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Abstract

Stability of hydrous phases and partial melt chemistry in 13.6 wt.% H2O bearing mantle peridotite are reported in a pressure
range up to 24 GPa and a temperature range from 900 to 1400◦C. Various hydrous phases like phase E, phase D, superhydrous
B, hydrous� and� phases of olivine stoichiometry are observed between 14 and 24 GPa. The phase boundary between the
� phase and� phase of olivine under hydrous conditions is found to be at higher pressure than under the dry conditions. The
H2O-undersaturated solidus temperature of a model mantle is estimated up to 11 GPa based on (1) the reported solubility of
H in nominally anhydrous minerals and (2) linearity of H2O-undersaturated solidus between the dry and wet solidus [Science
276 (1997) 240] with respect to H2O abundance at a constant pressure.

Under H2O-saturated conditions at pressures greater than 10 GPa, the(Mg + Fe)/Si atomic ratios of partial melts decrease
with increasing temperature: from 2.5 at 1100◦C to 1.6 at 1300◦C at 14 GPa, from 3.3 at 1100◦C to 1.8 at 1300◦C at 17 GPa,
and from 2.8 at 1200◦C to 1.7 at 1400◦C at 20 GPa. This is in contrast to the reported constant value of dry partial melts
(1.1 between 10 and 18 GPa [J. Geophys. Res. 99 (1994) 17729]). A partial melt coexisting with Mg-perovskite at 24 GPa
and 1400◦C has(Mg + Fe)/Si and Ca/Al atomic ratios of 2.2 and 11, respectively. Ultramafic hydrous melts similar to those
observed experimentally under uppermost lower mantle conditions may have contributed to chemical differentiation between
the upper and lower mantle.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The existence of liquid H2O is one of the most
unique features characterizing the planet earth. H2O
has a significant effect on the properties of earth-
forming materials, and especially on the generation
and the differentiation processes of magmas. All ter-
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restrial magmas have variable amounts of H2O before
eruption, because hydrogen is present over the whole
mantle and is preferentially partitioned into silicate
melts under pressure. The production and subse-
quent eruption of magmas is an effective degassing
mechanism in planetary systems. Therefore, it is im-
portant to know the possible distribution of H2O or
OH in the earth’s mantle in order to understand the
differentiation processes of the planet (Thompson,
1992; Okuchi, 1997). There have been many exper-

0031-9201/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.pepi.2003.06.003



388 T. Kawamoto / Physics of the Earth and Planetary Interiors 143–144 (2004) 387–395

imental works to determine the stability of hydrous
phases in the MgO–SiO2–H2O system (see compre-
hensive reviews (Mysen et al., 1998; Frost, 1999;
Ohtani et al., 2001)). In addition to experiments in the
MgO–SiO2–H2O system,Asahara and Ohtani (2001)
and Litasov and Ohtani (2002)conducted a series
of experiments in the CaO–MgO–Al2O3–SiO2–H2O
system, andKawamoto et al. (1995, 1996)and
Kawamoto and Holloway (1997)conducted a series of
experiments in a more complex system using a model
mantle peridotite. The present paper reports the sta-
bility of hydrous phases and the chemistry of partial
melts in an H2O-saturated model mantle peridotite
at conditions up to the uppermost part of the lower
mantle.

2. Experimental

A series of experiments were carried out in a
pressure range from 14 to 24 GPa and a temperature
range from 900 to 1400◦C by the use of Kawai-type
multi-anvil high-pressure apparatus at Bayerisches
Geoinstitut mainly followingIto et al.’s (1984)tech-
nique. As a starting material, I used a mixture of
Mg free KLB-1 peridotite gel and brucite (13.6 wt.%
H2O, 0.89 Mg/(Mg + Fe), 1.46(Mg + Fe)/Si atomic
ratio, Table 2). The powders were loaded into welded
Ag, Au, or Pt capsules of 0.15 mm wall thickness.
The assembly consisted of an MgO octahedron,
LaCrO3 cylindrical furnace and a W3%Re/W25%Re
thermocouple covered by Cu coils. The pressure cali-
bration was undertaken using phase transitions in the
Mg2SiO4 system at 1600◦C (Katsura and Ito, 1989;
Ito and Takahashi, 1989). The pressure of 24 GPa re-
ported in the present study is determined less precisely
than lower pressures. It represents the pressure where
Mg-perovskite is found. Recovered quenched samples
were embedded in epoxy and polished. In order to
identify phases of olivine and enstatite stoichiometry,
unpolarized Raman spectra of the polished samples
were measured with a Raman microscope consisting
of 532 nm YAG laser, holographic transmission grat-
ings, and CCD detector for 200–4500 cm−1 spectral
range (Kaiser HoloLab 5000 system) at the Insti-
tute for Geothermal Sciences of Kyoto University at
Beppu. Quenched phases were also observed with an
electron microprobe analyzer and their chemical com-

positions were determined with wavelength dispersive
system (JEOL 8900 superprobe).

