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Abstract.

Electron microprobe results are reported for liquid and crystalline phases that

were synthesized at 5-22.5 GPa in multianvil experiments on anhydrous peridotite KL.B-1
[Zhang and Herzberg, 1994]. The results provide information on the partitioning of TiO,,
AlL,O;, Cr,0,, FeO, MnO, MgO, Na,O, and NiO among liquid and the crystalline phases
olivine, modified spinel, garnet, magnesiowustite, and magnesium perovskite. Uncertainties
in these partition coefficients stem from quenching problems and from the effects of
thermal migration of liquid in a temperature gradient. We have, however, exploited the
temperature gradients by determining how the crystalline phase chemistry varies
throughout the melting interval from the liquidus to the solidus. This has permitted new
constraints to be obtained on the compositions of liquids along the anhydrous peridotite
solidus at low melt fractions and at pressures in the 5-18 GPa range. It is demonstrated
that the wide range of Al,0; and CaO/Al,O; contents in picrites and komatiites can be
explained by melt segregation at upper mantle pressures that ranged from 3 to ~10 GPa.
These magmas could have formed by anhydrous melting in plumes with temperatures that
were only 100°-200°C higher than ambient mantle below ridges, demonstrating that
unusually hot conditions are not required to form komatiites. Primary igneous MgO
contents in excess of 26% should be rare, and those that do exist in some komatiites can
be explained by advanced melting during adiabatic or superadiabatic ascent, by low Na,O
in the source, or by melting in hot plumes from the transition zone and lower mantle.
Evidence for deep melting in hot plumes is rather conjectural, but it may be contained in
some 2700 Myr komatiites that have high MgO and mantle-like CaO/Al,O;.

Introduction

Zhang and Herzberg [1994] reported a new phase diagram
for anhydrous peridotite KLB-1, based on a large number of
melting experiments to 22.5 GPa, and a slightly modified ver-
sion of this diagram is shown in Figure 1. These were multian-
vil experiments with an assembly configuration that generates
a nonlinear temperature gradient from the hot spot to the cold
end, an experimental method that was developed in Japan
[Ohtani, 1979; Ohtani et al., 1986; Takahashi, 1986; Ito and
Takahashi, 1987] and subsequently adopted for melting exper-
iments in other countries [Kato et al., 1988a, b; Gasparik, 1989,
1990; Herzberg et al., 1990; Herzberg, 1992; Liebermann and
Wang, 1992; Canil, 1992; Tronnes et al., 1992; Presnall and
Gasparik, 1990; McFarlane et al., 1994; Zhang and Herzberg,
1994].

The 15.5-GPa experiment shown in Figure 2 is fairly repre-
sentative. When the melting temperature interval between the
solidus and liquidus is substantial, the experiment develops the
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following hourglass structure: pockets of 100% quench liquid
located near the hot spot; an assemblage of crystals + quench
liquid positioned between the solidus/liquidus melting interval;
and an unmelted area at the cold end. The proportion of
crystals/quench liquid contained within the solidus/liquidus
melting interval is critically dependent on the temperature
gradient and the time duration of the experiment. When both
are low, there can exist a substantial amount of intercumulus
liquid coexisting with its equilibrium crystalline assemblage
[Zhang and Herzberg, 1994, Figures 4 and 5]. However, when
both are high, liquid is expelled because of thermal migration
(Figure 3), a solution and precipitation process that was orig-
inally reported at low pressures [Lesher and Walker, 1988].
When the melting interval between the solidus and liquidus is
low, thermal migration is obviously inconsequential regardless
of the size of the temperature gradient.

We have explored some of the effects of doing melting ex-
periments in a temperature gradient by examining the crystal-
line and liquid phase chemistry with the electron microprobe.
All liquid analyses refer to liquid quenched near the hot spot
(Figure 2); analyses were also done on interculumus liquid in
a 5-GPa experiment, but the results are of limited value be-
cause of extensive modification by quench olivine. Indeed, the
effects of quenching on the liquid pockets near the hot spot can
be larger than effects from thermal migration, and these are
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Figure 1. Phase diagram for anhydrous peridotite KLB-1, modified slightly from Zhang and Herzberg [1994].
Symbols are defined as follows: L, liquid; Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Gt, garnet;
AnhyB, anhydrous B; Mw, magnesiowustite; MgPv, magnesium perovskite; CaPv, calcium perovskite; a,
olivine; B, modified spinel (Mg, Fe),SiOy; v, spinel (Mg, Fe),SiO,. The original phase diagram has been
modified in the following way: the perovskite-forming reaction has been placed at 23.5 GPa and solidus
temperatures, based on the observations of majorite garnet at 22.5 GPa (this work) and perovskite at 24.5 GPa
[McFarlane et al., 1994] (open circle); a transition pressure wherein both majorite garnet and magnesium
perovskite coexist has been included, based on experiments of Irifune [1994] (circles at 24-26 GPa and
1550°C); the solidus has been elevated by 100°C in the 20-22.5 GPa range (see text for details).

included as uncertainties in the analyses reported below. The
crystalline phase immediately adjacent to the liquid pocket at
the hot spot is the liquidus phase (Figure 3), and it will be
shown that its chemistry changes appreciably down the tem-
perature gradient. We have therefore exploited the tempera-
ture gradient by compiling a comprehensive database of anal-
yses for crystalline phases that are distributed between the
liquidus and the solidus; in many cases, this has enabled us to
characterize both liquidus and solidus phase equilibria in a
single experiment. Temperature gradients also promote equi-
librium and homogeneity of crystalline phases owing to solu-
tion and precipitation [Walker and Agee, 1989; Herzberg et al.,
1990; Zhang and Herzberg, 1994].

About 1900 electron microprobe analyses covering 10 ele-
ments for 10 experiments in the 5-22.5 GPa range were ac-
quired, and some of these results are reported here. On aver-
age, 200 crystal and liquid analyses were found to be the
minimum number that is needed to provide a comprehensive
description of how the phase chemistry varies along the tem-
perature gradient for each experiment. Partition coefficients
for major and trace elements between liquid and high-pressure

crystalline phases have been determined, and this information
has been used to place new constraints on the chemistry of
liquids generated at low melt fractions on the anhydrous soli-
dus.

Experimental Method

Melting experiments were performed on anhydrous mantle
peridotite KLB-1 at 5-22.5 GPa using the multianvil press at
the Center for High Pressure Research at Stony Brook. A
comprehensive report of the experimental procedure was given
by Zhang and Herzberg [1994], with special attention paid to
precision and accuracy of temperature and pressure measure-
ment, oxygen fugacity, equilibrium, temperature gradient, and
the effects of temperature gradient on the phase diagrams.

Analytical Procedures

Experimental charges were mounted in epoxy, polished, ex-
amined with backscatter scanning electron microscopy (SEM),
and the phases were analyzed with a JEOL 8600 electron
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Figure 2. Backscatter SEM photomicrograph of an experiment at 15.5 GPa (KLB1-20 [Zhang and Herzberg,
1994]) showing a typical hourglass structure produced by the temperature gradient, with liquid (L) pockets
defining the hot spot and unmelted portions of the charge at the cold end. Garnet (Gt) is distributed
throughout from the liquidus to the solidus, and microprobe analyses are shown below. Crystallization
sequence down the temperature gradientis L -»L + Gt - L + Gt + AnhyB - L + Gt + Ol - L + Gt +
Ol + B —>L + Gt + B — [Gt + B]. Anhydrous B phase is Mg;,SisO,,.

microprobe at Rutgers University operating at an accelerating
voltage of 20 keV. A beam current of 20 nA was employed for
all elements. Counting times ranged from 5 to 24 s to obtain
standard deviations of 1% on Si, Al, Fe, Mg, and Ca. Counting
times of up to 40 s were required for Ti, Cr, Na, and Ni to
obtain statistics that were within +6%. Large standard devia-
tions were often observed for Mn, and these data are of poor
quality. Standards used were diopside for Si and Ca, pyrope for
Al, pure forsterite for Mg, orthopyroxene for Fe, hornblende
for Ti and Na, chromite for Cr, tephroite for Mn, and corning
glass for Ni.

Crystalline phases were analyzed using a focused electron
beam, but the melt phase was analyzed by rastoring an area
because it quenches to a complex matrix of crystalline phases
rather than a glass as shown in Figure 3. The rastoring was
performed at a magnification of 8000X, and identical results
were obtained for calibrations in both the spot and rastor
mode; however, for calibrations in the spot mode, rastor anal-
yses at magnifications of 4000X or less yielded totals that
dropped to unacceptably low levels. Liquid analyses were re-
peated by rastoring at a magnification of 2000X with calibra-
tion in the rastor mode. Average liquid analyses for all oxides
were virtually identical to those determined with the 8000X
rastor, but rastoring at 2000X resulted in standard deviations
that were lower for most oxides. In general, these lower stan-
dard deviations did not, however, propagate to a significant
lowering of uncertainties in partition coefficients because of
significant variations in the compositions of the crystalline liq-
uidus phases; exceptions were standard deviations in the par-
tition coefficients for magnesiowustite/liquid, which dropped
by 50%.

A rastor analyses at 8000X provides an integrated composi-
tion of the quench crystalline matrix in an area of about 100
pm?, About 20—40 analyses were made along a line transect,
and usually two to four line segments were analyzed orthogo-
nal and parallel to the liquidus isotherms; a total of 80-150
liquid analyses were obtained for each experiment, and the
results are reported in Table 1. For both crystalline and quench

liquid phases, only those analyses which totalled 100 = 1%
were accepted.

High-Pressure Phase Chemistry

Electron microprobe data presented are presented in Table
1. The average liquid analysis for each experiment is given as
Lq1, and the variability about the mean is given as 1 standard
deviation. This variability is random in the sense that it does
not correlate with location along any of the line scans that were
positioned orthogonal or parallel to the liquidus isotherms.
The crystalline liquidus phases in Table 1 are those that only
occur along the liquidus isotherm immediately adjacent to the
hot spot, an example of which is given in Figure 3. Usually
15-30 analyses of the liquidus crystalline phase were obtained,
with averages designated Oll1 or Gtl, and the parentheses
indicate 1 standard deviation about the mean. The designation
L1 and Gtl therefore refers to the averages of the liquid and
coexisting liquidus crystalline phase compositions; analyses
designated L2 and Gt2 refer to individual analyses in each
population that were the most refractory in terms of Fe/Mg,
Ca/Al, Na, and Ti, a point discussed below.

The compositions of some representative coexisting crystal-
line phases positioned between the liquidus and solidus are
also given in Table 1. At 15.5 GPa, for example, the composi-
tions of coexisting olivine + anhydrous B + garnet are desig-
nated OI3, AnhyB3, and Gt3. The absence of a liquid analysis
with the same number indicates that these phases are posi-
tioned down the temperature gradient, and it is improper to
compare them with liquid analyses L1 or L2. The change in
crystalline phase chemistry down the temperature gradient is
illustrated in Figures 4 to 9.

