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Abstract

An understanding of the details of the crystallization history of a Hadean magma ocean requires a knowledge of liquidus
phase relations of the mantle at very high pressures. The system MgO-MgSiO; is a good simplified chemical model of the
mantle and provides a foundation for study of more complex systems that approximate the composition of the mantle more
closely. We present a determination of the pressure—temperature univariant curve for the reaction Mg,SiO, + MgSIO; =
Liquid at pressures up to 16.5 GPa, new data on the change in composition of the eutectic liquid with pressure, and a
pressure—temperature projection of univariant and invariant equilibria in the system MgO-MgSiO; at pressures up to 25
GPa With increasing pressure, the eutectic curve between Mg,SiO, and MgSiO5 encounters five invariant points as
follows: orthoenstatite + clinoenstatite + forsterite + liquid, 11.6 GPa, 2150°C; clinoenstatite + majorite + forsterite + liquid,
16.5 GPa, 2240°C; magjorite + forsterite + modified spinel + liquid, 16.6 GPa, 2245°C; majorite + perovskite + modified
spinel + liquid, 22.4 GPa, 2430°C; and perovskite + modified spinel + periclase + liquid, 22.6 GPa, 2440°C (last two points
from data of [Gasparik, T., 1990a. Phase relations in the transition zone. J. Geophys. Res. 95, 15751-15769]). Above 22.6
GPa, no form of Mg,SiO, is stable at liquidus temperatures, and the melting reaction changes to periclase + perovskite =
liquid. The composition of the eutectic liquid, in wt.%, varies with pressure in a nearly linear fashion from 21% Mg,SiO,,
79% MgSIO; at 2 GPa to 32% Mg,SiO,, 68% MgSiO; at 16.5 GPa, and reaches its maximum enrichment in Mg (45%
Mg,SiO,, 55% MgSiO,) at 22.6 GPa. These data are consistent with experimental data on natural peridotite compositions
indicating that perovskite and magnesiowustite would be the main phases to crystallize in the deeper parts of a mantle
magma ocean. Published partition coefficient data show that fractional crystallization of these two phases in the lower
mantle would produce an upper mantle with C1 chondrite normalized Ca/Al and Ca/Ti weight ratios of 2.0-2.3, far higher
than primitive upper mantle estimates of 1.1-1.25 and 0.86-1.06, respectively. However, Ca-perovskite, which would
crystallize in small amounts in the lower mantle, is such a powerful sink for Ca that Ca/Al and Ca/Ti enrichment of the
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upper mantle could be suppressed. We conclude that extensive fractional crystalization of a deep magma ocean is not at
present proscribed by element partitioning arguments. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In order to understand the details of the early
melting and crystallization history of the Earth (e.g.,
Ohtani, 1985; Agee and Walker, 1988), liquidus
phase relations of the mantle at very high pressures
must be known. The system MgO-MgSiO; is the
most fundamental starting point for development of
an understanding of these phase relations. Here we
present a determination of the pressure—temperature
univariant curve corresponding to the eutectic be-
tween Mg,SiO, and MgSiO; at pressures up to 16.5
GPa. We aso provide new data on the change in
composition of this eutectic with pressure. These
data are then combined with other published results
for the system Mg,Si0,—-M@SiO, to construct a
pressure—temperature projection of invariant and
univariant equilibria in the system MgO-MgSiO; at
pressures up to 25 GPa. We then discuss how these
phase relations bear on the crystallization behavior
of a molten Hadean mantle. In particular, we exam-
ine element partitioning arguments that have been
used to argue against extensive fractional crystalliza-
tion of a deep magma ocean.

2. Previous work

Bowen and Andersen (1914) determined the in-
congruent melting temperature of enstatite to be
1557°C, which is 1562°C when adjusted to the 1968
International Practical Temperature Scale (IPTS-68)
(Anonymous, 1969), and located the liquid composi-
tion at 60.9 wt% SO,. These results were con-
firmed by Chen and Presnall (1975), who determined
the temperature to be 1559°C (IPTS-68) and the
liquid composition to be 60.6 wt.% SiO,. The essen-
tial features of liquidus phase relations at one atmo-
sphere appear to be very firmly established.

Chen and Presnall (1975) determined the location
of the univariant curve for the equilibrium assem-
blage, enstatite + forsterite + liquid, up to 2.5 GPa.
They did not determine the changing composition of

the liquid but estimated the pressure at which en-
statite first melts congruently to be approximately
0.13 GPa. Liu and Presnall (1990), on the basis of
their data at 20 kbar and the earlier data of Chen and
Presnall (1975), estimated the composition of the
eutectic to be 19.8 wt% Mg,S0O,, 80.2 wt.%
MgSiO; at about 2.3 GPa. At 3, 7, 15, and 20 GPa,
Kato and Kumazawa (1985, 1986, 1990) located the
eutectic at 15.4, 27.1, 39.4, and 40.8 wt.% Mg,SiO,,
respectively. Presnall and Gasparik (1990) located
the forsterite—majorite eutectic at 16.5 GPa, 2240°C,
and 34 wt.% Mg,SiO,. Gasparik (1990a) found the
modified spinel—majorite—perovskite—liquid invari-
ant point at 22.4 GPa, 2430°C, and the modified
spinel —perovskite—periclase—liquid invariant point at
22.6 GPa, 2450°C. At the latter invariant point, he
gave the composition of the eutectic as 40-50 wt.%
Mg,SiO,.

