, except the Pyrex
and talc sleeves, were dried at 1050°C for 1 hour just prior to
the start of the runs. Samples were contained in Pt capsules 2.5
mm long and 2.5 mm in diameter. The temperature gradient
across the length of the capsule is estimated to be 10°C [Walter
and Presnall, 1994]. During runs, the temperature was moni-
tored by W5Re/W26Re thermocouples with no pressure cor-
rection applied to the emf. Temperature was automatically
controlled within *+3°C, and pressure was controlled within
+0.05 GPa. Run conditions are listed in Table 2.

Because no reversal experiments were conducted in this
study, equilibrium has not been proven. However, in earlier
studies on the solidus of spinel-lherzolite in the CMAS system
[Presnall, 1976] and on joins in the CMAS system [Presnall et
al., 1978; Sen and Presnall, 1984; Liu and Presnall, 1990], re-
versal experiments were conducted and attainment of equilib-
rium in 8 hours or less was demonstrated for the same phases
as in this study. The run times of this investigation were 48
hours for the experiments at less than 3.0 GPa and 24 hours for
experiments at over 3.0 GPa. On the basis of these earlier
studies and the fact that the temperatures in our experiments
were higher and thus the reaction rates probably higher, we
believe that our experiments represent a close approach to
equilibrium. However, some degree of heterogeneity in phase
composition, especially in pyroxene compositions, indicates
that perfect equilibrium is not reached and, as shown by Walter
and Presnall [1994], is not likely to be attained in experiments
of reasonable length. In experiments of up to 72 hours duration
in the CMASN system containing the lherzolite assemblage,
Walter and Presnall [1994] observed no improvement in pyrox-
ene homogeneity after 48 hours.
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Identification and analysis of phases were done with the
JEOL 8600 Superprobe at the University of Texas at Dallas.
Quantitative analyses were obtained by means of wavelength
dispersive spectrometry. A 15-kV accelerating potential was
used for all analyses. Pyroxenes, garnet, and olivine were an-
alyzed using a focused beam and a 20-nA beam current; spinel
was analyzed using a 5-nA beam current and a focused beam;
and glass and quench crystals were analyzed using 10 nA and
a 5- to 15-um beam diameter. Counting time for all elements
in all phases was 40 s. Natural and synthetic standards were
used. For glass analyses, the phi-rho-Z correction procedure
[Heinrich, 1986] was applied, but the Bence-Albee procedure
[Albee and Ray, 1970] was used for all other phases. Compo-
sitions of glass, orthopyroxene, clinopyroxene, and garnet are
listed in Table 3. Only a few analyses were made of olivine and
spinel because these phases are nearly stoichiometric. Olivine
is forsterite with about 0.4 wt % CaO and 0.3 wt % Al,O,, and
spinel is nearly pure MgAl,O, with only 0.1-0.2 wt % CaO and
about 0.5 wt % SiO,. Some plucking of quench crystals was
noticed, and the possibility of preferential removal of one
quench phase cannot be entirely discounted, although visual
inspection did not show signs of this having occurred.

Solidus of Model Lherzolite

The model lherzolite solidus in the CMAS system from 1
atm to 4.0 GPa is shown in Figure 1. In addition to our points,
we have included 1-atm to 2.0-GPa data from Presnall et al.
[1979], a 3.0-GPa point from Milholland and Presnall [1991],
and a 4.0-GPa point from Davis and Schairer [1965]. These
data are all in excellent agreement with our solidus tempera-
tures and liquid compositions. Presnall et al. [1979] found a
prominent temperature depression, or a cusp, on the solidus
where the transition from plagioclase- to spinel-lherzolite
takes place. A cusp is theoretically required [Schreinemakers,
1915a, b, c; Presnall et al., 1979] because the solidus above and
below the transition is two different univariant lines in P-T
space. The univariant lines emanate from the transition, which,
accordingly, is an invariant point. The transition on the solidus
at 3.0 GPa from spinel- to garnet-lherzolite is an identical occur-
rence. However, the present data show that at the spinel- to
garnet-lherzolite transition, the temperature depression is small
and cannot be resolved within the temperature uncertainty of the
experiments. Because addition of other components will spread
the transition over some pressure interval, the temperature de-
pression on the mantle solidus at the spinel- to garnet-lherzolite
transition is probably not discernible. The subsolidus transition is
taken from Gasparik [1984]. He bracketed the transition up to a