At 5 GPa the appearance of crystalline phases down the
temperature gradient is L, Ol, Opx, Gt, Cpx (Figure 1; see
discussion of this terminology by Zhang and Herzberg [1994]).
The phases Opx, Gt, and Cpx are confined to the coldest part
of these charges, and the crystalline assemblage immediately
below the solidus is [O1 + Cpx + Gt]. Figure 4 shows that the
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Table 1. Experimental Results

P,

GPa Phase SiO, TiO, ALO, Cr,0, FeO MnO MgO CaO Na,O NiO

5 1ql 45.92(032) 027(0.02) 7.52(032) 0.58(0.03) 10.21 (0.15) 0.20(0.10) 27.58 (0.97) 6.67 (0.34) 0.5 (0.03) 0.18 (0.03)
5 ol 41.07 (0.10) 0.01(0.01) 020 (0.05) 0.20(0.02) 6.52(0.36) 0.10(0.05) 51.41(0.16) 0.21(0.01) 0.02(0.01) 0.36 (0.02)
5 oK 40.59 (0.30) 0.02(0.02) 024 (0.03) 0.22(0.04) 9.20(0.24) 0.15(0.07) 49.19(0.38) 0.33(0.02) 0.03 (0.01) 0.36 (0.01)
5 Opx2 55.69(024) 0.02(0.02) 337(0.27) 0.52(0.06) 4.77(0.25) 0.09(0.05) 32.88(0.55) 2.11(0.17) 0.18(0.02) 0.15(0.03)
5  Cpx2  54.64(037) 0.05(0.02) 3.75(0.25) 0.42(0.07) 5.37(0.34) 0.15(0.06) 26.50(0.82) 8.07 (0.98) 0.60 (0.05) 0.11(0.03)
5 G2 42.83(0.26) 0.18(0.03) 20.83 (0.37) 2.32(0.14) 5.68 (0.16) 0.17 (0.08) 22.95 (0.54) 4.69 (0.35) 0.01(0.01) 0.06 (0.02)
9.7 Lgl 46.14 (0.51) 0.14(0.02) 4.42(0.38) 0.44(0.04) 9.39(0.25) 0.14(0.02) 34.21(1.53) 3.68 (0.31) 0.38 (0.04) 0.22(0.03)
9.7 ol 4123 (0.13) 0.01(0.01) 022(0.01) 0.13(0.02) 5.06(0.01) 0.06(0.04) 52.01(0.40) 0.13(0.02) 0.05(0)  0.25(0.01)
9.7 Gt2 46.98 0.05 17.58 1.1 4 0.08 275 2.6 0.02 0.06

9.7 OI2 41.1 0.01 0.21 0.14 55 0.07 51.86 0.16 0.05 0.28

9.7 Gt3 46.12 0.28 16.34 1.2 7.08 0.15 24.52 4.5 0.12 0.07

9.7 0OI3 39.79 0.02 0.09 0.08 10.08 0.09 485 0.16 0.04 0.37

9.7 Cpx3 55.29 0.03 1.76 0.25 5.65 0.17 25.18 9.94 0.74 0.06

155 Lql 44.96 (0.90) 0.14 (0.03) 2.96 (0.53) 0.35(0.05) 10.06 (0.75) 0.15 (0.08) 37.12(1.99) 3.66 (0.48) 0.33(0.06) 0.25(0.03)
155 Gtl 51.20 (0.44) 0.04 (0.02) 11.47(0.73) 0.73(0.05) 3.15(0.17) 0.08(0.06) 31.57(0.29) 1.77(0.22) 0.05 (0.01) 0.05(0.01)
155 Lq2 443 0.12 3.54 0.38 8.59 0.14 39.5 3.03 0.3 0.21

155 Gt2 50.22 0.04 12.53 0.69 2.94 0.08 31.63 1.46 0.05 0.05

155 Gt3 51.77 0.05 9.85 0.78 3.66 0.09 31.04 2.23 0.06 0.07

155 013 41.19 0.02 0.11 0.05 483 0.05 53.38 0.14 0.04 0.23

155 AnhyB3 33.08 0.04 1 041 6.41 0.25 58.12 0.03 0.04 0.46

155 Gt4 52.75 0.13 531 0.6 5.41 0.11 28.82 6.43 0.1 0.11

15.5 Bt4 40.01 0.06 0.48 0.19 9.48 0.09 4797 0.1 0.04 0.57

18 Lql 4472 (1.13) 0.11(0.03) 3.70 (0.46) 0.39(0.04) 9.01 (0.84) 0.13(0.03) 37.88(1.55) 3.15(0.58) 0.32(0.07) 0.21(0.03)
18 Gtl 51.79 (0.92) 0.05(0.02) 9.64(1.81) 0.61(0.03) 3.14(0.38) 0.06(0.03) 32.46(0.52) 1.93(0.26) 0.06 (0.01) 0.06 (0.02)
18 Lq2 4519 0.11 3.89 0.36 7.94 0.13 39.57 2.49 0.23 0.21

18 G2 50.3 0.05 12.09 0.6 2.67 0.06 32.02 1.58 0.06 0.06

18  Gt3 52.86 0.09 6.74 0.49 4.02 0.09 31.85 3.13 0.1 0.08

18 B3 40.48 0.03 0.7 0.19 6.31 0.1 52.11 0.07 0.02 0.35

18  Mw3 0.13 0.1 0.59 0.57 18.18 0.13 79.21 0.05 0.12 1.13

20 Iql 45.67(0.74) 0.13(0.02) 3.26(0.30) 0.36(0.03) 9.47(0.37) 0.15(0.04) 3634 (0.68) 3.38(0.20) 0.37(0.07) 0.21(0.02)
20 Gtl 52.98 (0.46) 0.03 (0.01) 10.33 (0.75) 0.54(0.02) 2.94(0.17) 0.08(0.01) 31.83(0.31) 1.77(0.09) 0.08 (0.01) 0.05 (0.01)
20 Mwl 0.16 (0.05) 0.00(0.00) 1.01(0.11) 0.64(0.03) 15.05(0.46) 0.12(0.01) 81.84(0.36) 0.00 (0.00) 0.13 (0.01) 0.86(0.14)
20 Lg2 46.17 0.13 3.99 0.35 8.74 0.15 36.9 3.06 0.39 0.2

20 G2 52.44 0.03 11.01 0.52 2.93 0.08 31.55 1.69 0.08 0.05

20 Mw2 0.16 0 1.1 0.64 14.68 0.12 82.52 0 0.13 0.86

20 Gt3 55.27 0.09 5.09 0.43 4.07 0.12 32.18 2.67 0.12 0.07

20 Bt3 41.45 0.02 041 0.17 6.59 0.07 50.84 0.05 0.06 0.37

20 Gtl 5424 (037) 0.12(0.02) 5.02(0.47) 0.41(0.07) 455(0.21) 0.11(0.04) 31.87(0.93) 3.65(0.95) 0.21(0.02) 0.07 (0.05)
20 Btl 41.14 (0.38) 0.02(0.02) 036 (0.03) 0.10(0.04) 7.70(0.29) 0.07 (0.03) 50.27 (0.51) 0.04 (0.02) 0.10(0.02) 0.32 (0.04)
20 Mwl 0.25 (0.32) 0.04(0.02) 0.40(0.09) 0.41(0.04) 21.70(1.23) 0.14(0.04) 75.31(1.84) 0.09(0.04) 0.27(0.03) 1.06 (0.06)
217 Lql 4530 (0.35) 0.11 (0.02) 3.84(0.29) 0.40(0.03) 8.57(0.43) 0.13(0.03) 36.51(0.34) 3.11(0.19) 0.27 (0.04) 0.23 (0.02)
217 Gtl 53.51 (0.89) 0.03(0.01) 8.50(1.32) 0.51(0.03) 3.09(0.24) 0.09(0.02) 32.60(0.26) 2.03 (0.24) 0.08 (0.01) 0.05 (0.01)
21.7 Mwi 0.15(0.01) 0.01(0.02) 1.32(0.06) 0.62(0.02) 13.43(0.24) 0.12(0.14) 83.15(0.33) 0.04 (0.01) 0.16 (0.07) 0.90 (0.03)
21.7 Lg2 45.12 0.11 445 0.45 7.69 0.13 37.43 2.71 0.21 0.23

21.7 Gt2 52.23 0.03 10.04 0.50 2.83 0.09 3231 1.71 0.08 0.05

21.7 Mw2 0.15 0.01 1.36 0.61 12.97 0.12 83.59 0.04 0.13 0.9

225 Lql 46.64 (0.57) 0.09(0.02) 4.41 (0.34) 040 (0.03) 7.13 (0.51) 0.11 (0.04) 37.11(0.59) 2.83 (0.22) 0.23 (0.04) 0.22(0.07)
225 Gtl 53.36 (0.99) 0.04 (0.02) 8.19(1.40) 0.44(0.03) 2.73 (0.28) 0.10(0.10) 32.82 (0.45) 2.00 (0.31) 0.09 (0.04) 0.07 (0.04)
225 Mwl 0.18 (0.02) 0.02(0.02) 1.55(0.07) 0.59(0.02) 10.92(0.20) 0.12(0.11) 85.79 (0.46) 0.04 (0.01) 0.11(0.03) 0.87 (0.02)
225 Lqg2 46.79 0.09 5.04 0.45 6.17 0.11 37.61 25 0.16 0.22

225 Gt2 52.36 0.04 11.03 0.42 2.24 0.05 33.08 1.54 0.08 0.07

225 Mw2 0.18 0.02 1.51 0.58 10.69 0.08 85.53 0.04 0.1 0.87

Numbers in parentheses are 1 standard deviation of averages. Phases with common numbers are coexisting phases. Lq, liquid; Ol, olivine; Opx,
orthopyroxene; Cpx, clinopyroxenc; Gt, garnet; AnhyB, anhydrous B; Bt, beta phase (modified spinel); Mw, magnesiowustite. Nominal
temperatures of these experiments are given by Zhang and Herzberg |1994].

FeO content of olivine varies systematically from about 4.5%
at the liquidus to about 9.5% near the solidus. Quench liquid
analyses obtained from the vicinity of the hot spot display
complementary FeO-MgO relations and are roughly similar to
liquids formed by about 70-100% melting of KLB-1 except
that they are displaced to lower contents of FeO. The calcu-
lated liquid compositions were determined from the partition

coefficients as discussed below and from the topologies of the
liquidus crystallization fields at 5 GPa [Herzberg, 1992, 1993a,
b], and these should be similar to liquids expelled by thermal
migration. However, the match between observed and calcu-
lated liquid compositions is poor, and much of the variability is
actually due to olivine which forms large dendritic crystals
having about 7% FeO upon quenching during the termination
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15.5 GPa

Peridotite KLB-1
Figure 3. Magnified view of 15.5-GPa experiment shown in
Figure 2, also from Zhang and Herzberg [1994]. Liquidus gar-
nets refer to only those garnets that are distributed immedi-
ately adjacent to the liquid pockets at the hot spot.

of the experiment. A pocket of liquid near the capsule wall and
at the cold end was found to have much smaller quench crystals
and it yielded much better statistics (Table 1), and it is similar
to a liquid produced by about 50% melting of KLB-1. Figure 4
shows that liquids formed by degrees of melting lower than
about 50% were either not expelled by thermal migration, or
they were mixed with higher-degree melts.
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Similar observations are made at 9.7 GPa, and this is shown
in Figure 5. Liquids quenched near the hot spot are similar to
liquids produced by 70-100% melting of KLB-1, except that
they are displaced to lower FeO than those expected from
thermal migration; most of the scatter is due to quench olivine.