These earlier studies have consistently shown that
the composition of the eutectic between Mg,SO,
and MgSiO, shifts toward Mg,SiO, as pressure
increases. The eutectic curve is intersected by the
orthoenstatite—clinoenstatite, clinoenstatite—majorite,
and modified spinel—forsterite transitions at high
pressures (Presnall and Gasparik, 1990; Presnall and
Walter, 1993), and possibly by the protoenstatite—
high clinoenstatite and high clinoenstatite—orthoen-
statite transitions at low pressures (Gasparik, 1990b).
Because the various polymorphs of MgSiO; have
different thermodynamic properties, the rate of
change in the composition of the eutectic with pres-
sure would be expected to show discontinuities at
these transitions. However, existing data are too
sparse to identify any discontinuities. We provide
additional data on the location of the eutectic at 2
GPa and from 9.7 to 16.5 GPa that bear on this
issue.

3. Experimental procedure

All multianvil experiments were done with the
split-sphere apparatus (UHP-2000) at the University
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of Alberta, Canada, using procedures identical to
those described in Presnall and Walter (1993). Octa-
hedrons with a 10 mm edge length and made from
95% MgO, 5% Cr,0; were used with WC cubes
having 5 mm truncations. The pressure cell consisted
of a LaCrO; cylindrical heater, a W3Re/W25Re
thermocouple positioned axialy within the hester,
and a Re sample capsule. Thermocouple emf was not
corrected for pressure. All experimental assemblies
were loaded into the apparatus immediately after
being heated for 1 h at 1000°C in argon. The pres-
sure calibration is the same as that described by
Presnall and Walter (1993), and is based on the
coesite—gtishovite transition at 9.3 GPa, 1150°C
(Yagi and Akimoto, 1976) and the clinoenstatite—
majorite transition at 16.5 GPa, 2150°C (Presnall and
Gasparik, 1990). These fixed points tie the reported
pressures directly to the calibration used by Gasparik
(1989). Sample capsules were positioned with the
hot zone of the furnace dlightly displaced toward the
thermocouple junction, which was located directly
on top of the capsule. Temperatures of phase bound-
aries were then determined with an estimated uncer-
tainty of 4+30°C by using the temperature contours
within the capsule given by Presnall and Gasparik
(1990, figure 2). The validity of this estimated uncer-
tainty is supported by the fact that a smooth curvein
pressure—temperature space for the eutectic melting
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reaction, forsterite + enstatite = liquid, can be drawn
through all the data (Fig. 1). For the piston-cylinder
experiments, the procedures described by Presnall et
al. (1978), as modified by Liu and Presnall (1990)
were followed. These include the use of glass—talc
pressure cell assemblies, W5Re /W ?26Re thermocou-
ples, containment of samplesin Pt capsules dried for
1 h at 1050°C immediately prior to the experiment,
hot piston-out initial set-up procedures, and no fric-
tion correction of the pressure. Oxide mixtures for
the multianvil experiments were fired for 2 h at
1650°C in a Pt crucible, quenched, crushed to a
powder, and then taken through this same sequence a
second time. This was followed by recrystallization
at 1450°C-1500°C for 2 h. Compositions for the
piston-cylinder runs were fired once at about 1630°C,
guenched, crushed, and held at 1000—1050°C several
times for 10—30 min each until recrystallized. Runs
were examined optically in polished sections cut
parald to the axis of the cylindrical capsule. Elec-
tron microprobe analyses were done on the JEOL
8600 instrument at the University of Texas at Dallas.
The distinction between orthoenstatite and clinoen-
statite was not independently confirmed in this study;
the identification of these polymorphs was assumed
on the basis of the previously determined stability
limits (Presnall and Gasparik, 1990). Fluorescence
colors under the electron microprobe beam were
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Fig. 1. Eutectic melting curve for the reaction Mg, SiO, + MgSiO; = Liquid. Estimated experimental uncertainty is indicated by size of the
symbols. Fo, forsterite; Mod Sp, modified spinel; Pen, protoenstatite; Oen, orthoenstatite; Cen, clinoenstatite; Maj, majorite; Pv, perovskite;

L, liquid.
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used to distinguish majorite (barely visible) from
clinoenstatite (bright pale blue), and forsterite (dim
purple) from modified spinel (bright green). Also,
forsterite is slightly brighter than modified spinel in
backscattered electron images. Quenched liquids al-
ways produced a fine intergrowth of quench-crystals.
Compositions of these liquids were determined by
averaging a large number of broad beam (5 wm)
microprobe analyses.