Table 2. Run Conditions

P, T, Time,

Run Mixture GPa °C  hours Assemblage?
24.30.7 CMAS-30 24 1495 48  fo+opx+cpx+sptgl
26.30.5 CMAS-30 2.6 1525 48  fo-+opx+cpx+sp+gl
28.30.2 CMAS-30 2.8 1550 24  fo+opx+cpx+tsp+gl
3262 CMAS-6 32 1595 24 fo+opx+cpx+gtt+gl+qu
33.6.1 CMAS-6 33 1605 48 fo+cpx+gt+gl
33.62 CMAS-6 33 1610 48  fo+opx+gt+(cpx)+qu
3463 CMAS-6 34 1615 24 fo+opx+cpx+gt+qu

fo is forsterite, opx is orthopyroxene, cpx is clinopyroxene, sp is
spinel, gt is garnet, gl is'glass, and qu is quench. Parentheses denote
disequilibrium phase.
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Table 3. Compositions of Run Products
Run
24.30.7 26.30.5 28.30.2 3262 33.6.2 34.6.3
P, GPa 2.4 2.6 2.8 32 33 34
Glass and Quench
CaO 14.16 (0.02)  14.00 (0.02)  13.67 (0.02) 13.29 (0.08) 13.51 (0.15) 12.70 (0.09)
MgO 19.91 (0.05)  20.46 (0.05)  21.33 (0.04) 22.71 (0.05) 23.32(0.10) 23.81 (0.08)
Al,O, 17.62 (0.05) 17.68 (0.05)  17.38 (0.04) 15.96 (0.06) 15.68 (0.08) 14.46 (0.13)
SiO, 48.14 (0.03) 47.74 (0.05)  47.25(0.04) 47.05 (0.10) 48.17 (0.06) 48.18 (0.13)
Total 99.83 (0.10)  99.88 (0.08)  99.63 (0.04) 99.01 (0.07) 100.68 (0.08) 99.15.(0.05)
Orthopyroxene
CaO 2.65 (0.02) 2.67 (0.02) 2.70 (0.02) 2.77 (0.05) 2.84 (0.02) 2.81 (0.04)
MgO 34.26 (0.08)  34.58 (0.08)  34.15 (0.08) 34.24 (0.11) 34.65 (0.05) 35.21 (0.12)
AlLO, 8.86 (0.21) 8.97 (0.19) 9.26 (0.26) 8.83(0.23) 7.98 (0.08) 6.83 (0.25)
SiO, 53.94 (0.11) 53.69 (0.10)  53.76 (0.14) 54.07 (0.14) 54.74 (0.07) 55.34 (0.15)
Total 99.71 (0.09)  99.91 (0.07)  99.88 (0.07) 99.91 (0.06) 100.21 (0.08)  100.18 (0.10)
Orthopyroxene: Cations per Six Oxygen Atoms

Ca 0.096 0.095 0.098 0.100 0.103 0.101

Mg 1.727 1.741 1.719 1.723 1.738 1.767

Al 0.353 0.357 0.369 0.351 0.317 0.271

Si 1.824 1.813 1.815 1.825 1.842 1.863
Total 4.00 4.006 4.000 3.999 3.999 4.002

Clinopyroxene
CaO 15.03 (0.12)  14.40(0.09)  13.99 (0.10) 13.02 (0.08) 13.10 (0.09) 13.28 (0.09)
MgO 23.47(0.13) 24.31(0.08)  24.47(0.10) 25.36 (0.14) 25.60 (0.07) 25.90 (0.18)
Al O, 10.01 (0.11)  9.94 (0.03) 9.93 (0.07) 9.55 (0.20) 8.80 (0.18) 8.19 (0.30)
SiO, 51.11(0.08) 51.21(0.06)  51.43 (0.06) 51.84 (0.17) 52.57 (0.13) 52.68 (0.19)
Total 99.62 (0.09)  99.86 (0.08)  99.82 (0.07) 99.77 (0.10) 100.07 (0.08)  100.05 (0.07)
Clinopyroxene: Cations per Six Oxygen Atoms