The experiments at 15.5 GPa are particularly interesting
because the liquidus phase is garnet, the olivine («) to modi-
fied spinel (B) transformation is clearly visible (Figures 2 and
3), and there are only two crystalline phases in the subsolidus,
these being modified spinel + garnet. Figure 6 shows that
garnets display a wider range of chemistries than at lower
pressures, and this reflects the stabilization of garnet through-
out the entire melting interval. There exists a noticeable break
in FeO-MgO at the o — B transformation as expected from
other studies [e.g., Katsura and Ito, 1989]. Again, liquids at the
hot spot are similar to liquids formed by about 70-100% melt-
ing of KLLB-1, and there is more scatter in FeO and MgO due
to thermal migration rather than to quenching. For CaO and
Al O, there is more scatter from quenching than from thermal
migration (Figure 7).

The compositions of modified spinel and garnet immediately
below the solidus at 15.5 GPa can be calculated from the
partitioning of elements between these two phases as discussed
below together with the constraint of mass balance, and these
calculated compositions can be compared to those which are
directly observed. Figure 6 shows that the agreement is very
good, but the observed compositions of 8 and Gt are somewhat
more FeO-rich than expected. Figure 7 also shows that the
observed garnets are somewhat higher in CaO and lower in
AL, O, than garnets which are required for mass balance. Mass

60 T T T T T T : —
- Olivine |
'@w’v& , , Quench Olivine P =5GPa
50 - R 5"".';.’.‘_# oy o -
l’”"«
- Hot 7N |
MgO 40 | |
e Cold
i oe » Opx -
. 60
30 B S OB —
Q0% Liquid °" ;‘g ,
° "' 2 4
B P Pocket
20 e i i i — = 1
FeO
(weight %)

Figure 4. FeO and MgO of phases contained in a 5 GPa experiment, KL.B1-28 of Zhang and Herzberg [1994].
Olivine displays a continuum of compositions from low FeO near the hot spot to high FeO at the cold end.
Bold solid curve represents the compositions of liquids formed by 1 to 100% melting of KLB-1: [L + Ol +
Opx + Cpx + Gt at 1 to 22% melting]; [L + Ol + Opx + Gt at 22 to 40% melting]; [L + Ol + Opx at 40
to 50% melting]; [L + Ol at 50 to 100% melting]. Liquid compositions were calculated from partition
coefficients as described in the text and from the topologies of the liquidus crystallization fields at 5 GPa
[Herzberg, 1992, 1993a, b]. Compositions of coexisting phases at the solidus are given in Table 3 and are
represented as bold dashed tie lines; these differ from observed phase compositions by several tenths of a
weight percent and were estimated by regression and mass balance. Fine solid lines tie coexisting phases within
the melting interval. The “liquid pocket” is a segregated pocket of liquid along the capsule wall at the cold end
and contains small rather than large quench crystals; analyses are given in Table 1.
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Figure 5. FeO and MgO of phases contained in a 9.7-GPa experiment, KL.B1-30 of Zhang and Herzberg
[1994]. Bold solid curve represents the compositions of liquids formed by 1 to 100% melting of KLB-1: [L +
Ol + Gt + Cpx at 1 to 23% melting]; [L + Ol + Gt at 23 to 66% melting]; [L + Ol at 66 to 100% melting].
Compositions of coexisting phases on the solidus are given in Table 3. Other conventions are as for Figure 4,
except compositional similarities between garnet and clinopyroxene are distinguished by squares (garnet) and

small circles (Cpx).

balance is therefore not strictly achieved at the cold end of
these experiments, and the departure from mass balance in-
creases at higher pressures.

At 18 GPa the solidus mineralogy is also [ + Gt], and the
observed phases are marginally enriched in FeO compared
with the calculated ones (Figure 8). Again, liquid analyses
display variations in FeO and MgO that appear to be domi-
nated by thermal migration, and variations in CaO and Al,O,
are due mainly to quench effects.

Differences between calculated and observed phase chemis-
tries at the solidus increase systematically from 20 to 22.5 GPa
(Figure 9). Magnesiowustite becomes an important crystalliz-
ing phase, and it is stable in the subsolidus (B + Gt + Mw at
20 GPa; y + Gt + Mw + CaPv at 21.7 to 22.5 GPa; Figure 1).
At 21.7 GPa, magnesiowustite can have up to 50% FeO (Fig-
ure 9), and the high FeO contents of coexisting y and Gt would
indicate that the bulk FeO has increased from 8.59% (i.c., the
value in KLB-1) to over 15%. It is also noteworthy that for any
specified garnet composition at the cold end, the calculated
FeO contents of equilibrium magnesiowustites are always
lower than those which are observed. These differences most
likely arise from important nonideal terms [Fei et al., 1991] that
were not considered for the more FeO rich Gt-Mw pairs (see
below). The experiments in the 20-22.5 GPa range were run
with a smaller tungsten carbide truncation, and the tempera-
ture gradients in them are larger than those at 15.5 GPa. The
systematic increases in FeO concentrations in the cold end are
therefore most likely to be an artifact of higher-temperature
gradients rather than higher pressures.

In addition to FeO, crystalline assemblages at the cold end
display enrichments in TiO,, Ca0O, and SiO, and strong deple-
tions in AlL,Og; also at the cold end, Na,O is enriched at
21.7-22.5 GPa, but it is depleted at lower pressures. These
changes in chemistry are somewhat similar to those that would
be expected from the migration of liquids to the cold end, and

since FeO migrates from low to high concentrations, the pro-
cess is similar to uphill diffusion. However, FeO also diffuses
from high to low temperatures, and this differs from previous
reports of uphill diffusion which have been isothermal cases
[Zhang et al., 1989; Chakraborty et al., 1995]. Soret experiments
run at 1 GPa on a basalt composition yield at the cold end of
the temperature gradient enrichments in FeO, CaO, TiO,, and
MgO and depletions in Na,O and SiO,; Al,O; remains rela-
tively constant [Walker and Del.ong, 1982; Lesher and Walker,
1986]. We see similarities (i.e., CaO, FeO, TiO,), but the
differences (i.e., SiO,, Al,O;, and MgO) could arise from high-
er-temperature gradients in our experiments, higher pressures,
different bulk compositions, or a diffusion mechanism that
differs from Soret diffusion. In the absence of a satisfactory
understanding, we use the term cold-directed thermal migra-
tion to describe the enrichments and depletions at the cold
end.

The cold-directed thermal migration process has so effec-
tively transformed the bulk composition of our system at the
cold end in the pressure range 20-22.5 GPa that this has
resulted in two important ambiguities of interpretation made
by Zhang and Herzberg [1994]. Once melting begins the diffu-
sion of FeO to the cold end will surpress the melting temper-
ature, and this explains problems we had at bracketing the
solidus at 20 GPa: at 2115°C no liquid phase was observed
anywhere in the charge, but at 2150°C we observed a melt
fraction that was much greater than that expected by a 35°C
increase in temperature [Zhang and Herzberg, 1994]. The soli-
dus temperatures in our new phase diagram in Figure 1 have
therefore been elevated by about 100°C at 22.5 GPa.

Another difficulty caused by cold-directed thermal migration
in our 22.5-GPa experiment was the absence of spinel (y) (Mg,
Fe),SiO, at any position within the melting interval. We orig-
inally interpreted the absence of spinel to indicate the stability
of perovskite from the well-known reaction (Mg, Fe),SiO,(7y)
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= (Mg, Fe)SiO; (perovskite) + (Mg, Fe)O (magnesiowustite)
[Zhang and Herzberg, 1994]. We have since examined this ex-
periment more carefully and have found (y) (Mg, Fe),SiO, at
the coldest part of the charge where there was no liquid phase.
The effect of FeO diffusion was to remove the bulk composi-
tion from [y + Gt + Mw] space to [Gt + Mw]. We erroneously
identified garnet as perovskite and have confirmed this error by
micro-Raman analysis. To the untrained eye, our new phase
diagram for KLB-1 in Figure 1 will look identical to the old
one, but we have now placed the perovskite-forming reaction 1
GPa higher in pressure. McFarlane et al. [1994] identified per-
ovskite in a melting experiment at 24.5 GPa and on a compo-
sition that is very similar to KLB-1. Majorite garnet is stable in
our experiments at 22.5 GPa, and this permits us to place the
perovskite-forming reaction between these two brackets, at
23.5 GPa and at temperatures between the solidus and liquidus
(Figure 1). Additional experimental work would be desirable
to constrain the T-P location of this important transformation.

Crystal/Liquid Partitioning
General Information

It is now possible to evaluate the partitioning of the elements
TiO,, Al,O,, Cr,0;, FeO, MnO, MgO, CaO, Na,O, and NiO
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Figure 6. FeO and MgO of phases contained in a 15.5 GPa
experiment, KLLB1-20 of Zhang and Herzberg [1994]. Liquidus
garnets and quench liquid shown in Figure 3 have analyses
indicated in the top panel; averages and standard deviations
are given in Table 1. Coexisting garnet, olivine, modified
spinel, and calculated liquids along the temperature gradient
of Figure 2 are indicated by tie lines. Dashed lines tie solidus
phases.
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Figure 7. Al,O, and CaO of phases contained in the 15.5-
GPa experiment, KLB1-20. Garnets display a continuum of
compositions from high AL,O, at the liquidus to low Al,O4
near the solidus. Liquidus garnets and quench liquid shown in
Figure 3 have analyses indicated in top panel; averages and
standard deviations are given in Table 1. Coexisting garnet,
olivine, modified spinel, and calculated liquids along the tem-
perature gradient of Figure 2 are indicated by tie lines. Dashed
lines tie solidus phases. Liquid analyses scatter in two compo-
sitional vectors, one defined by thermal migration at approxi-
mately constant Al,O;, the other by quench olivine and garnet,
which is the dominant effect as shown by the major axis of the
ellipse.

between crystals and liquid. We have adopted the convention
of Beattie et al. [1993] where the partitioning of cation M
between phases X and Y takes the form

D6 = Chuo/Chio (1)
where C represents the weight fraction of the metal oxide
component MO in the phases X and Y. For crystal/liquid pairs,
phase X refers to the crystalline phase and phase Y to the
liquid phase, so that

DY = Dt @
but we show our results explicitly as, for example,
Do’ = [MgOJ*"/[MgO]* (3

where [MgO]** is the weight percent concentration of MgO in
the crystalline phase (Xtl). To calculate the composition of a
crystalline phase from a known liquid composition, it is more
convenient to consider the partition coefficients on a molar
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Figure 8. (top) FeO and MgO and (bottom) Al,O, and CaO of phases contained in an 18-GPa experiment,
KLB1-10 of Zhang and Herzberg [1994]. The crystallization sequence down the temperature gradient is L —
L+Gt—>L+Gt+Mw—L+Gt+ Mw+ B—L + Gt+ g—[Gt+ B]. Analyses of representative phases

are given in Table 1.

basis rather than a weight percent basis; conversion factors for
various crystalline phases are given in Table 2.