4. Reversal experiments

Table 1 shows reversal experiments done at 2
GPa, one pair of experiments for dissolution and
crystallization of forsterite and a second for dissolu-
tion and crystallization of enstatite. In each experi-
ment, the sample was held on one side of the eutectic
for 30 min. Then, without taking the sample out of
the apparatus, the temperature was changed to the
other side of the eutectic and held for an additional
30 min. In al cases, the expected assemblage for the
final temperature was found. All the piston-cylinder
experiments were held at temperature for 2 h (Table
2), much longer than required for equilibrium.

Many of the runs at higher pressures using the
multianvil press were held at temperature for at least
30 min. Run times for the remainder are 15-20 min,
but temperatures are 300-500°C higher (Table 3)
than those of the piston-cylinder experiments. Also,
the data are internally consistent even though run
times vary by afactor of four. Therefore, we believe
that equilibrium was aso attained for al the multi-
anvil experiments.

5. Mg,Si0,—~MgSiO, eutectic melting curve

Fig. 1 shows the Mg,SiO,—MgSiO, eutectic
melting curve up to the limit of its existence at 22.6

Table 1
Reversal experiments at 2.0 GPa

Mixture (wt.%) Initial T (°C) Fina T (°C) Phases

44Mg0, 56510, 1760 1710 Fo+En
1710 1760 Fo+Liqg
43Mg0, 57SI0, 1760 1710 Fo+En+Liq
1710 1760 Liqg

All runs held at initid T for 30 min and then at fina T for 30
min.

Table 2

Piston-cylinder experiments at 2 GPa

Mixture (wt.%) T(°C) Phases?

45Mg0, 55Si0, 1735 Fo+En
1740 Fo+Liq
1745 Fo+Liq

44MgO0, 56SI0, 1740 Fo+En
1745 Fo+En
1750 Fo+Liq

43.5MgO, 56.5Si0, 1730 Fo+En
1735 En+Liq
1745 En+Liq

All runs are 2 h in duration.
Fo, forsterite; En, enstatite; Lig, liquid.

GPa. The curve is drawn through the data of Chen
and Presnall (1975) and their estimate of 0.13 GPa
for the position of the singular point at which the
liquid composition coincides with MgSiO,, our new
data at 2 GPa and 9.6 to 16.5 GPa, and two points
from Gasparik (1990a) at 22.4 and 22.6 GPa. Data
by Kato and Kumazawa (1985, 1986, 1990) lie at
systematically lower temperatures and the tempera-
ture difference increases with pressure (Fig. 1). Even
without the data of Gasparik (1990a), the 20 GPa
point of Kato and Kumazawa (1986, 1990) would be
inconsistent with our data at lower pressures because
Schreinemakers rules force the curve, modified
spinel + majorite = liquid, to have a steeper positive
slope than the curve, forsterite + majorite = liquid,
which in turn must have a steeper slope than the
curve, forsterite + clinoenstatite = liquid. We have
no explanation for these discrepancies, but in view of
the good consistency between our data and those of
Gasparik (1990a), we believe the temperatures of the
15 and 20 GPa points by Kato and Kumazawa
(1986) are too low.

At pressures above 2 GPa, the eutectic curve in
Fig. 1 encounters five invariant points. In order of
increasing pressure, they are: orthoenstatite +
clinoenstatite + forsterite + liquid, 11.6 GPa,
2150°C; clinoenstatite + majorite + forsterite +
liquid, 16.5 GPa, 2240°C; majorite + forsterite +
modified spinel + liquid, 16.6 GPa, 2245°C; mgjorite
+ perovskite + modified spinel + liquid; 22.4 GPa,
2430°C; and perovskite + modified spinel +
periclase + liquid; 22.6 GPa, 2440°C. The last two
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Table 3
Multianvil experiments
Run Mixture? Contact phases® P (GPa) T (°C) Time (min)
Nominal Boundary ©
490 60EnN, 40Fo Oen, Fo 9.7 2060 2120 (OenFo/L) 30
507 80En, 20Fo Oen 9.7 2060 2110 (CenFo/L) 20
488 60En, 40Fo Oen, Fo 10.6 2080 2130 (OenFo/L) 30
486 60En, 40Fo Cen, Fo 11.8 2100 2165 (CenFo,/L) 30
484 60En, 40Fo Fo 12.8 2145 2165 (CenFo/L) 20
496 60En, 40Fo Cen, Fo 13.9 2100 2185 (CenFo,/L) 30
397 40En, 60Fo Fo 14.9 2170 2190 (CenFo/L) 15
481 60En, 40Fo Cen 14.9 2190 2190 (CenFo/L) 20
399 80En, 20Fo Cen, Fo 14.9 2170 2230 (CenFo/L) 60
501 60En, 40F0 Ms, Maj, Fo 16.5 2200 2260 (MsMajFo,/L) 20

#Compositions given as wt.% MgSiO; (En) and Mg,SiO, (Fo).

bCrystalline phases in contact with liquid. Because of a strong temperature gradient, the cooler parts of all runs also displayed the subsolidus
assemblage and sometimes phases in other textural configurations (see notes). Oen, orthoenstatite; Cen, clinoenstatite; Maj, majorite; Fo,
forsterite; Ms, modified spinel; L, liquid. Clinoenstatite was not distinguished from orthoenstatite in the run products, but the appropriate
polymorph is listed on the basis of its known stahility field.