3. Phase relations

Almost all experimental products have variable
amounts of a portion showing dendritic texture (Fig. 1)

Fig. 1. (A) Reflected light photomicrograph of a polished experi-
mental charge of run #413 (20 GPa, 1300◦C). A chemically het-
erogeneous distribution is observed along a possible thermal gradi-
ent. Portions showing dendritic texture (Melt) are observed along
capsule wall, which is close to the heating furnace and is placed
in the center of the experimental charge. Majoritic garnet (Mj)
crystallizes next to melt pools.� phase of olivine (�) crystallizes
preferentially at capsule roof and base. Stishovite (St) crystals are
scattered with Mj and also in�. (B) Backscattered electron image
of the part indicated by the solid rectangle in (A). Capsule mate-
rial is Pt. Mj (bright), � (gray), and St (dark) are each contacted
with melt. Small white dots are artificial contaminants of silver
during the polishing process.
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Table 1
Summary of experimental conditions and observed phase assemblages

Run
number

P (GPa) T (◦C) Capsule t (h) Melt Melting
(%)

Fe-loss
(%)

Crystals

423 14 1000 Pt 6 Small M En, PhE, Gt, Cac (trace), Mgs (trace)
405 14 1100 Pt 6 M2.5 11 52 PhE, Gt, En
409 14 1200 Ag 7 M1.8 37 2 En,�, Gt
419 14 1300 Ag 7 M1.6 44 18 En,�
430 14.5 900 Ag 4 n.d. St, PhE, En, Mgs (trace)
428 17 1000 Ag 7 Small M PhD, ShyB, Gt, St, Mgs (trace)
408 17 1100 Pt 9 M3.3 12 29 �, Gt, St (trace in�)a, PhE (trace)
406 17 1200 Pt 8.7 M2 30 38 Gt,�, St (trace in�)a

418 17 1300 Pt 7 M1.8 38 30 Gt,�, En (trace)
434 20 1000 Ag 5 n.d. PhD, Ca-Pv, ShyB, Mw, Mgs (trace)
429 20 1100 Ag 4.5 Small M PhD, ShyB
421 20 1200 Pt 5 M2.8 23 20 St, Gt,�

413 20 1300 Pt 6 M2.2 40 12 �, Mj, St
415 20 1400 Pt 6 M1.7 55 24 Mj, St (trace in Mj)a

403 24 1300 Ag 10 Small M Mg-Pv, Ca-Pv, ShyB, St (trace in Mg-Pv)a

414 24 1400 Ag 4 n.d. Mg-Pv (Mgs, PhD, ShyB at 1200◦C)b

432 24 1400 Au 8 M2.2 16 30 Mg-Pv, St (trace in Mg-Pv)a

M: melt; small M: too small amount of melt to be analyzed; M2.5: melt has 2.5(Mg + Fe)/Si; n.d.: not detected; En: enstatite; PhE:
phase E; Cac: calcium carbonate; Mgs: magnesite; Gt: garnet;�(�) : �(�) phase of olivine; St: stishovite; PhD: phase D; Mw: magnesium
wüstite; Ca-Pv: calcium perovskite; Mj: majoritic garnet; ShyB: superhydrous phase B; Mg-Pv: magnesium perovskite.

a Found only inside of another phase.
b Observed at the cold end, around 1200◦C.

except for three experiments (900◦C at 14.5 GPa,
1000◦C at 20 GPa, 1400◦C at 24 GPa,Table 1).
Chemically heterogeneous distributions are observed
along the thermal gradient in almost all experimental
charges (Fig. 1). It is difficult to distinguish whether
the dendritic portions are quench products of partial
melts or H2O fluids dissolving silicate components at
high temperature and pressure conditions. In a single
experimental product, two types of dendritic texture
are not observed to coexist. This may indicate that
there is a continuous change from silicate rich H2O
fluids at lower temperature to H2O rich partial melts
at higher temperature. If this is the case in the present
pressure range, the H2O-saturated solidus temperature
may represent a temperature where the concentration
of silicate components dissolved into aqueous fluids
increase drastically (Kawamoto et al., 2003). In an
H2O–peridotite system, the pressure and temperature
conditions for the second critical point, beyond which
those two fluids cannot be distinguished, remains to
be investigated in the future. In the present study,
the chemical compositions of these sample regions
represent quenched partial melts. In order to obtain
the partial melt compositions, we determined major

element compositions of the dendritic portions over a
30�m × 40�m scanning area. The analytical proce-
dures are the same as in previous work with the same
starting material at lower pressures (Kawamoto and
Holloway, 1997). The chemical compositions of these
melts (Table 2) will be discussed later.