For peridotite KLB-1, olivine is the liquidus phase below 14
GPa, garnet is the liquidus phase above 14 GPa, and KLB-1 is
multiply saturated in both at this pressure (Figure 1). The
partitioning of FeO for olivine/liquid at P < 14 GPa and for
garnet/liquid at P > 14 GPa can be evaluated in a straight-
forward manner from our electron probe data in Table 1, and
this is shown in Figure 10 together with results for MgO.
However, partition coefficients are also shown for modified
spinel/liquid even though modified spinel is never a liquidus
phase and it never coexists with easily analyzable pockets of
liquid because it found down the temperature gradient towards
the colder ends of the capsules (e.g., Figure 2). These were
calculated from the thermodynamic constraint

DEls = DEDES,

4

where DS54 is known and the compositions of coexisting
garnet and modify spinel in Table 1 permit an evaluation to be
made of DES. Similarly, at pressures lower than 14 GPa
where olivine is the liquidus phase, partition coefficients for
garnet/liquid were calculated from the relation

DOYLa — pOliLapGyOl

(5)
where D4 js known and DSV is determined from the
compositions of coexisting garnet/olivine pairs. In this way,
crystal/liquid partition coefficients were obtained even for
phases which were not in direct contact with liquid because of
thermal migration.

Uncertainties in the partition coefficients shown in Figures
10-16 were determined from Gaussian distributions of the
compositions of both the quench liquid phase and the crystal-
line liquidus phases given in Table 1. In all cases, errors in
composition were propagated to errors in D strictly from stan-
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Figure 9. FeO and MgO of phases contained in experiments
at 20, 21.7, and 22.5 GPa, KLB1-15, —11, and —36, respec-
tively, of Zhang and Herzberg [1994]. Crystallization sequence
at20GPaisL—-L + Gt —>L + Gt + Mw —» L + Gt + Mw
+ B — [Gt + Mw + B]. Crystallization sequence at 21.7 GPa
isL—->L+Gt+Mw—L+ Gt+ Mw+ y+ CaPv—[Gt +
Mw + y + CaPv]. Crystallization sequence at 22.5 GPais L —
L+Mw—-L+Mw+Gt—>L+Mw+Gt+ CaPv—>L +
Mw + Gt + CaPv + y — [Mw + Gt + CaPv + 7]. Note the
very high FeO contents of coexisting Gt and Mw at the cold
ends. Light tie lines are coexisting phases calculated from par-
tition coefficients. Bold solid tie lines are calculated coexisting
solidus phases; bold dashed lines are observed coexisting soli-
dus phases. Both calculated and observed solidus phases as-
semblages are more FeO than KLB-1, demonstrating FeO
diffusion to the cold end.
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Figure 10. Partition coefficients for FeO and MgO between
crystals and liquid. Symbols are defined as follows: open sym-
bols with error bars are partition coefficients determined from
average liquidus crystal/liquid analyses; solid symbols are par-
tition coefficients determined from most refractory liquidus
crystal/liquid analyses; shaded symbols are results from other
workers (2.8 GPa from Longhi [1995], 16 GPa from McFarlane
et al. [1991], 24 GPa from Ito and Katsura [1992], and 24.5 GPa
from McFarlane et al. [1994]); circles are garriet; squares are
olivine and modified spinel; triangles are magnesiowustite; di-
amonds are magnesium perovskite. Data at 14 GPa are from
Zhang and Herzberg [1994]. Regressions are given in Table 2.
Error bars are 1 standard deviation.

dard deviations without correcting for covariance, or noninde-
pendence of the variances. However, visual inspection of Fig-
ure 6 shows that the variations in weight percent FeO and
MgO for analyzed liquids at 15.5 GPa covary with FeO-MgO
systematics for liquidus garnet. This was confirmed by calcu-
lating DEY44 from the most refractory garnets and liquids, that
is, individual analyses with the lowest FeO/MgO and CaO/
Al,Og; the result was a D value that was very similar in most
cases to partition coefficients that were calculated from the
mean values of the garnet and liquid populations. For practical
analytical reasons, each individual liquid analysis could not be
acquired with a coexisting garnet analysis, and the covariance
could not be evaluated by means of a correlation coefficient.
Therefore the standard deviations for D could not be reduced,
and the values given here should be considered maximum
bounds. Crystal/liquid partition coefficients are summarized in
Table 2 and illustrated in Figures 10-16. In some cases there
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Table 2. Crystal/Liquid Partition Coefficients
Modified Anhydrous B
Olivine Spinel Phase Garnet Magnesiowustite

TiO, A (0.05) 0.12 (0.07) 0.23 (0.13) 0.35(0.22) 0.27 (0.27)
AlLO, 0.04 (0.02) 0.29 (0.07) 0.39 (0.07) B (0.57) 0.31 (0.05)
Cr,0; C (0.08) 0.62 (0.09) 1.11 (0.17) D (0.52) E (0.18)
FeO F 0.55 (0.05) 0.54 (0.05) 0.35 (0.04)* G (0.09)
MnO 0.41 (0.29) 0.41 (0.29) 1.47 (1.36) 0.57 (0.47) 0.82 (0.58)
MgO H 1.37 (0.06) 1.59 (0.09) 1(0.04)* J(0.07)
CaO 0.03 (0.01) 0.01(0) 0.01 (0) K (0.13) 0.01 (0)
Na,0 0.12 (0.03)t 0.07 (0.04) 0.10 (0.03) L (0.07) M (0.16)
NiO N 1.25 (0.34) 1.31 (0.33) 0.27(0.12) 3.97 (0.86)

For A, D = 0.07P; for B, D = D exp (—1.213 — 3.22P%% + 11.09/P? + 5523 In P); for C, D
—0.028P + 0.56; for D, D = —0.126P + 3.97; for E, D = —-0.115P + 4.01; for F, D

exp (—0.907 + 2.415/P); for G, D = —0.013P + 1.80; for H, D = 1/(0.776 — 1.19P); for I,

D = 0.008P + 0.71; for J, D = 0.032P + 1.55; for K, D = 0.008P + 0.45; for L,D = exp

(—5.95

+ 0.122P + 0.743 In P); for M, D = 0.058P — 0.76; and for N, D = —0.012P + 8.3/P + 0.40.
Numbers in parentheses are 1 standard deviation. D, partition coefficient; P, pressure in GPa. D mol %/D
wt% conversion factors are 1 for Gt/Lq; 0.94 for Ol/Lq; and 0.84 for Mw/Lq.

*Valid between 14.0 and 22.5 GPa.
tValid between 10 and 15 GPa.

are important pressure effects, and these have been regressed
with empirical equations included in Table 2.

Partition coefficients normalized to liquid also provide a
convenient way of calculating the partitioning of cations be-
tween crystalline phases. For example, the reader can obtain
DSYO! at any pressure from equation (5) together with the
values of DS and D™ that are retrievable from the em-
pirical equations in Table 2; in a similar way, D% and DS*M¥
can be easily obtained. Partition coefficients for garnet and
clinopyroxene at 5 and 9.7 GPa can be extracted from Tables
2 and 3. The compoasitions of olivine, modified spinel, spinel,
and magnesiowustite that coexist with selected garnets were
thus calculated from these intercrystalline partition coeffi-
cients, and the results were shown in Figures 4-9. In most
cases there is good agreement between observed and calcu-
lated phase compositions, and this is especially true near the
liquidus where phase compositions have the lowest FeO/MgO.
However, we noted above that this agreement breaks down at
20-22.5 GPa for FeO-rich phases that are located near the
solidus: observed magnesiowustite and spinel (y) compositions
are always more FeO rich than the calculated ones (Figure 9).
These differences arise from nonideal mixing parameters that
were ignored in the calculations. Fei et al. [1991] show that
FeO-MgO mixing in magnesiowustite is highly nonideal, and
ignoring the large interaction parameters will result in calcu-
lated FeO contents that are lower than observed. These effects
were ignored because the mixing properties of majorite garnets
are not known; additionally, the FeO-rich phase compositions
at 20-22.5 GPa arose from cold-directed thermal migration as
discussed above, and we are primarily interested in solidus
phases that mass balance with KLB-1.

It is desirable to compare our crystal/liquid partition coeffi-
cients with those that are available from other high-pressure
experimental determinations [Karo et al., 1988a, b; Ohtani and
Sawamoto, 1987, Ohtani et al., 1989; Yurimoto and Ohtani,
1992; Ito and Takahashi, 1987; Agee, 1990; Agee and Walker,
1990; Agee et al., 1995; McFarlane et al., 1991, 1994; Drake et al.,
1993; Ito and Katsura, 1992; Tronnes et al., 1992]. However, it
has been shown that some partition coefficients determined
from experiments on chondrite compositions differ from those
of peridotite compositions [McFarlane et al., 1994], and a com-

prehensive parameterization is not possible at the present time
because the data base is not sufficiently broad in T-P-X space.
Therefore we have narrowed the focus of these comparisons to
only those experiments that have characterized the partial
melting properties of mantle peridotite, these being magmas
that range in composition from basalt through komatiite and
peridotite.

Inspection of Figure 1 shows that major crystalline phase
transformations occur in mantle peridotite at pressures in ex-
cess of 10 GPa, and it is of great interest to know how these will
affect the compositions of magmas. We have therefore plotted
our partition coefficients in Figures 10-16 as a function of
pressure even though the T-P conditions of our experiments
were not isothermal and, as discussed below, temperature is
demonstrated to have the dominant effect in some cases.

FeO and MgO

Figure 10 shows D for FeO increases in the order Gt/Lq <
Ol/Lq < B/Lq < Mw/Lq, and for most experiments the errors
in D (i.e, 1 standard deviation) are about the size of the
symbols. Again D values for all elements calculated from both
the mean and the most refractory compositions are similar, but
those for magnesiowustite/liquid are an important exception.
DM¥La calculated from most refractory analyses are usually
higher than those calculated from averages, and this is most
evident for our highest pressure experiments, those at 21.7-
22.5 GPa. These are also experiments which exhibit the largest
amount of FeO cold-directed thermal diffusion, but an exact
relationship remains uncertain. It should be noted that D¥*"4
determined from average analyses in this work are in excellent
agreement with D values reported at 16-24.5 GPa [McFarlane
et al., 1991, 1994; Ito and Katsura, 1992].