Ca 0.565 0.540 0.523 0.486 0.487 0.494

Mg 1.227 1.267 1.273 1.316 1.324 1.342

Al 0.414 0.409 0.409 0.392 0.360 0.336

Si 1.793 1.790 1.795 1.805 1.824 1.830
Total 4.000 4.005 4.000 3.999 3.996 4.002

Garnet
CaO 5.41(0.05) -  523(0.04) 5.32(0.10)
MgO 25.14 (0.05) . 25.30 (0.04) 25.29 (0.07)
AL O, 24.72 (0.03) 24.84 (0.06) 24.82 (0.08)
SiO, 44.22 (0.03) 44.49 (0.05) 44.54 (0.05)
Total 99.49 (0.08) 99.86 (0.09) 99.97 (0.13)
Garnet: Cations per 12 Oxygen Atoms

Ca 0.397 0.381 0.388

Mg 2.564 2.569 2.565

Al 1.993 1.993 1.990

Si 3.024 3.030 3.031
Total 7.977 7.973 7.974

Electron microprobe analyses in weight percent and with standard error of the mean. Ten spots
analyzed in each phase, except 20 spots in quench of run 34.6.3.

maximum pressure and temperature of 1400°C, 2.055 GPa, and
extrapolated it to the solidus at about 2.2 GPa, in contrast to the
solidus intersection at 3.0 GPa later determined by Milholland
and Presnall [1991]. Gasparik’s [1984] data can be reconciled with
our data and that of Millholland and Presnall [1991] only if the
transition line has stronger curvature than that shown by
Gasparik. This stronger curvature (Figure 1) does not violate
Gasparik’s experimental brackets.

Figures 2 and 3 are CIPW molecular normative diagrams
that show the trace of the lherzolite isobaric invariant point in
the CMAS system from 1 atm to 4.0 GPa. In other words, they
show how liquid compositions on the solidus of model lherzo-
lite change with pressure. The good agreement with the 4.0-
GPa point of Davis and Schairer [1965] is obvious. A recently
determined 5.0-GPa point [Weng and Presnall, 1995] is also

consistent with the trend defined by our data and the data of
Davis and Schairer [1965]. It can be seen that primary melts of
model lherzolite at low pressure are Q normative, but above
~0.9 GPa they become increasingly Fo normative and move
toward the alkalic side of the phase diagram. At 3.0 GPa,
however, the trend takes a sharp turn as the melt compositions
move away from the alkalic side but also becomes less picritic and
more pyroxenitic as pressure increases in the garnet-lherzolite
stability field. The variation of each oxide with pressure is shown
in Figures 4, 5, 6 and 7. The lines are “eyeball” fits, adopted to
show the general trends of the data. Theoretically, discontinuities
in the slopes of the oxide trends should exist at the spinel- to
garnet-lherzolite transition. This is clearly observed for Al,O; and
especially SiO,, whereas the change in the MgO and CaO trends
is less pronounced. It can be seen that the SiO, and MgO con-
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Figure 1. Pressure-temperature diagram for the univariant

solidus and subsolidus transitions of model lherzolite in the
CMAS system from 1 atm to 4.0 GPa. The plagioclase- to
spinel-lherzolite subsolidus transition curve is from Presnall et
al. [1979] and the spinel- to garnet-lherzolite subsolidus tran-
sition curve is from Gasparik [1984]. The sizes of the symbols
correspond to the estimated uncertainty.

tents of lherzolite melts actually increase simultaneously with
pressure in the 3.0-4.0 GPa range.