°In all cases, the boundary temperature is taken as the isotherm separating the quench-crystal region (no glass was ever observed) from
equilibrium crystals. Because of textural complications (see notes), one of the subsolidus phases was sometimes not observed to be in
contact with the quench-crystal region.

Notes:

Run 397: quench-crystal region separated from subsolidus region by 250-500 wm thick layer of monomineralic forsterite. Temperature
control +15°C.

Run 399: quench-crystal region separated from medium grained subsolidus region by a 25-50 um thick layer consisting mainly of coarse
clinoenstatite and minor forsterite. Temperature initially controlled at about + 20°C (first 10 min) and thereafter at the set point. Control for
last 30 min +5°C.

Run 481: quench-crystal region separated from medium grained subsolidus region by 80 wm thick layer of monomineraic clinoenstatite (in
contact with quench-crystal region) underlain by 80 wm thick monomineralic layer of forsterite (in contact with subsolidus region).
Temperature control + 7°C.

Run 484: quench-crystal region separated from medium grained subsolidus region by 100 wm thick layer of monomineralic forsterite.
Temperature control mostly 4+ 10°C with a few maximum excursions of +20°C.

Run 486: quench-crystal region separated from medium grained subsolidus region by a 200-400 um thick layer of coarse forsterite +
clinoenstatite (in contact with quench crystal region) underlain by 50-100 wm thick layer of coarse forsterite (in contact with subsolidus
region). Temperature control mostly + 10°C with two brief excursions of —25°C and one of + 13°C.

Run 488: quench-crystal region separated from medium grained subsolidus region by 50—100 pm thick layer of forsterite + orthoenstatite.
Temperature control + 10°C except for two excursions of 13°C (one up, one down) at beginning of run.

Run 490: quench-crystal region separated from subsolidus region by 30-100 wm thick layer of coarse forsterite + orthoenstatite.
Temperature control +10°C for first 15 min, then +2°C for final 15 min.

Run 496: quench-crystal region separated from medium grained subsolidus region by 25-50 wum thick layer of coarse forsterite +
clinoenstatite. Temperature control mostly +15°C but 4 2°C for fina 5 min.

Run 501: very thin (20 wm) layer of coarse forsterite + modified spinel + majorite separating quench crystal region from medium grained
subsolidus region. Temperature control 4+ 7°C.

Run 507: quench-crystal region separated from medium grained subsolidus region by 100-200 wm thick layer of monomineralic
orthoenstatite. A temperature excursion of + 15°C occurred at 5 min and was followed by close (4 3°C) control for the final 10 min.

of these invariant points are from the data of Gas-
parik (1990a). He listed the temperature of the last
invariant point as 2450°C, but because the last two
points are very close in pressure (Fig. 1), we have
made a dlight downward adjustment of the tempera-
ture of the latter to 2440°C. The invariant point at

22.6 GPa marks the upper pressure limit of the
eutectic curve. At higher pressures, no form of
Mg,SiO, is stable at liquidus temperatures, and the
melting reaction changes to periclase + perovskite =
liquid. The pressures of the second and third invari-
ant points are so close (16.5 and 16.6 GPa) that the
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Fig. 2. Composition of liquid along the eutectic melting curve of Fig. 1. Wt.% Mg,SiO, refers to the join Mg,SiI0,—MgSiO;. Size of
symbols indicates estimated experimental uncertainty. For present data, hourglass symbols indicate a liquid in contact with both Mg,SiO,
and MgSiO;, wedges pointing upward indicate a liquid in contact with MgSiO;, and the wedge pointing downward indicates a liquid in
contact with Mg, SiO, (see Table 1). Symbols at 9.7 and 14.9 GPa are separated slightly in pressure to avoid overlapping. Vertical bars
indicate transition pressures of crystalline phase assemblages at the solidus. Abbreviations as in Fig. 1.

relative order of their pressures is not resolvable
experimentally.

Fig. 2 shows data from various sources on the
composition of the eutectic between Mg,SiO, and
MgSiO; as a function of pressure. Our new data
consist of one point determined with a piston-cylin-
der apparatus at 2.0 GPa and several points deter-
mined in the pressure range 9.6 to 16.5 GPa with a
multianvil press. The point at 2.0 GPa was deter-
mined in the classical way by making starting com-
positions at closely spaced intervals and determining
the primary phase. In this way, the eutectic is firmly
bracketed at 21% Mg,SiO,, 79% MgSIO, between
the compositions 43.5% MgO, 56.5% SiO, and 44%
MgO, 56% SiO, (Table 2). Points at higher pres-
sures using the multianvil press are based on electron
microprobe analyses of liquids that quenched to fine
intergrowths of quench crystals. Each composition
(Table 4) is based on an average of a large number
of broad-beam microprobe analyses. These analyses
usualy show low totals that range as low as 97%.
Focused spot analyses that avoid cracks, however,
show totals that cluster around 100%. Therefore, the
low broad-beam totals are attributed to attenuation of
the electron beam by cracks (Sweatman and Long,
1969), and the values reported in Table 4 are normal-
ized to 100%. Elements other than Mg and Si were
not found.