Figure 10 also shows that D for MgO increases in the order
Gt/Lq < B/Lq < Ol/Lq < Mw/Lq. There appears to be a
substantial pressure dependency to DG/ in addition to DRSS,
but this is actually a temperature and composition effect; in
particular, the MgO contents of the liquids used in this analysis
increase from about 17% at 2.8 GPa [Longhi, 1995] to about
37% at 14 GPa. The effect of temperature is to drop D" for
FeO and MgO because of the enhanced solution of olivine in
the silicate melt [e.g., Roedder and Emslie, 1970; Beattie et al.,
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Figure 11. Exchange coefficients of FeO and MgO between
crystals and liquid. Symbols are as for Figure 10. Error bars are
2 standard deviations.

1991; Hirschmann and Ghiorso, 1994], and the temperature
effect will be most pronounced at lower pressures where AT
for the solidus-liquidus melting interval is greatest. These ef-
fects can be minimized by considering simultaneously the par-
titioning of FeO and MgO, the exchange coefficient [Beattie et
al., 1993]:

K Dg«%ﬂago = Dge”(‘)“q (6)
Kpreoigo = [FeO/MgO]oy/[FeO/MgO]y,. (M

Roedder and Emslie [1970] demonstrated that K, 26,0 =
0.30 for basalts that were saturated in olivine, a value that has
been reproduced in many experimental studies since then, and
inspection of Figure 11 shows that K Dg’;’oLfMgo is 0.33 = 0.06 (2
standard deviations) from 2.8 to 15.5 GPa, demonstrating a
rather remarkable constancy. This seems to hold true for tho-
leiite, mildly alkaline and komatiitic liquids that are typical of
melts generated in the anhydrous peridotite melting interval.
Tronnes et al. [1992] reported olivine and komatiite composi-
tions from melting experiments at 4—-11 GPa, and although not
included in Figure 11 for clarity, their results are very similar to
the ones shown in Figure 11. However, K, 2¢5/M,0 can be very
low (i.e., <0.25) for SiO,-undersaturated magmas such as
nephelinites {Gee and Sack, 1988] and for Fe,SiO,-rich com-
positions [Bowen and Schairer, 1935; Agee and Walker, 1988],
and a fully parameterized model remains to be evaluated. The
effect of pressure is to increase K, | Takahashi and Kushiro,
1983; Herzberg, 1987; Ulmer, 1989; Agee and Walker, 1988], but
again a fully parameterized model remains to be evaluated.
The results of our work indicate that the constancy of K,°"'4
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at 0.33 + 0.06 (20) may be due to compensating pressure and
composition effects. Indeed, the error bars in our data would
permit the interpretation that K, increases to a maximum of
0.36 at 5-10 GPa (Figure 11) and that it may drop at yet higher
pressures. Agee et al. [1995] reported K, ©" = .36 = 0.09 for
experiments on chondrite at 10 GPa and suggested quench
effects as the main source of the error. Our uncertainties are
lower, demonstrating the limited contribution to this uncer-
tainty from thermal migration.

K p reomeo increases from 0.33 for olivine/liquid to 0.40 for
modified spinel/liquid at 15.5 GPa (Figure 11), reflecting the
well-known tendency for modified spinel to be relatively more
iron-rich than olivine [Katsura and Ito, 1989; Akaogi et al.,
1989]. Figure 11 also shows that K, 244, is about 0.42 +
0.10 (20), and the effect of pressure is to decrease it marginally;
this is in good agreement with 0.46 reported by Agee et al.
[1995] on chondrite, indicating that their more Fe-rich com-
position bulk composition may have little effect. For Kpracymeo
the effect of pressure is rather substantial (Figure 11).

We do not have data on magnesium perovskite, but readers
should note the wide range of values that have been published
for K ppetgo (Figure 11): McFarlane et al. [1994] reported
values as high as 0.59 in two experiments (i.e., UHP-723 and
UHP-892), similar to those between magnesiowustite and lig-
uid; in another experiment they reported a value of 0.43 (i.e.,
UHP-896), similar to that of Ito and Katsura [1992, 0.37]; the
value of 0.21 is from Kato et al. [1988b]. An evaluation of this
problem can be made by examining data for coexisting perovs-
kite-magnesiowustite pairs. The exchange coefficient K}t meo
is >2.0 for inclusions in diamond and in various diamond anvil
experiments [Guyot et al., 1988; Fei et al., 1991; Kesson and
FitzGerald, 1991]; more recently, Irifune [1994] determined it
to be 1.63 in multianvil experiments at 24 GPa. The melting
experiments in Figure 11 yield K , ¥e&/vgo = 1.7 for the data of
Ito and Katsura [1992] but 1.0 for the data of McFarlane et al.
[1994]. As it is unlikely that FeO and MgO will partition
equally between perovskite and magnesiowustite, we believe
that the perovskite data of McFarlane et al. [1994] are in error
for their experiments UHP-723 and UHP-892. We recommend
that the best value for K, FiGmeo is around 0.4, based on the
results of fto and Katsura [1992] and experiment UHP-896 of
McFarlane et al. [1994]. This would indicate that FeO and MgO
partition between majorite garnet and magnesium perovskite
about equally (i.e., K pFeomgo = 1), a result that is consistent
with data reported by Irifune [1994].

AlL,O; and CaO

Partition coefficients for Al,O, are illustrated in Figure 12.
D 4,0, averages 0.04 for olivine/liquid, in good agreement the
results of Agee and Walker [1990], and D , i, jumps up to 0.29
for modified spinel/liquid, similar to previous studies [Herzberg
et al., 1990]. D 5, for garnet/liquid is not intuitively obvious.
It increases from about 2 at 2.8 GPa to about 4 at 10 GPa and
then drops back to about 2 at 22 GPa. Although not shown for
clarity, these results are in good to excellent agreement with
the data of Ohtani et al. [1989], Yurimoto and Ohtani [1992],
Drake et al. [1993], and Kato et al. [1988a], but they are much
lower than the results of Ito and Takahashi [1987], who deter-
mined D$}/5? to be about 6 at 20 GPa. The large increase at
the low-pressure end is determined mainly by the liquid phase
which changes from picrite at 2.8 GPa (Al,O; = 13-14%
[Longhi, 1995]) to komatiite at 4 to 11 GPa (Al,O; = 3.5-9%
[this work; Tronnes et al., 1992}). At 14-22.5 GPa the liquids
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Figure 12. (top) Partition coefficients for Al,O, between various crystalline phases and liquid and (bottom)
partition coefficients for Al,O, and CaO between garnet and liquid. Symbols are as for Figure 10, but shaded
circles are from Tronnes et al. [1992] and Longhi [1995]. Regressions are given in Table 2. Error bars are 1

standard deviation.

contain 3-4% Al,O;, and the drop in D 4,0, is determined
mainly by the garnet phase which drops from about 15% Al,O,
at 10 GPa to about 7.5% at 22 GPa (Figure 13). It is important
to emphasize that the pressure-induced changes in D 4,0,
shown in Figure 12 are strictly valid for the equilibrium melting
of mantle peridotite, and should only be extended to other
compositional systems with caution.

Experimental results on magnesium perovskite [McFarlane
et al., 1994] yield low D values, and Figure 12 shows that D ; o,
drops from about 2 to 1 at the transformation of majorite
garnet to magnesium perovskite. This is consistent with other
experimental observations that show lower Al,O; in perovskite
coexisting with majorite garnet [Ringwood, 1991; Irifune, 1994].

Figure 12 also shows that DSYL9 remains <1 and fairly
constant at all pressures. This will be discussed again below,
and it is important because it demonstrates that large pressure-
induced changes in CaO/Al,O; must occur for liquids gener-
ated on the garnet peridotite solidus.

Cr,0;

Figure 14 shows that D, increases at the olivine to mod-
ified spinel phase transformation, similar to D 5,c,. There is a
systematic drop in DE/G! with increasing pressure, but Cr,0,
remains compatible in garnet at all pressures. Figure 14 shows
that the lower-pressure data are more scattered about the
regression, but these are also lower-temperature data. Exper-
iments at 18-21.7 GPa were all run at about the same tem-
perature, and the effect of pressure in lowering D&y/g! is un-
ambiguous. There appears to be little change in Do, Wwhere
majorite garnet transforms to magnesium perovskite. Cr,O; is
also compatible in magnesiowustite, and our results are in
excellent agreement with previous determinations [McFarlane
et al., 1991, 1994].

Na,O

Na,O remains incompatible in all the phases studied, but
there are some interesting pressure effects as shown in Figure
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Figure 13. The content of Al,O; in garnet within the melting
interval of mantle peridotite. Liquidus garnets of this work
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inate the experimental effects of thermal migration but are in
good agreement with observed garnets are given in Table 1.
Shaded circles are garnets from Longhi [1995] at 2.8 GPa and
Tronnes et al. [1992] at 5.5 to 11 GPa.
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15. One is to increase Dg;fzt;* by orders of magnitude from 2.8

to 22.5 GPa, reflecting the stabilization of sodium garnet
[Gasparik, 1990]. The partitioning of sodium between perovs-
kite and liquid is similar, although the results of McFarlane et
al. [1994] indicate that there is a drop in Dy,,o. To preserve
clarity, we provide only a regression of our data for D',l,";“’g"‘ in
Figure 15. The D values are surprisingly high and the eﬂ“ect of
pressure is large. However, we observe no condition in which
Na,O becomes compatible in magnesiowustite, as did Agee
[1990] on chondrite, indicating the possible operation of im-
portant bulk composition controls.

NiO
There is an apparent reduction in DR}54 from 5 to 15.5 GPa
as shown in Figure 16, but this is more likely a temperature and

composition effect as discussed above for Dﬁ'gg‘. Indeed, our
results are in excellent agreement with previous work that
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Figure 14. Partition coefficients for Cr,0, between various
crystalline phases and liquid. Symbols are as for Figures 10 and
12. Regressions are given in Table 2. Error bars are 1 standard
deviation.
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and magnesiowustite/liquid. Regressions are given in Table 2.
Error bars are 1 standard deviation.

shows DRI54 is positively correlated with D! [Jones, 1984;
Beattie et al., 1991; Hirschmann and Ghiorso, 1994]. At 15.5
GPa where olivine transforms to modified spinel, NiO changes
from being slightly incompatible to slightly compatible. NiO
remains incompatible in garnet at all pressures, and Dy,
remains constant at the transformation of majorite garnet to
perovskite. NiO is strongly compatible in magnesiowustite, and
our results for DN/ are in excellent agreement with previ-
ously published results [McFarlane et al., 1991, 1994].