In Figures 8 and 9 the equation of Herzberg [1992] is used to
calculate melt compositions on the garnet-lherzolite solidus in
the CMAS system at several different pressures. Also, we in-
clude the 5.4-GPa point of Fujii et al. [1989] derived from a
multianvil experiment. There is clearly a discrepancy between
our data and the data of Davis and Schairer [1965] on the one
hand and the calculation of Herzberg [1992] and the single
point of Fujii et al. [1989] on the other. According to our data,
the calculated compositions of Herzberg [1992] are consistently
too high in MgO. The source of the discrepancy with Fujii et al.
[1989] is unknown. The discrepancy with Herzberg [1992] could

An
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® This study

< Davis and Schairer [1965],
4.0 GPa

o Presnall et al. [1979],
<2.0 GPa

O Milholland and Presnall
[1991], 3.0 GPa

Fo En Qz

Figure 2. Normative diagram showing compositions of lig-
uids along the solidus of model plagioclase-lherzolite (0.0001-
0.9 GPa), spinel-lherzolite (0.9-3.0 GPa), and garnet-
lherzolite (>3.0 GPa) in the CMAS system from 1 atm to 4.0
GPa. Molecular norm. Projection from Di. :
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Figure 3. Same as Figure 2. Projection from An.

be explained by the fact that he favored the data point of Fujii
et al. [1989] and assumed that the spinel- to garnet-lherzolite
transition at the solidus occurs at 2.2 GPa.

The pyroxenes coexisting along the solidus are ternary solid
solutions containing En, Di and Tschermak (Ts) components.
There is very little change in the amount of the Ts component
of the pyroxenes in the spinel-lherzolite field, and clinopyrox-
ene is slightly higher in Ts component than orthopyroxene
(Figure 10). As observed also at lower pressures, the solubility
of En in clinopyroxene at the solidus increases steadily with
pressure in the spinel-lherzolite stability field. On the basis of
an extrapolation of subsolidus pyroxene compositions to the
CMAS solidus, Gasparik [1984] assumed that the spinel- to
garnet-lherzolite transition intersects the solidus at 2.2 GPa. If
his data from the spinel-lherzolite stability field are extrapo-
lated to 3.0 GPa, they seem to be in good agreement with our
determined compositions, although our data indicate some-
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16 F o Milholland and Presnall [1991] E

a " Herzberg [1992]

10 N L
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Figure 4. Diagram depicting the variation of CaO in melts
along the solidus of model lherzolite in the CMAS system as a
function of pressure. The 1-atm to 1.4-GPa points are from
Presnall et al. [1979], as reanalyzed by Walter and Presnall
[1994]. The 2.0-GPa point is an unpublished run by J. D.
Hoover, analyzed and reported by Walter and Presnall [1994].
The dashed line is a calculated trend from the equation for
melt compositions along the solidus of garnet-lherzolite in the
CMAS system given by Herzberg [1992]. The standard errors of
the analyses in this study are smaller than the symbols.
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Figure 5. Same as Figure 4 for MgO.

what larger amounts of Ca-Ts component in clinopyroxene
than he estimated (Figure 10). As predicted by Gasparik
[1984], the amount of Ts component in both pyroxenes de-
creases sharply with increasing pressure in the garnet field. The
composition of garnet on the solidus just above the spinel/
garnet transition is a pyrope-grossular solid solution close to
Py87-Gri3.

Melting Reactions

In isobarically invariant equilibria, the proportions of the
coexisting phases can only change according to uniquely de-
fined chemical reactions. Korzhinskii [1959] showed that if the
composition of all the coexisting phases is known, such a re-
action can be balanced by means of determinants [Presnall,
1986]. Melting reactions along the solidus of model lherzolite
in the CMAS systém calculated by Korzhinskii’s [1959] miethod
-are shown in Table 4. Because the reaction coefficients change
continuously with pressure, they are listed at several different
pressures. The redction is always of the peritectic type. Up to
a pressure somewhere between 2.8 and 3.0 GPa, forsterite is
the only phase in reaction relationship with the melt. A singu-
lar point occurs between 2.8 and 3.0 GPa, above which forster-
ite is joined by orthopyroxene in reaction relationship, but
above the transition at 3.0 GPa from spinel- to garnet-
lherzolite, orthopyroxene is the sole phase in reaction relation-
ship with the mielt.