Starting compositions for runs 507 and 399 (Table
3) lie in the primary (liquidus) phase field of en-
statite; in all other cases, the primary phase is
forsterite. Note that the crystalline phase assemblage
in contact with the liquid is commonly different from
the primary phase. This counterintuitive result is due
to saturation gradient chemical diffusion in a temper-
ature gradient, a process explained in detail by Lesher
and Walker (1988) and Presnall and Walter (1993).
As pointed out by Presnall and Walter (1993), the
data given in Table 3 emphasize the need to exercise

Table 4

Microprobe analyses of quench-crystal areas
Run Spots analyzed?® Mg,SiOf (wt.%)
490 15 25.0+1.0
507 15 26.8+2.2
488 25 27.9+2.6
486 25 274+15
484 27 29.3+13
496 25 30.7+17
481 30 30.8+1.2
399 12 29.14+0.9
501 20 31.6+1.2

#Beam size for run 501 was 30 wm. Beam size for all other runs
was 5 um.

®Normalized to Mg,SiO, + MgSiO; = 100%. Uncertainty is stan-
dard error of the mean.
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caution when interpreting melting experiments in
which a strong temperature gradient exists.

Fig. 2 shows pressures at which phase changes
occur along the solidus curve. At these pressures,
changes in the slope of the composition vs. pressure
curve would be expected, and the curve is drawn as a
sequence of straight segments with slope discontinu-
ities at these pressures. There is no thermodynamic
reason requiring the segments to be straight, but the
data are not sufficiently constraining to determine
the existence of curved lines. The segments are not
fitted mathematically but are drawn so that they lie
within the estimated uncertainty bracket at each pres-
sure. The most striking change in slope occurs near
the low pressure end of the curve and is required by
the single point we have determined at 2 GPa. A
slope discontinuity associated with a phase change
along the solidus below 2 GPa seems unavoidable in
view of the high reliability of the point determined at
2 GPa and the precisely known composition of the
incongruently melting liquid at 1 atm (Bowen and
Andersen, 1914; Chen and Presnal, 1975). This
result is consistent with the proposal of Gasparik

89

(1990b) that high clinoenstatite intersects the solidus
in this pressure range. If his proposal is correct, two
discontinuities in slope would occur below 2 GPa.
Fig. 3 shows a pressure—temperature projection of
invariant and univariant equilibria for the system
MgO-MgSiO; at pressures up to 25 GPa. The esti-
mated melting curve of MgSIO, perovskite on this
diagram requires comment. We show this curve with
the same dT/dP slope as that determined by Ito and
Katsura (1992) at 21-25 GPa, but at temperatures
about 120°C higher. The explanation for this modifi-
cation is as follows. Fig. 3 shows that in every case
where data exist at pressures > 10 GPa, the curva
ture of univariant lines that involve a liquid phase is
so small that the curves are linear within experimen-
tal error. Furthermore, linear representations of these
determined curves are always consistent with the
requirements of Schreinemakers' rules for the rela
tive dlopes of univariant lines at invariant points. No
data exist for the curve, mgjorite = liquid, which
would connect the clinoenstatite = liquid curve de-
termined by Presnall and Gasparik (1990) at lower
pressures with the perovskite= liquid curve deter-
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Fig. 3. Pressure—temperature projection for the system MgO—-MgSiO5 showing all univariant curves and invariant points except the melting
curve of periclase. Filled circles are invariant points. Filled squares are singular points. St, stishovite; Ilm, ilmenite; Sp, spinel; AnhB,
anhydrous B; other abbreviations as in Fig. 1. The diagram is compiled from Presnall (1995) (figures 8 and 14) and references therein, and
Fig. 1. The diagram is drawn in an internally consistent way given best estimates of the positions of univariant lines; but in severa places,
the details of the topology depend on precise locations of curves that are not experimentally resolvable at present.
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mined by Ito and Katsura (1992) at higher pressures.
If the majorite= liquid curve follows the pattern of
all the other curvesin being nearly linear, itsdT /dP
slope at the clinoenstatite—majorite—liquid invariant
point would be less than that of the orthoenstatite =
liquid curve and would therefore violate Schreine-
makers rules. The data of Presnall and Gasparik
(1990) and Ito and Katsura (1992) are both internally
consistent; but in order to join the two data sets so
that Schreinemakers' rules are not violated, the tem-
peratures of Presnall and Gasparik must be lowered
or those of Ito and Katsura must be raised. We prefer
to raise the temperatures of Ito and Katsura because
lowering the temperatures of Presnall and Gasparik
would also require lowering the temperatures of
Gasparik (1990a) and Presnall and Walter (1993), on
which other melting curves in Fig. 3 are based. For
present purposes, the choice is unimportant, but we
make this adjustment to produce a topologically
correct phase diagram.