Compositions of Liquids on the Anhydrous
Peridotite Solidus

There are a number of difficulties with determining the com-
positions of liquids on the anhydrous peridotite solidus for
small melt fractions (i.e., <5% [Cawthorn et al., 1973; Baker
and Stolper, 1994]). Chief among them has been modification
of the liquid during the quench, a problem that is being exam-
ined by segregating the liquid into the pore spaces of a dia-
mond aggregate [Baker et al., 1992, 1995; Baker and Stolper,
1994; Hirose and Kushiro, 1992, 1993], but most experiments on
low melt fractions have been acquired at low pressures where
plagioclase and spinel herzolites are the residual crystalline
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Figure 16. Partition coefficients for NiO between various
crystalline phases and liquid. Symbols are as for Figure 10.
Regressions are given in Table 2. Error bars are 1 standard
deviation.
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phases and, with a few exceptions [Longhi, 1995] there is a
paucity of piston cylinder data at pressures in excess of 2.5 GPa
where garnet is stable. Experiments with garnet have largely
been acquired with the multianvil apparatus, and these have
demonstrated that the compositions of liquids near the peri-
dotite solidus are highly magnesian in the 5-15 GPa range,
similar to komatiites [Herzberg et al., 1990; Wei et al., 1990;
Herzberg, 1992]. However, determinations of liquids at low
melt fractions are restricted to parameterized compositions for
simplified analogues in CaO-MgO-FeO-Al,0;-Si0, [Herzberg,
1992], and with the exception of recent work by Walter [1995],
there are few constraints for naturally occurring peridotite. It is
important to extend the currently understood melting behavior
of the mantle from 2 GPa where it is well known to much
higher pressures, and we do this now by calculation. It is
emphasized that these calculated liquids are not offered as a
substitute for direct experimental observation because there
exist large uncertainties for some oxides. However, they will be
used in the design of additional experiments in order to lower
the levels of uncertainty, and until these improved data are
obtained, they will serve as rough estimates of the chemistry of
liquids on the anhydrous solidus to pressures extending into
the transition zone.

The composition of a crystalline phase can be uniquely de-
termined from partition coefficients and the composition of a
liquid because of the constraint of stoichiometry on the chem-
istry of a crystal. However, a liquid composition cannot be
similarly determined from its coexisting crystal because the
ratio of metal oxide components to SiO, is highly variable in
silicate liquids. The SiO, content of the liquid must be deter-
mined experimentally because thermodynamic estimates [e.g.,
Ghiorso and Sack, 1995] are subject to some uncertainty [Baker
et al., 1995]. Pressure-induced shifts in the liquidus crystalliza-
tion fields of olivine, garnet, and pyroxene, and their peritectic
intersections constrain permissable solidus liquid SiO, con-
tents [Herzberg, 1992]. Pressure tends to increase SiO, in FeO-
free systems such as CaO-MgO-Al,0,-SiO,, but in natural
FeO-bearing systems this increase is offset by the effect of
pressure in increasing FeO (see below). The experimental data
in FeO-bearing systems indicate that SiO, does not change
much with pressure in the garnet peridotite stability field, and
it is 45-47% in the pressure range 2.5-10 GPa [Herzberg, 1992,
1993a, b; also unpublished data, 1996; Longhi, 1995; Walter,
1995]; furthermore, the experimental data indicate that this
relative constancy extends to at least 15 GPa [Herzberg, 1992].
We have therefore assumed that the SiO, content of liquids on
the solidus is 45 + 5% over the pressure range of 2.5-18 GPa.
The *5% uncertainty is probably too high, but it conserva-
tively encompasses both the experimental database and the
spectrum of SiO, contents that are observed for naturally oc-
curring picrites and komatiites, even those that formed by
advanced melting above the solidus.

The compositions of low degree melts on the solidus (C 15"
can now be estimated by rearranging equation (1) to

Ci' = [CUsDRE55/ 2 [CUSUDRET  (8)
for the oxides TiO,, Al,O5;, Cr,0;, FeO, MnO, MgO, CaO,
Na,O, and NiO; the constant 55 denotes the sum of these
oxides given that SiO, = 45%. The remaining terms, CSS! and
DGiAA, refer to the composition of the garnet on the solidus
and the Gt/Lq partition coefficient, respectively, both of which
have been determined in this study (Tables 2 and 3 and Figures
10-16).
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Considering for the moment only FeO and MgO for coex-
isting liquid and olivine on the solidus, equation (8) can be
rewritten to

CHSICHS = [CRICRRIDAIDET (9

and further rearranged to
[CRE/CRgo)[CESICNS] = [DRGDYs’]  (10)
[CRS/CuVICESICNS] = Koreohgo (11)

and is equivalent to the exchange coefficient in equation (7).
The constancy of K, RiGeo Over a wide range of tempera-
tures, pressures, and compositions indicates that liquid com-
positions on the solidus can be calculated with some confi-
dence even though the D values were determined from
liquidus crystal/liquid pairs. This is somewhat at variance with
the observations of Baker et al. [1995], who reported an in-
crease in Kppaomugo from 0.25 for Na,O-rich and SiO,-rich
melts on the solidus to 0.32 for more advanced melting at 1
GPa, but at the higher pressures of interest here, our calcula-
tions indicate much more modest changes in Na,O (see below)
and little or no change in SiO, with advanced melting (SiO, in
KLB-1 = 44.30% [Zhang and Herzberg, 1994]). Exchange co-
efficients should therefore be less susceptible to changes in
liquid composition in the 5-18 GPa range compared to low
pressures where basalts are stable.

Table 3 reports the compositions of crystalline phases that
are estimated to occur immediately on the solidus for KLLB-1 in
the 5-18 GPa range. These were estimated from electron mi-
croprobe observations of the crystalline phases located at the
cold end of the capsules as discussed above; in most cases the
mass balance was good as demonstrated by low residuals be-
tween the observed and calculated bulk compositions for
KLB-1. These residuals were then lowered by adjusting the
observed phase chemistry to correct for the effects of cold-
directed thermal migration. An example is shown in Figure 5
for our results at 9.7 GPa; both the measured and optimized
contents of FeO and MgO for olivine, garnet, and clinopyrox-
ene at the solidus differ by no more than 1 wt%, but the
difference resulted in a more satisfactory mass balance. At 15.5
and 18 GPa there is reasonably good agreement between the
observed and optimized phase chemistries as seen in Figures 7
and 8, but at higher pressures, cold-directed thermal migration
becomes an increasing problem, as demonstrated by the much
higher FeO contents observed for garnet and magnesiowustite
at 20-22.5 GPa than is permitted by mass balance (Figure 9).
The compositions of liquids on the solidus at 20-22.5 GPa
were therefore not estimated.

The weight percent compositions of the first drops of liquid
on the anhydrous peridotite solidus were thus calculated, and
the results are shown in Figure 17. Errors in the partition
coefficients stemming from quench effects and thermal migra-
tion were combined with the *=5% uncertainty in SiO, at
pressures =9.7 GPa and propagated to these calculated liquid
compositions; errors at 5 GPa are from partition coefficients
only, as there is independent evidence that the SiO, content of
liquids on the solidus is around 46% [Herzberg, 1993b]. We
have compared our calculated liquids to the low-pressure ref-
erence experiments of Baker and Stolper [1984] and Baker et al.
[1995, also personal communication, 1995] at 1 and 2 GPa, and
the parameterizations of Langmuir et al. [1992] at 2, 3, and 4
GPa. Other experimental data of fine quality [e.g., Kinzler and
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Figure 17. Compositions of liquids on the anhydrous peridotite solidus for KLB-1 at low melt fractions.
Regressions are given in the text. Error bars are 1 standard deviation.

Grove, 1992a; Falloon and Green, 1987; Falloon et al., 1988;
Takahashi and Kushiro, 1983; Fujii and Scarfe, 1985; Hirose and
Kushiro, 1993] have not been included because the liquid com-
positions are strictly valid for higher melt fractions.

Figure 17 shows that the effect of pressure is to increase the
content of FeO and MgO, a result that has been known for
some time [O’Hara, 1968; Herzberg, 1992; Langmuir et al., 1992;
Kinzler and Grove, 1992a; Takahashi et al., 1993; Hirosh and
Kushiro, 1993]. However, the new results show that there is a
maximum concentration for each, this being about 16% FeO
and 26% MgO at about 10 GPa. These maxima arise because
of the tendency for CaO to increase in the liquid, and this
occurs because of the stabilization of majoritic garnet as dis-
cussed below. The breaks at 15.5 GPa shown in Figure 17 occur
at the transformation of olivine to modified spinel. We have
fitted our 5-15.5 GPa data to the 1-4 GPa reference points
with the following empirical equations:
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FeO = exp(1.538 — 0.090P + 0.943 In P)  (12)
MgO = exp(1.800 — 0.089P + 1.018 In P)  (13)

where P is the pressure in gigapascals. Initial liquids develop a
komatiite signature with MgO = 18% at pressures in excess of
4 GPa, but MgO is also critically dependent on the content of
Na,O in the liquid as discussed below. These results indicate
that komatiites with MgO contents in excess of 26% should be
rare, and most of the ones that have been reported were
probably affected by olivine accumulation or alteration. How-
ever, komatiites have been identified with 28% MgO and a
minor olivine phenocryst content [Arndt, 1986a; Nisbet et al.,
1993]. These elevated MgO contents can be explained by the
effects of adiabatic or superadiabatic upwelling [Langmuir et
al., 1992; Steinbach and Yuen, 1994], by melting of a source
region that was depleted in Na,O as discussed below, or by
melting at pressures in excess of 18 GPa.
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Figure 17 shows that CaO varies from about 6 to 11% at all
pressures. Although it initially drops from 2.5 to about 10 GPa,
it tends to increase at higher pressures as clinopyroxene dis-
solves into garnet. Reference to Table 3 shows that the pro-
duction of majoritic garnet in this way tends to increase the
concentration of CaQ in both garnet and clinopyroxene and
this is reflected in the liquid. At pressures in excess of 15.5
GPa, all clinopyroxene is dissolved in garnet, and CaO in the
liquid becomes fairly constant at about 10%. The pressure
function shown in Figure 17 from 2.5 to 15.5 GPa has been
fitted to the following empirical equation:

CaO = 31.34 + 2.888P — 0.003P? — 16.781P°° (14)

Of all the major elements in magmas, pressure affects the
concentration of ALO; the most; inspection of Figure 17
shows that alumina drops precipitously from about 20% at 1
GPa to about 2% at 15 GPa. This occurs because the effect of
pressure is to expand the stability field of garnet and reduce its
solubility in silicate liquids [Herzberg, 1992, 1995]. The pressure
function shown in Figure 17 from 2.5 to 15.5 GPa has been
fitted to the following empirical equation:

AlLO; = exp(4.631 — 1.428/P — 1.452In P) (15)

Pressure causes a substantial reduction to occur in the con-
tent of Na,O because it becomes increasingly compatible in
clinopyroxene [Langmuir et al., 1992; Blundy et al., 1995]; this
holds true also at high pressures because Na,O becomes in-
creasingly compatible in garnet and magnesiowustite (Figure
15). However, at pressures in excess of 5 GPa Na,QO bottoms
out at about 2% (Figure 17; although there are large standard
deviations in our estimated Na,O contents, the precision is
very good). We emphasize that Na,O in the liquid will also
depend on the Na,O content of the source region. For KLB-1
this is 0.30%, similar to those in the experiments of Baker et al.
[1995] (0.31%) and those considered in the parameterizations
of Langmuir et al. [1992] (0.30%). The pressure function shown
in Figure 17 from 1 to 15.5 GPa has been fitted the to following
empirical equation:

Na,0 = 1.20 + 8.2/P — 3.65/P* (16)

The large error at 5-10 GPa reflects the difficulties in con-
straining DS;’Z'(';* at this pressure range because of the small
amounts of Na,O in garnet. However, our estimates at higher
pressures are tighter and indicate that liquids on the solidus
will maintain Na,O contents of around 2%. At 1 GPa, Na,O
reaches nearly 6% and is accompanied by high SiO, [Baker et
al., 1995]; we believe the lower Na,O at higher pressures will
not impact on our assumption of 45 = 5% for SiO,, nor will it
affect the estimates in Figure 17.