Melting continues according to these reactions as long as all
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Figure 6. Same as Figure 4 for Al,O;.
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Figure 7. Same as Figure 4 for SiO.,.

the lherzolite phases are present. The bulk composition of the
lherzolite determines which phase is first eliminated and how
much melting occurs before that happens. When the first phase
is eliminated, the melting reaction changes and as temperature
rises the reaction coefficients change continuously. The melting
reaction also depends on the bulk composition when the sys-
tem has higher variance than that of the isobaric invariant
points. This would be the case for natural lherzolites, which are
strictly multivariant systems. In the system CaO-MgO-Al,O5-
Si0,-Na,0 (CMASN), model lherzolite melts along isobaric
univariant lines. The CMASN melting reactions presented by
Walter et al. [1995] compare favorably with melting reactions of
model lherzolite in the CMAS system, especially when evalu-
ated over a large melting interval (Table 5). Both sets of re-
actions broddly agree on the relative proportions of phases in
the reactions and the way in which the proportions change with
pressure. In the CMASN system, orthopyroxene is in reaction
relationship on the solidus down to about 2.0 GPa, but if
melting is assessed over a larger melting interval, only forster-
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Figure 8. Normative diagram comparing the compositions of
liquids along the solidus of model lherzolite in the CMAS
system (Figure 2) with calculated compositions of liquids on
the solidus of garnet-lherzolite in the CMAS system from the
equation of Herzberg [1992]. Also shown is a 5.4-GPa point
from Fujii et al. [1989]. Molecular norm. Projection from Di.
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ite is in reaction relationship at that pressure, as is the case on
the CMAS solidus. :

Walter et al. [1995] showed that for large melting intervals
where comparisons are valid, melting reactions in the CMASN
system are in close agreement with reactions calculated from
experiments on natural basalts. The similarity, in turn, of melting
reactions in the CMAS and CMASN systems shows that inclusion
of additional components beyond CMAS provides only modest
improvement in the coefficients for the melting reactions. This
reinforces the conclusion of Walter et al. [1995] that melting re-
actions in the CMASN system can be confidently used for quan-
titative trace element modeling of natural compositions.

Generation of Komatiites

Komatiites are high-MgO lavas that could in some cases
represent near-primary high-pressure melts. Most examples of
komatiites are from the Archean. They are ultramafic volcanic

0.3 T T T
0.2F . d b -
.9 s \‘\.\\
Xre | \\
01F ® CaTs in clinopyroxene T
< MgTs in orthopyroxene
- --- Gasparik [1984] L
OO A 1 ' 1 L
2.0 2.5 3.0 3.5

Pressure (GPa)

Figure 10. Variation diagram depicting the mole fraction of
Ca-Tschermak component in clinopyroxene and Mg-Tscher-
mak component in orthopyroxene on the CMAS solidus as a
function of pressure. Shown for comparison are similar data of
Gasparik [1984] which he derived by extrapolation to the soli-
dus. The Tschermak components in Gasparik’s [1984] solidus
clinopyroxene and orthopyroxene are very similar and have
therefore been shown as one line.
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rocks and among their diagnostic features is spinifex texture
[Arndt and Nisbet, 1982], which suggests their origin as liquids.
In addition to high MgO contents, some other aspects of their
chemistry are unusual for volcanic rocks, such as their high
CaO/Al,O; value. Komatiites also tend to have low concentra-
tions of incompatible elements, which has been attributed to
relatively large degrees of melting, in some cases far over 50 wt
% [e.g., Nesbitt and Sun, 1976]. Campbell et al. [1989] proposed
that komatiites are products of melting in abnormally hot man-
tle jets, which were perhaps the Archean equivalent of present-
day mantle plumes. This proposal is supported by the large
difference between the eruption temperature of komatiites,
estimated from their MgO contents, and the average potential
mantle temperatures in the Archean, predicted by secular
cooling models for the mantle [Nisbet et al., 1993]. Also, an ion
microprobe study of komatiites from the Reliance Formation
[McDonough and Ireland, 1993] indicates that the ratios of
mobile to immobile incompatible elements in glass inclusions
in olivines in these rocks are similar to those of modern in-
traplate basalts and differ from those found in modern mid-
ocean ridge and convergent margin basalts. Although most
workers have postulated that komatiite magmas had unusually
high temperatures, this contention is not without controversy.
Grove et al. [1994] argued, on the basis of textural evidence,
that the 3.49 Ga Barberton Mountainland komatiites were wet
and that their eruption temperature was only about 1200°C.
Because of their considerable age, most komatiites are
highly altered, and in many cases none of the primary minerals
and glasses have survived. This makes determinations of pri-
mary mineralogy and original chemical composition highly un-
certain. Nisbet et al. [1993] disputed early estimates of over 30
wt % MgO for komatiite liquids as they may have contained
olivine phenocrysts, and they argued that the highest known
MgO content of a komatiite melt is probably less than this
amount: All komatiites have been altered to some degree [Nis-
bet et al., 1993], but one way around the problem with the
interpretation of the primary composition is to use only the
freshest samples. Figures 11 and 12 show normative composi-
tions of komatiites from the Reliance Formation in the Bel-
ingwe greenstone belt [Nisbet et al., 1987] and from Gorgona
Island [Aitken and Echeverria, 1984]. Although komatiites of
the Reliance Formation are about 2.7 Ga old, they are remark-
ably fresh for their age and even contain some pristine olivine.
The Gorgona Island komatiites are younger than other known
komatiites, being Mesozoic in age, and are relatively fresh.
Renner et al. [1994] pointed out the problems of determining
the composition of erupted komatiite liquids, even in the case
of well-preserved komatiites, because of the extensive differ-