6. Crystallization of a deep magma ocean

Recent models for the Hadean history of the Earth
usually invoke collision of the proto-Earth with a
planetesimal about one to three times the mass of
Mars. Such a collision is thought to have formed the
Moon and would result in significant or complete
melting of the Earth (e.g., Hartman and Davis, 1975;
Wetherill, 1985, 1990; Melosh, 1990). After separa-
tion of the metallic core, perhaps by gravitationa
segregation of immiscible iron and silicate liquids
(Sasaki and Nakazawa, 1986; Stevenson, 1990), the
resulting silicate magma ocean would crystallize from
the core—mantle boundary upward to form the man-
tle. A variety of models based on an assumption of
fractional crystallization have been proposed (eg.,
Ohtani, 1985; Agee and Walker, 1988; Agee, 1990,
1993; Herzberg and Gasparik, 1991). However,
Tonks and Melosh (1990) and Solomatov and
Stevenson (1993) have argued, on fluid dynamic
grounds, that fractional crystallization would not oc-
cur except possibly during the final stage of the
cooling history at depths <300 km. Also, on the
basis of element partitioning data at high pressures, it
has been argued either that a deep magma ocean
involving most of the Earth’s mantle never existed

(Kato et al., 1988a,b) or that such an ocean existed
but did not experience significant fractional crystal-
lization (McFarlane and Drake, 1990; Drake et al.,
1993; McFarlane et a., 1994).

In order to address the issue of whether or not
fractional crystallization occurred, we focus on Ca,
Ti, and Al. Because these are refractory lithophile
elements, they would resist volatilization during ma-
jor melting events such as that caused by a giant
impact (Ringwood, 1979). Therefore, condensed so-
lar materials affected only by melting and volatiliza-
tion processes would be expected to show relatively
constant ratios of these elements. However, if melt-
ing events were followed by fractional crystalliza-
tion, these ratios may show significant variation.
Given that (1) the Earth accreted from materials with
chondritic refractory element abundance ratios, as is
generally assumed, and (2) Ca, Ti, and Al are ex-
cluded from the core because of their lithophile
character, then ratios of these elements for an ini-
tialy liquid mantle would be chondritic. In the ab-
sence of fractional crystallization, these ratios for the
uppermost mantle would remain chondritic upon
cooling and solidification. However, if fractiona
crystallization occurred, deviations from the chon-
dritic ratio could occur, depending on the relevant
crystal /liquid partition coefficients. Other refractory
lithophile elements (Sc, rare earth elements) are also
potentially interesting as indicators of fractional crys-
tallization, but we focus on Ca, Al, and Ti because
of the availability of crystal /liquid partitioning data
for these elements. Two other relatively refractory
lithophile elements, S and Mg, are less useful be-
cause they are dightly volatile, with Si being the
more volatile of the two. Thus, the higher Mg/Si
ratio of these elements in the upper mantle relative to
chondrites could be caused by one or more prior
volatilization events (Hart and Zindler, 1986), rather
than by crystal /liquid fractionation of the magma
ocean. For this reason, we exclude Mg and Si from
the present discussion.

Phase relations for the system MgO-MgSiO,
provide a preliminary basis for discussing the crys-
tallization of a deep magma ocean. Fig. 3, in con-
junction with Fig. 2, can be used to construct the
essential features of any desired temperature-com-
position or pressure-composition phase diagram for
the system MgO-MgSiO;. When phase relations as
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Fig. 4. Pressure-composition section for the system MgO-MgSiO;
at 2450°C, as derived from Fig. 3.

a function of depth in the mantle are desired, a
pressure-composition section is more useful than the
classical temperature-composition section. Fig. 4
shows a pressure-composition section at 2450°C. It
approximates, with sufficient accuracy for present
purposes, phase relations with increasing depth for a
magma ocean with an adiabatic temperature gradient
that has cooled to 2450°C at the crystallizing base of
the ocean. For the model mantle composition shown,
the diagram indicates that perovskite and periclase
(magnesiowustite in the real ocean) would be the
dominant crystallizing phases in the lower mantle at
about 23 GPa. At higher temperatures, Figs. 3 and 4
show that the floor of the magma ocean would lie at
greater pressures, and the field of majorite + liquid
would shrink and then disappear completely at about
2600°C. This would leave only perovskite and peri-
clase as crystallizing phases in the deep mantle.
When it is considered that Fig. 3 shows phase
relations for only a binary system, these results are
remarkably consistent with experimental data on nat-
ural peridotites, which show that perovskite and
magnesiowustite would crystallize at or near the
liquidus from peridotite magma at pressures greater
than about 22 GPa (Ohtani et al., 1986; Ohtani and
Sawamoto, 1987; Ito and Takahashi, 1987; Agee,
1990; Zhang and Herzberg, 1994). Of the three
major components, FeO, CaO, and Al,O,, that are

missing, CaO is perhaps the most important because
Ca-perovskite has been found to crystallize from
peridotite at 22.5 to 25 GPa (Ito and Takahashi,
1987; Zhang and Herzberg, 1994) and from model
peridotite in the system CaO-MgO-SiO, at 18.2
and 18.8 GPa (Gasparik, 1990a). This phase would
not occur in the binary system but must occur in the
lower mantle because it is the only phase that would
contain Ca in the amounts required to make up the
presumed peridotitic bulk composition. In the pres-
sure range from about 15 to 22 GPa, phase relations
are complex and poorly understood, but appear to
involve the crystallization of Ca-perovskite in the
upper part of this range (Zhang and Herzberg, 1994)
and possibly a phase having the composition of
diopside and called CM by Gasparik (1990a) in the
lower part of this range. However, phase CM has not
been reported in experiments on natural peridotites.
Then, at pressures below about 15 GPa, diopside
becomes stable (Zhang and Herzberg, 1994). Thus,
for the entire pressure range of the mantle except
possibly for the poorly understood 15-18 GParange,
a Ca-rich phase would crystallize.