Our TiO, contents are highly uncertain because it is present
in KLLB-1 at only 0.12%, and our errors are rather Jarge. How-
ever, for a peridotite with this composition we estimate that
initial liquids on the solidus will contain no more than about
1% TiO, at all pressures in the upper mantle and transition
zone (Figure 17).

Previous estimates of the compositions of liquids at low melt
fractions and at pressures in the 5-10 GPa range were re-
stricted to the system CaO-MgO-FeO-Al,0;-SiO, [Herzberg,
1992]. This was designed in order to reduce the complexity of
the system and because komatiites erupt with contents of
Na,O that are typically around 0.5%. However, initial liquids
can have about 2% Na,O even at high pressures (Figure 17),
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Figure 18. The effect of Na,O and pressure on the compo-
sition of liquids in equilibrium with spinel and garnet lherzo-
lite. Solid line defines the compositions of initial liquids at the
pressures indicated for a peridotite source with 0.30 Na,O,
from Figure 17. Dashed lines define the isobaric effect of
advanced melting and Na,O addition on the compositions of
liquids in equilibrium with spinel and garnet lherzolite. Key to
symbols are large squares, experiments of Baker and Stolper
[1994), Baker et al. [1995] and M. B. Baker (personal commu-
nication, 1995); small squares, parameterized liquid composi-
tions of Langmuir et al. [1992]; circles, parameterized liquid
compositions of Herzberg [1992].

and the low contents in komatiite are likely to have resulted
from advanced melting during decompression [Langmuir et al.,
1992]. An important consequence of advanced melting is that
the content of Na,O drops as MgO increases [Baker and Stol-
per, 1994; Baker et al., 1995; 'Langmuir et al., 1992; Kinzler and
Grove, 1992b], and this is demonstrated again in Figure 18. It
can be seen that liquids in the system CaO-MgO-FeO-Al,O;-
SiO, are always higher in MgO than the Na,O-bearing liquids
determined in this work, in agreement with the lower pressure
studies on basalts. However, Figure 18 shows that these effects
are dampened somewhat at high pressures and that the instan-
taneous change in MgO with Na,O at the solidus (i.e., sMgO/
dNa,O)p changes from about 2 to 1 as the pressure is increased
from 1 to 10 GPa. The effects of adding Na,O to the source
region will also be to create initial liquids with MgO that are
lower than those shown in Figure 17.

Depth Estimates of Melt Segregation

The contents of FeO and MgO in a magma are critically
dependent on the pressure of melting [O’Hara, 1968; Herzberg,
1992; Langmuir et al., 1992; Kinzler and Grove, 1992a; Taka-
hashi et al., 1993; Hirosh and Kushiro, 1993], and this is dem-
onstrated again in Figure 17. There are, however, a number of
difficulties with using FeO and MgO as depth indicators. Set-
tling of olivine can affect MgO to the extent that komatiites can
fractionate to basalts, and low-pressure fractionation of cli-
nopyroxene and plagioclase can substantially change FeO
[Langmuir et al., 1992; Albarede, 1992]. For Hawaii, primitive
magmas appear to have fractionated along an olivine + cli-
nopyroxene cotectic (L + Ol + Cpx) at pressures in the litho-
sphere [Herzberg, 1995], and this could have modified both
FeO and MgO. Finally, source region variations in FeO [A4l-
barede, 1992; Shen and Forsythe, 199S; Francis, 1995; Scarrow
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komatiites that plot above the solidus line.

and Cox, 1995] and Na,O (Figure 18) can add to the problem
of inferring pressure from FeO and MgO.

A good indicator of depth in the garnet peridotite field is
Al,O5 because its content in initial melts drops considerably
with increasing pressure [Herzberg, 1992, 1995], as was demon-
strated in Figure 17. However, because CaO does not change
as much, increasing pressure will also elevate CaO/AlL,O; in
magmas on the solidus. This is shown in Figure 19, a slightly
modified version of a prototype that was originally reported by
Herzherg [1995] based on liquid compositions in the system

Ca0-MgO-FeO-Al,0,5-SiO, that were constrained with the
shotgun experimental method [Herzberg, 1992]. Liquids at co-
tectics and peritectic points can be bracketted by the liquidus
phase for a range of bulk compositions, the so-called shotgun
technique of O’Hara [1968], and the results are in very good
agreement with the determinations reported here. Errors in
the partition coefficients for CaO and Al,O; between garnet
and liquid will propagate to an uncertainty in the estimation of
pressure of about =10% at <5 GPa, and *20% at 10 GPa.
Errors at the high-pressure end are therefore serious and stem
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from quench effects and thermal migration. Readers should
note, however, that the only difference between Figure 19 and
its precursor are (1) ratios of CaO/Al,O; that indicated 9-10
GPa in work by Herzberg [1995] now plot at 8-9 GPa and are
within stated uncertainties in this work and Herzberg [1995];
and (2) the compositions of liquids formed by advanced melt-
ing of spinel lherzolite at 1 to 2 GPa are incorporated.

Shown in Figure 19 are the contents of Al,O; and CaO/
Al,O; for primary magmas generated in the upper mantle and
top of the transition zone; these include all magmas formed
throughout the melting interval between the anhydrous solidus
and the liquidus for a source region that is similar to KLB-1 in
composition. The content of Al,O; in a magma can also de-
pend on the source composition, the degree of partial melting,
and the amount of olivine fractionated, but for liquids on the
solidus, these factors will not affect pressures estimated from
CaO/Al, O, [Herzberg, 1992, 1995]. Changing Na,O by 2-3%
will have a small effect on CaO/Al,O;, based on similar results
between this study on KLB-1 and parameterized liquids in the
system CaO-MgO-FeO-Al,05-SiQ, [Herzberg, 1992]. The ef-
fects of H,O and CO, are difficult to assess on a quantitative
basis because of the limited database. Experiments on melilite-
H,O0 at 3 GPa [Brey and Green, 1977] and pyrolite-H,O at 5.5
to 7.7 GPa [Inoue and Sawamoto, 1992] indicate that H,O has
no effect on CaO/Al,O,. However, experiments on melilite and
kimberlite compositions with mixed CO, and H,O volatiles
[Brey and Green, 1977; Ringwood et al., 1992] show that garnet
is stabilized with respect to clinopyroxene, indicating that pres-
sures determined from CaO/Al,O; in anhydrous systems will
be too high.

The most important observation to make of Figure 19 is that
secular variations in the geochemistry of picrites and komati-
ites appear to be correlated with depth of melting and melt
segregation. Older komatiites appear to have experienced
deeper melting; the higher pressures stabilized garnet relative
to olivine and pyroxenes, resulting in magmas with lower
Al,04 and higher CaO/Al,O; [Herzberg, 1992, 1995].

The phase diagram for mantle peridotite shows that deeper
melting must occur at higher temperatures in anhydrous sys-
tems, and this was used to constrain plume temperatures
[Herzberg, 1995]. This is shown again in Figure 20. Although
temperature variations below oceanic ridges are subject to
some uncertainty [Langmuir et al., 1992; Shen and Forsythe,
1995; White and McKenzie, 1995], a 1400°C potential ridge
temperature is adopted for the present-day Earth in order for
melting to occur at 2.5 GPa, the minimum pressure needed to
stabilize garnet in peridotite as indicated by trace elements in
some ocean ridge basalts [Salters and Hart, 1989; Beattie, 1993].
It can be seen that the 3.1-GPa pressures recorded in the
komatiites from Gorgona and picrites from Greenland would
have required a potential temperature of about 1500°C, which
is only 100°C above ambient mantle below some present-day
ridges. Komatiites with 2700 and 3500 Myr ages would have
required temperatures that were 300°C and 450°C hotter, re-
spectively, with errors in pressure propagating to an uncer-
tainty of only +50°C. If the Earth was hotter by 200° at 2700
Myr ago and 300°C at 3500 Myr ago, as suggested by the
cooling Earth model of [Richter, 1988], then the komatiites of
Archean age would have formed in plumes that were hotter
than ambient mantle by only about 100°-200°C. The important
inference is that komatiite magmas do not require unusually
hot conditions to form.

Although a few Munro-type komatiites with 2700 Myr ages
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have a geochemistry that can be tied to the solidus at 5-7 GPa,
most of them have mantle-like CaO/Al,O, and plot well into
the supersolidus field, indicating that they segregated from a
harzburgite or dunite source (Figure 19). One interpretation is
this geochemistry was established by partial melting at 5-7 GPa
with melt segregation at considerably reduced pressures
[Herzberg, 1995]; this would be consistent with the interpreta-
tion of secular variations in the depth of melting and melt
segregation, but the geochemistry may have been established
by partial crystallization rather than partial melting, in which
case melting may have commenced at pressures well in excess
of 12 GPa, possibly in the transition zone and lower mantle
[Herzberg, 1995]. This interpretation would indicate a rather
uncertain relationship between depth of melting and time, and
that plume volcanism 2700 Myr ago may have been about
400°C hotter than Richter’s [1988] ambient mantle. Evidence
supporting this scenario is presently conjectural but may be
found in the high MgO contents of some komatiites from
Alexo, Ontario (28% MgO [Amd!t, 1986a; Nisbet et al., 1993]).

Rare carth element variations in Hawaiian lavas have been
used to constrain the most primitive magma compositions
[Feigneson et al., 1996], and Figure 21 shows that these liquids
plot somewhat below the solidus line in the 3-4 GPa range.
The most simple interpretation is that melting was initiated at
3—4 GPa, and the content of Al,O; was lowered by advanced
melting during adiabatic decompression. The degree of melt-
ing for the tholeiites has been estimated to be 0.25-6.5% by
Sims et al. [1995] and 1-9% by Feigenson et al. [1996]. These
primitive lavas are similar to the Gorgona komatiites in having
17-18% MgO and require a potential temperature of 1500°C;
this is only about 100°-150°C higher than potential tempera-
tures below some ridges, in good agreement with estimates of
White and McKenzie [1995].