Table 4. Melting Reactions

P, GPa Melting Reaction, wt %

0.0001* 49 opx + 20 cpx + 31 an = 79 liq + 21 fo
0.7 32 opx + 27 cpx + 41 an = 93 lig + 7 fo
1.1 36 opx + 55 cpx + 9sp = 77 liq + 23 fo
2.0° 23 opx + 68 cpx + 9sp = 84 lig + 16 fo
2.4 14 opx + 78 cpx + 8 sp = 85 liq + 15 fo
2.8 4 opx + 87 cpx + 9sp = 89 liq + 11 fo
3.4 2fo + 68 cpx + 30 gt = 78liq + 22 opx

“The 0.0001, 0.7, and 1.1 GPa experiments are from Presnall et al.
[1979] and reanalyzed by Walter and Presnall [1994]. )

"Unpublished experiment by J. D. Hoover, reanalyzed by Walter and
Presnall [1994].
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Table 5. Comparison of Melting Reactions in the CMAS and CMASN Systems

P, Melting

System GPa Interval Melting Reaction, wt %
CMAS 0.7 invariant 32 0opx + 27 cpx + 41 an = 93 liq + 7 fo
CMASN® 0.7 solidus 24 opx + 26 cpx + 50 pl = 95 liq + 5 fo
CMASN 1.0 10-22% 34 opx + 56 cpx + 10 sp = 75 liq + 25 fo
CMAS 11 invariant 36 opx + 55 cpx + 9sp = 77 liq + 23 fo
CMAS 2.0 invariant 23 opx + 68 cpx + 9sp = 84 lig + 16 fo
CMASN 2.0 0-<1% 91 cpx +9sp =721iq + 9 fo + 19 opx
CMASN 2.0 0-10% 89 cpx + 11 sp = 85 liq + 12 fo + 3 opx
CMAS 34 invariant 2 fo + 68 cpx + 30 gt = 78 liq + 22 opx
CMASN 35 solidus 6 fo + 71 cpx + 23 gt = 52 liq + 48 opx

“From Walter et al. [1995). Calculated by the mass proportion method using composition model

lherzolite A.

entiation that took place after they erupted. Therefore we have
opted to plot series of whole rock analyses. Both in the case of
the Gorgona komatiites [Aitken and Echeverria, 1984] and the
Reliance komatiites [Renner et al., 1994], olivine is believed to
be the main fractionating phase, and this is manifested on
Figures 11 and 12 by the samples lining up close to olivine
fractionation lines. The MgO content of the depicted komati-
ites of the Reliance Formation varies from 15 to 27 wt %,
whereas the range is 13-24 wt % for Gorgona Island. Aitken
and Echeverria [1984] calculated the composition of the frac-
tionating olivine in the Gorgona Island komatiites as Fog 5
and then used the Fe-Mg exchange coefficient between olivine
and liquid of 0.33 to estimate the MgO content of the erupted
liquid as 20 wt %. If an exchange coefficient of 0.30 is assumed,
then the MgO content changes to about 18 wt % [Nisbet et al.,
1993]. In the Reliance Formation the MgO content of the
erupted liquid of the lava flow depicted has been estimated as
20 wt % [Nisbet et al., 1993]. If this is correct, some of the rock
compositions contain excess olivine, while others are depleted
in olivine relative to the primary liquid composition.