The amounts of Ca-rich phases crystallized would
change as a function of pressure and extent of frac-
tionation of the magma ocean, and these amounts
cannot be accurately determined at present because
the controlling liquidus phase relations are poorly
known for much of the upper mantle and amost
completely unknown through most of the lower man-
tle. However, the amounts would be small simply
because the amount of Ca in the bulk mantle is
small. Also, existing data (Zhang and Herzberg,
1994) indicate that both diopside at lower pressures
and Ca-perovskite at high pressures are late-crystal-
lizing phases that appear roughly 100°C below the
liquidus. On the assumption of equilibrium crystal-
lization of a fertile mantle composition without frac-
tionation, mass balance requires the amount of Ca-
perovskite in the upper part of the lower mantle to be
roughly 5%.

Fig. 4 shows that the crystallizing phase propor-
tions of Mg-perovskite and periclase in adeep magma
ocean, at least in the upper part of the lower mantle,
would be roughly 85% Mg-perovskite, 15% periclase
by weight. Also, Ito and Katsura (1992) have shown
that addition of FeO to this system a 24 GPa
changes the crystallizing proportions of Mg-per-
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ovskite (Mg# = 0.96) and magnesiowlistite (Mg# =
0.93) only dlightly toward a higher Mg-perovskite
proportion. These data generally support the use by
McFarlane et al. (1994) of the proportions, 80%
Mg-perovskite, 20% magnesiowustite in their calcu-
lations. However, no information is available for the
position of the eutectic at higher pressures.

We initialy consider the consequences of crystal-
lizing Mg-perovskite and magnesiowustite alone in
the lower mantle without Ca-perovskite, as done in
previous discussions. Then, we examine the conse-
guences of including Ca-perovskite. For Mg-per-
ovskite/liquid and magnesiowustite/liquid partition
coefficients for Ca, Ti and Al, we use the recent
values of McFarlane et a. (1994) at 24.5 GPa,
2650°C because these data are from relatively long
runs of 5—13 min and are the most likely to represent
equilibrium values (but see Walker and Agee (1989)
for a discussion of potential problems). Use of the
McFarlane et al. (1994) data indicates that crystal-
lization of the lower mantle (depths > 660 km) as a
mixture of 85% perovskite, 15% magnesiowustite
would yield an upper mantle residual liquid (roughly
one third the volume of the total mantle) with both a
Ca/Al and Ca/Ti ratio of 2.1, when normalized to
C1 chondrites. Fig. 5 shows that this value is far

25
r —— 85MgPv+ 15 MW
[ ---- MgPv+MW + CaPv
20 -
= [ 18% ]
<50 --:5551’:18%Capv ]
STt >.18%
[ 1%
1.0 N model primitive
upper mantle
0.5 L L L L L L L L
0 10 20 30 40 50 60 70 80

Percent Crystallization

Fig. 5. Ca/Al (weight ratio, C1 chondrite normalization indicated
by asterisk) of residual liquids produced by fractional crystalliza-
tion of 85% Mg-perovskite, 15% magnesiowustite. After 40%
crystallization, the dashed lines show the effects of adding differ-
ent percentages of Ca-perovskite crystallization with proportionate
reduction in the amounts of Mg-perovskite and magnesiowustite.
Box for model primitive upper mantle compositions includes
estimates by Maalge and Aoki (1977), Ringwood (1979), Jagoutz
et a. (1979), Wanke (1981), Pame and Nickel (1985), and
Presnall, in press.

higher than the range of Ca/Al ratios for primitive
upper mantle lherzolite, a result essentially the same
as that calculated by McFarlane et al. (1994), except
for the dlightly different proportions of crystallizing
phases and the larger percentage of crystallization. A
similar relationship holds for the Ca/Ti ratio, al-
though primitive upper mantle values for the Ca/Ti
ratio are dightly lower at 0.86—1.06.

In deeper parts of the magma ocean closer to the
core—mantle boundary, both the proportions of crys-
tallizing phases and the partition coefficients are not
known; but if the McFarlane et al. (1994) partition
coefficients are assumed to hold, then extreme limits
for the Ca/Al ratio of the upper mantle would vary
only between 2.1 (100% Mg-perovskite crystalliza-
tion) and 2.0 (70% Mg-perovskite, 30%
magnesiowlistite crystallization). Corresponding ex-
treme limits for the Ca/Ti ratio would be 2.3-2.0.
Thus, the Ca/Al and Ca/Ti ratios in the residual
magma forming the upper mantle are not sensitive to
the proportions of Mg-perovskite and
magnesiowustite crystallizing in the lower mantle.