Komatiites of Cretaceous age have recently been reported
from Kamchatka [Kamenetsky et al., 1995], and these are also
plotted in Figure 21. There appear to be both low and high
alumina types, and the inferred pressures are higher than the
Greenland picrites and Gorgona komatiites of comparable age
(Figure 19). The low alumina komatiites from Kamchatka de-
fine a trend from the 7-GPa solidus liquid composition towards
mantle peridotite, and these indicate increased melt fractions.
Garnet is the expected residual mineralogy, and this is consis-
tent with depletions in heavy rare earth element (HREE) and
high field strength element (HFSE) [Kamenetsky et al., 1995]. If
melting was anhydrous, the high pressures inferred from Fig-
ure 21 would indicate plume temperatures that were 300°C
above ambient mantle, hotter than previous estimates
[Herzberg, 1995]. However, the Kamchatcka komatiites are lo-
cated in an arc setting, and the presence of H,O could have
yielded komatiites in cooler plumes.

Meimechites are alkalic komatiites with an abundance of
olivine phenocrysts, and the samples plotted in Figure 21 are
linked in space and time to the Siberian flood basalts of Per-
mian-Triassic age [Arndt et al., 1995]. They plot close to the
solidus line at 9-11 GPa, and their lower Al,O; reflects the
abundance of olivine phenocrysts in these rocks. The near-
solidus origin is consistent with trace element concentrations,
which are high and strongly fractionated [Arndt et al., 1995]. If
melting was anhydrous, the high pressures would have required
excess temperatures that were 400°-500°C above ambient man-
tle, again much hotter than previous estimates [Herzberg,
1995]. However, small amounts of biotite are common in the
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groundmass of meimechites [Arndt et al., 1995], and the pres-
ence of H,O could have yielded komatiites in cooler plumes.

Ferropicrites from the Boston Creek flow in the Abitibi
greenstone belt are Archean in age (~2700 Myr [Stone et al.,
1987, 1995a, b; Xie et al., 1993]) and are geochemically similar
to those from the Pechenga Complex in the Kola Peninsula of
Russia (~2000 Myr [Hanski, 1992]). These unusual rocks
formed from a source region that was unusually high in FeO/
MgO, and they contain trace element concentrations which
require the involvement of garnet [Hansi, 1992; Xie et al., 1993;
McCuaig et al., 1994; Stone et al., 1995b]. However, the major
element geochemistry prohibits garnet from being a residual
phase [Hanski, 1992; Stone et al., 1995a, b], and Stone et al.
[1995a, b] interpreted these paradoxical observations by the
melting of “nietasomatically” enriched mantle at low pres-
sures. We examine this model in Figure 21.

The main observation is that most of the ferropicrites have
contents of Al,O, and CaO/Al,O; that are actually higher than
those of liquids on a high-pressure solidus, and this cannot be
explained by olivine fractionation [Stone et al., 1995a, b]. Their
removal from the solidus requires that they were formed by
advanced melting, but inspection of Figure 21 indicates that
the source region must have been fundamentally different from
normal mantle peridotite. Advanced melting of normal mantle
peridotite would proceed in the following way: [Ol + Cpx +

Gt] = {L + Ol + Cpx + Gt} - {L + Ol + Gt} — {L + Ol};
and the liquids would have lower CaO/Al,O, because of the
dissolution of garnet (i.e., L + Ol + Gt) as is the case for the
Kamchatka komatiites (Figure 21; see discussion of high-
pressure phase equilibria by Herzberg [1995]). The source re-
gion must have been intrinsically high in CaO/Al,O5, and we
suggest that it was a solidified komatiite. Hanski [1992] recom-
mended a mantle source with about 2% Al,O, and 13-15%
FeO, and this is similar to a komatiite formed by partial melt-
ing at about 10 GPa (Figures 17 and 21). Such a komatiite
would have had a garnet trace element signature as long as its
primary source was normal mantle peridotite like KLB-1, but
pressures higher than 10 GPa may be required to explain the
strong depletions in HFSE implied by the majorite garnet
signature [Xie et al., 1993; McCuaig et al., 1994]. It is suggested
that this komatiite solidified at depth and that it became the
source of the ferropicrites. Advanced melting of this unusual
source at 4 GPa would yield liquids with pyroxene in the
residue instead of garnet, and the liquids would have com-
pletely inherited the garnet geochemical signature from the
source. Although poorly constrained, the pressures could not
have been much higher than about 4 GPa otherwise Al,O,
would have been at levels that are lower than observed (Figure
21). The multistage model offered by Stone et al, [1995b] is
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will lower it. Many ferropicrites have these properties.

similar to this one, except they suggested a metasomatic fluid
as the carrier of the garnet signature.

It is noteworthy that many peridotites from alpine-type oc-
currences in Norway and Switzerland have a komatiite geo-
chemistry: high FeO; low model olivine; and high CaO/Al,O,
[Herzberg, 1993a]. They are in fact “plutonic” komatiites, or
high MgO liquids that failed to erupt to the surface [Herzberg,
1993a}. Indeed, the solidification of partial melts at depth may
an important process for yielding source regions that can gen-

erate Fe-rich magmas [e.g., Scarrow and Cox, 1995; Francis,
1995] in a subsequent stage of melting.

Discussion

New constraints have been provided on the compositions of
liquids that can form on the anhydrous peridotite solidus at low
melt fractions and at most pressures in the upper mantle and
transition zone. Komatiites are very similar to these experi-
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mental compositions except that they are lower in Na,O and
FeO, a difference that could have arisen in part by advanced
melting during ascent. Komatiites with primary igneous MgO
contents in excess of 26% should be rare, and those that do
exist can be explained by advanced melting during adiabatic or
superadiabatic ascent, by low Na,O in the source, or by melting
in hot plumes from the transition zone and lower mantle.

Picrites and komatiites display a rich variety of compositions
in terms of variable contents of TiO,, Al,05, MgO, CaO, and
Na,O, and some of these are similar to the liquid variations
observed in our high-pressure melting experiments. In partic-
ular, the wide range of Al,O; and CaO/Al,O; can be related to
the pressure at which melting commences and melt segregation
occurs, and this depends critically on internal plume temper-
ature [Herzberg, 1992, 1995]. Hot plumes will melt deeper, and
the magmas can inherit a high-pressure geochemical signature.
Of the high-pressure phases that we have observed from melt-
ing experiments on KLLB-1 (Figure 1), garnet is most readily
identifiable from both trace and major element geochemical
criteria [Sun and Nesbitt, 1978; Nesbitt et al., 1979; Jahn et al.,
1982; Arndt, 1986b; Herzberg, 1983, 1992, 1995; Ohtani et al.,
1989; Gruau et al., 1990; Yurimoto and Ohtani, 1992; Xie et al.,
1993; McCuaig et al., 1994; Lecuyer et al., 1994; Lahaye et al.,
1995; this work]. Most komatiites appear to have experienced
melt segregation in the upper mantle and at pressures that
ranged from a minimum of 3 GPa to a maximum of about 10
GPa (Figures 19 and 21). These magmas could have formed by
anhydrous melting in plumes with temperatures that were only
100°-200°C higher than ambient mantle below ridges. Komati-
ies do not require unusually hot conditions to form.

Viscous dissipation heating can add to plume temperatures
[Steinbach and Yuen, 1994], and plumes that ascend through an
endothermic phase transformation can increase in tempera-
ture because of latent heat effects (i.e., spinel = perovskite +
magnesiowustite; Figure 20 [Steinbach and Yuen, 1994; Schu-
bert et al., 1995]). Melting within the transition zone or top of
the lower mantle may therefore have occurred in the past, but
the evidence for this is presently rather ambiguous. The depths
of melting for the common Munro-type komatiites with 2700
Myr ages are poorly constrained [Herzberg, 1995] (and see
above); however, MgO contents in excess of 26% [Arndt,
1986a; Nisbet et al., 1993} and mantle-like CaO/Al,O; may be
pointing to very deep melting. Evidence for deep melting is
also contained in the low-temperature peridotite xenoliths
from the lithosphere below the Kaapvaal craton; they have a
major element and an isotopic composition that indicate they
formed by melting that was much more extensive than is typical
of most komatiites (>50% [Herzberg, 1993b; Pearson et al.,
1995]).

Unfortunately. there are many difficulties associated with
characterizing the magmatic products of hot plumes that melt
deep. One such ambiguity is that hotter plumes will melt more
extensively on their way to the surface, and this can destroy a
major element high-pressure signature. However, the trace
element contents of komatiites may yield high-pressure signa-
tures where the major elements fail. The effects of majorite
garnet removal on depleting such high field strength elements
as Nb, Hf, and Zr have now been established for alumina-
depleted komatiites [Xie et al., 1993; McCuaig et al., 1994;
Lahaye et al., 1995], and additional partitioning experiments
may help to place tighter constraints on the depths of melt
segregation. However, the effects of perovskite or magnesio-
wustite fractionation on trace element abundances have not
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been accurately determined, and komatiites having such a sig-
nature have not been unambiguously identified at the present
time.

Determining the compositions of liquids formed by low melt
fractions on the anhydrous solidus at pressures extending into
the transition zone is a difficult but not intractable problem.
Most of the uncertainties for FeO and MgO reported here
stem from unknown SiO, contents of liquids on the solidus,
and the assumption that they are 45 * 5%. For the remaining
oxides, the uncertainties arise mostly from quench problems
and from thermal migration, with contributions from each
being about equal. Estimates of the depths of melt segregation
for the Barberton komatiites, which are currently 8-9 GPa,
have a possible uncertainty that may be as high as =20%. The
method reported here is therefore not the procedure of choice
for determining the chemistry of liquids on the anhydrous
solidus, and the calculated liquids are strictly an approximate
solution to a difficult problem. However, they are the only
estimates that are currently available for pressures extending
into the transition zone, and they are in very good agreement
with those that have been independently determined on ko-
matiite analogues in more simplified systems [Herzberg, 1992].
Indeed, we have performed many additional experiments on
komatiite analogues in the system CaO-MgO-FeO-Al,0,-Si0,
since our preliminary reports [Herzberg, 1992, 1993b], and have
encountered fewer problems by using the shotgun technique
[O’Hara, 1968; Herzberg, 1992, 1993b; Longhi, 1995]. This
method involves bracketting the chemistry of a liquid on the
solidus to within several tenths of a weight percent by exam-
ining the nature of the liquidus phase for a wide range of
known compositions. The drawback is that the shotgun tech-
nique is labor intensive, but the number of experiments can be
minimized by thoughtfully considering which bulk composi-
tions to select. This is best accomplished by performing exper-
iments on starting materials that are likely to be representative
of liquids on the KLB-1 solidus, such as the liquids reported
here. These results will be therefore be tested and serve as a
compass for directing future experiments to unprecedented
levels of accuracy at pressures in the 10-20 GPa range.
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