On the assumption that the komatiites from Gorgona Island

Pl

o Reliance Formation,
Nisbet et al. [1987]

A Gorgona Island, Aitken
and Echeverria [1984]

(0] Hy Qz

Figure 11. Normative diagram comparing the whole rock
compositions of komatiites with liquid compositions along the
solidus of model lherzolite in the CMAS system. The komati-
ites are from the Reliance Formation in the Belingwe green-
stone belt, Zimbabwe, and Gorgona Island, Colombia. Fe?*/
Fe?" +Fe’* has been set as 0.9. Molecular norm. Projection
from Cpx.

and the Reliance Formation were generated in equilibrium
with olivine, enstatite, diopside, and garnet, our CMAS data
together with information on the additional effects of Na,O
and FeO can be used to estimate depths of origin. We first
evaluate depths of origin on this assumption. Then we consider
the effects of deviations from this assumption. In Figures 11
and 12 the komatiites plot slightly away from the CMAS soli-
dus, but this can be explained by the absence of FeO and Na,O
from the CMAS system. The effect of the addition of Na,O to
the CMAS system is to shift the solidus of model therzolite
toward the alkalic side of the basalt tetrahedron [Walter and
Presnall, 1994]. The Reliance Formation samples contain
about 1 wt % Na,O, and the Gorgona Island samples contain
0.6-1.2 wt %. Even these small amounts can have significant
effect. Data from the spinel-lherzolite stability field of the
CMAS + FeO system indicate that addition of FeO has a
smaller effect than addition of Na,O (G. H. Gudfinnsson and
D. C. Presnall, manuscript in preparation, 1996), but these
komatiites contain considerable amounts of FeO (about 10 wt
%). Judging from' the CMASF data, FeO would cause the
phase relations to shift more toward the olivine apex, but we
caution that the trends may be somewhat different in the gar-
net-lherzolite stability field. Considering this, we suggest that
the Gorgona Island komatiites could be generated by melting
in the 3.0-4.0 GPa range, and the Reliance Formation kom-

Di

o Reliance Formation
Nisbet et al. [1987]

A Gorgona Island, Aitken
and Echeverria [1984]

ol Hy Qz

Figure 12. Same as Figure 10. Projection from PL
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Figure 13. Same as Figure 4 for CaO/Al,O;.

atiites could be generated at somewhat higher pressure, prob-
ably in the 4.0-5.0 GPa range.

Herzberg [1992] noted that the CaO/Al,O5 value of melts
along the solidus of simplified garnet-lherzolite in the CMAS
system increases steadily with increasing pressure. He pro-
posed that the CaO/Al,O; value of komatiites could be used to
decipher their depth of origin. Figure 13 compares the CaO/
Al,O; values of our experimental melts and those of melt
compositions calculated by the equation of Herzberg [1992].
The CaO/Al,O; values of our melts increase more strongly
with pressure and are in good agreement with the 5.0 GPa
experiment of Weng and Presnall [1995] (CaO/AlL,O; = 1.2).
Herzberg [1992] argues that addition of FeO and Na,O have
very little effect on the CaO/Al,O5. The data of G. H. Gud-
finnsson and D. C. Presnall (manuscript in preparation, 1996)
from the spinel and plagioclase fields indicate that this is cor-
rect in the case of FeO, but the data of Walter and Presnall
[1994] indicate that Na,O lowers the CaO/Al,O5 value such
that if a komatiite primary liquid contains about 1 wt % Na,O,
using Figure 13 to estimate the pressure would cause an un-
derestimation of about 0.5 GPa. Taking this into account and
the fact that CaO/AL,O; of the Gorgona Island komatiites is
about 0.85 and that of the komatiites of the Reliance Forma-
tion is about 1.02, we propose, on the basis of Figure 13, that
the former komatiites were generated at around 3.7 GPa and
the latter around 4.5 GPa. In the case of the Gorgona Island
komatiites, our estimation is close to the estimation of Herzberg
[1992], but in the case of the komatiites of the Reliance For-
mation our estimation is slightly lower. However, these pres-
sure estimations are much lower than those of Nisbet et al.
[1993] (4.5 and 12 GPa, respectively) based on temperatures
derived from MgO contents and olivine compositions.