If Mg-perovskite melts incongruently at higher
pressures, as suggested by Ito and Katsura (1992),
fractional crystallization would produce initia crys-
tallization of magnesiowustite followed by Mg-per-
ovskite. This would produce a layer of
magnesiowustite at the base of the mantle and a
much thicker layer of Mg-perovskite above it (see
aso Agee, 1990). The upper mantle would still be
the product of crystallization of some high ratio of
Mg-perovskite to magnesiowustite, and the Ca/Al
and Ca/Ti ratios calculated above would apply. The
partition coefficient data of Ohtani et al. (1989) and
Drake et a. (1993) indicate that crystallization of
majorite in the lower part of the upper mantle would
increase the Ca/Al ratio of the remaining melt even
further.

Evaluation of the effects of Ca-perovskite crystal-
lization is difficult. We are aware of three studies in
which compositions of coexisting Ca-perovskite and
liquid have been determined (Table 5). In one case
(Ito and Takahashi, 1987), the Ca-perovskite con-
tains 8.5% La,0;, which Ito and Takahashi attribute
to contamination from the furnace. In another (Kato
et al., 1988a), the Ca-perovskite anaysis shows an
oxide sum of only 90% and the Ca-perovskite coex-
ists with a basaltic liquid, not an ultramafic liquid. In
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Table 5

Ca-perovskite/liquid partition coefficients

Ca Al Ti Reference

47 1.0 038 Ito and Takahashi (1987)
2.4 0.6 2.7 Kato et al. (1988a)

37 3.0 5.1 Gasparik and Drake (1995)
40 9.7 26.2 Gasparik and Drake (1995)

the third case, the Ca-perovskite contains 8.5% Sm
and coexists with strongly hydrous liquids containing
< 24% SiO, and 13-29% F (Gasparik and Drake,
1995, table 1, liquids L2 and L3). Table 5 shows
fairly good consistency for the Ca partition coeffi-
cient determined in these studies, but the data for Al
and Ti are strongly divergent. Acknowledging these
problems, we use the data of Ito and Takahashi
(1987) at 25 GPa and about 2500°C as the best
available data for Ca-perovskite in equilibrium with
an ultramafic melt. These data support the inference
from stoichiometry that Ca-perovskite must be a
powerful sink for Ca.

Detailed quantitative modeling is precluded by a
lack of data, not only on the partition coefficients as
a function of pressure and temperature, but also on
the proportion of Ca-perovskite that would crystal-
lize and the point at which it would appear in the
crystallization sequence. However, the magnitude of
the possible effect on the Ca/Al ratio of an upper
mantle residual liquid can be understood by assum-
ing that Ca-perovskite appears after 40% crystalliza-
tion of the mantle. If the 85:15 proportions of Mg-
perovskite and magnesiowustite are reduced propor-
tionately to allow for the crystallization of 18%
Ca-perovskite, the strong enrichment trend of Ca/Al
would be completely arrested (Fig. 5). For a smaller
proportion of Ca-perovskite, the Ca/Al ratio would
continue upward but at a lower rate. For a larger
proportion, the Ca/Al ratio would curve back down
toward the chondritic ratio. Essentialy the same
trends would occur for the Ca/Ti ratio.

If fractional crystallization started in the lower
mantle and proceeded to the point of initial crystal-
lization of Ca-perovskite, prior crystallization of
Mg-perovskite and magnesiowustite would have al-
tered the remaining magma to a more Ca-rich com-
position. Therefore, it would be reasonable to expect

crystallization of a Ca-rich phase through most or all
of the remaining crystallization history. These phases
would be diopside at low pressures and possibly the
CM phase of Gasparik (1990a) at intermediate pres-
sures. Such crystallization has the potential to sup-
press the Ca/Al and Ca/Ti ratios in the uppermost
mantle. Therefore, we conclude that proscription of a
large amount of fractional crystallization on the basis
of these element ratios is premature.

Figure 8 of McFarlane et al. (1994) indicates that
fractional crystallization of Mg-perovskite and mag-
nesiowustite produces an Al /Ti ratio for the upper
mantle about 15% greater than primitive upper man-
tle compositions. If the partition coefficients of Ito
and Takahashi (1987) are roughly correct, crystal-
lization of Ca-perovskite would not strongly affect
the Al /Ti ratio. This suggests that McFarlane et a.
(1994) may be correct that the 15% difference is
significant and that extensive fractional crystalliza-
tion was suppressed. However, because of large
uncertainties in partition coefficients for Ca-per-
ovskite (Table 5), poorly understood proportions of
phases crystallized, and unknown effects caused by
crystallization of other phases at shallower depths in
the mantle, we believe that this difference is insuffi-
cient for a robust conclusion.

We find that none of the three potentially defini-
tive ratios, Ca/Al, Ca/Ti, or Al /Ti, can be used, in
the present state of knowledge, to convincingly deny
large amounts of fractional crystallization of a molten
mantle. This conclusion contains no implication of
support for extensive fractiona crystalization; we
merely consider the situation at present to be poorly
constrained by element partitioning data.
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