At pressures above ~4-5 GPa, enstatite disappears from the
solidus of mantle peridotite but is produced on melting at
temperatures above the solidus for pressures at least up to 7
GPa [Canil, 1992; Zhang and Herzberg, 1994; Walter, 1995].
Therefore small amounts of melting at temperatures very close
to the solidus would occur in the absence of enstatite, but for
larger amounts of melting at higher temperatures, melting
would occur in the presence of the complete garnet-lherzolite
assemblage of olivine, enstatite, diopside, and garnet. Thus, for
komatiites produced by a very small amount of melting near
the solidus at pressures >4 GPa, our depth estimates are not
applicable. However, if komatiites are generated by larger de-
grees of melting, enstatite starts to form, the melt is in equi-
librium with the complete garnet-lherzolite assemblage, and
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our depth estimates are relevant. A more quantitative discus-
sion of the amount of melting required for these changes to
occur as a function of pressure must await more detailed ex-
perimental data. Also, at the present state of knowledge, it is
not possible to determine with certainty the phases in equilib-
rium with primary komatiitic liquids at their source, so our
depth estimates should be used cautiously.

The discussion above does not consider the possibility of
polybaric or near-fractional melting. Geochemical evidence
indicates that melting to generate mid-ocean ridge basalts is
polybaric, starts in the garnet-lherzolite stability field, and is
near-fractional ‘[Salters and Hart, 1989; Johnson et al., 1990],
which suggests that if komatiitic melts were formed by mantle
upwelling they were also formed by a similar process. As pres-
sure increases, the density difference betWeen residual mantle
phases and melt decreases; hence high-pressure melts probably
do not segregate as readily from the residue as do lower pres-
sure melts [Stolper et al., 1981]. Consequently, somewhat larger
melt fractions may have resided with the residue for komatiite
generation than for mid-ocean ridge basalt generation. Never-
theless, melting probably occurred over some pressure range
and in this scheme komatiite lavas would represent mixtures of
melts and the pressures derived from komatiite compositions
would represent average pressures of generation.

Conclusions

The data presented here on the solidus of simplified Iherzo-
lite in the CMAS system at 2.4 to 3.4 GPa are in excellent
agreement with the lower pressure data of Presnall et al. [1979],
the 3.0 GPa data of Milholland and Presnall [1991], and the 4.0
GPa data of Davis and Schairer [1965]. They confirm the pre-
viously postulated spinel- to garnet-lherzolite transition on the
solidus at 3.0 GPa, 1575°C [Milholland and Presnall, 1991].
Unlike the plagioclase- to spinel-lherzolite transition, there is
only a very small solidus cusp at this transition.

The data show that the compositional trend with pressure
takes a sharp turn at the spinel- to garnet-lherzolite transition.
With increasing pressure in the garnet field the amounts of
SiO, and MgO increase at the same time, leading to less
picritic and more pyroxenitic melts, whereas in the spinel field
the trend is toward steadily more picritic compositions with
increasing pressure. The compositional trend in the garnet
field is at a high angle to the trend of calculated compositions
of Herzberg [1992] and indicates that Herzberg’s [1992] compo-
sitions are consistently too high in normative Fo.

Melting reactions on the solidus in the range of the experi-
mental data are always of the peritectic type, with forsterite
alone in reaction relationship with the melt up to a pressure
just over 2.8 GPa where it is joined by orthopyroxene. In the
garnet field, orthopyroxene is the only phase that crystallizes
on melting on the solidus.

By assuming melt generation in the presence of the com-
plete garnet-lherzolite phase assemblage and by comparing the
CMAS solidus compositions and compositions of komatiites
from Gorgona Island and the Reliance Formation, we find that
they could be generated at around 3.7 and 4.5 GPa pressure,
respectively. In the latter case our pressure estimation is
slightly lower than that of Herzberg [1992] and much lower than
that of Nisbet et al. [1993]. '
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