A trace amount of carbonate is observed in a few ex-
perimental charges suggesting the presence of carbon
in the starting material (Table 1). This can be due to
remnant carbon during the gel preparation and/or the
absorption of atmospheric CO2 by Mg(OH)2. I used
Ag, Au, and Pt tubes for sample containers, and these
materials absorb some FeO from the sample during
the experimental durations. The degree of Fe-loss was
estimated by mass balance calculations. In these cal-
culations, the iron contents always exhibit the poor-
est results. Therefore, first I calculated mass balance
without iron abundance and then re-calculated possi-
ble iron abundance for the bulk sample using the ob-
tained mass fraction. The calculated iron abundances
for the bulk compositions are always less than those
of the starting material, and these discrepancies give
percentages of possible iron loss (Table 1). Some trace
phases are found only in a single phase and may not
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Table 2
Chemical compositions of starting material, and crystalline phases and partial melts of the experimental products

Run
number

SiO2 TiO2 Al2O3 FeOa MgO CaO Na2O Cr2O3 Total Mg/(Mg + Fe) (Mg + Fe)/Si

KLB-1-14 44.69 0.17 3.37 8.59 38.96 3.96 0.26 100.00 0.89 1.46

405 PhE 37.68 0.14 2.15 3.73 44.46 88.15 0.96 1.84
Gt 44.49 0.17 16.78 6.57 23.88 5.00 96.89 0.87 0.92
En 57.68 0.16 2.03 38.61 98.48 0.97 1.03
Melt 12.86 0.26 2.18 4.12 19.09 13.18 0.18 51.86 0.89 2.53
Stdevb 1.68 0.07 1.70 0.33 2.17 0.71 0.01 2.28 0.01 0.49

409 Gt 45.15 16.04 7.33 25.47 3.79 0.89 98.67 0.86 0.98
En 58.35 0.15 2.68 37.69 98.87 0.96 1.00
� 41.09 0.38 8.57 46.07 0.25 96.36 0.91 1.85
Melt 24.65 0.24 4.01 9.10 24.50 7.05 0.24 69.79 0.83 1.80
Stdev 1.64 0.03 0.66 0.68 0.77 1.91 0.09 1.95 0.01 0.09

419 En 58.19 0.14 2.81 37.84 98.98 0.96 1.01
� 41.23 0.30 8.40 47.20 97.13 0.91 1.88
Melt 27.79 0.23 4.64 6.27 25.31 6.53 0.14 70.91 0.88 1.56
Stdev 2.76 0.04 1.42 0.43 1.79 1.91 0.06 3.47 0.01 0.17

408 PhE 36.66 0.16 1.43 6.58 43.28 88.12 0.92 1.91
� 41.85 0.21 5.77 47.93 95.76 0.94 1.82
Gt 49.09 12.13 5.61 29.10 2.82 98.75 0.90 0.98
St 96.69 0.25 0.26 0.19 97.39 0.45 0.01
Melt 11.88 0.38 0.49 5.48 22.95 11.79 0.30 53.27 0.88 3.26
Stdev 0.42 0.03 0.04 0.38 1.13 1.44 0.04 3.10 0.00 0.10

406 � 42.71 0.25 4.29 49.22 0.17 96.64 0.95 1.80
Gt 51.84 10.02 4.05 30.99 1.92 0.63 99.45 0.93 0.96
St 96.04 0.36 0.08 0.01 96.49 0.14 0.00
Melt 23.12 0.31 0.58 5.42 28.56 7.25 0.31 65.55 0.90 2.04
Stdev 0.41 0.03 0.03 0.12 0.54 0.61 0.04 0.74 0.00 0.03

418 � 41.93 0.19 4.81 49.58 96.51 0.95 1.86
En 58.90 0.08 1.54 38.77 99.29 0.98 1.00
Gt 53.74 6.99 4.37 32.68 1.47 0.20 99.45 0.93 0.97
Melt 26.52 0.24 0.44 5.21 28.89 5.67 0.16 67.14 0.91 1.79
Stdev 0.92 0.03 0.02 0.29 0.75 0.86 0.03 1.27 0.00 0.04

421 St 95.64 0.48 0.09 0.02 96.23 0.28 0.00
Gt 49.09 13.79 4.73 28.03 2.83 0.33 98.81 0.91 0.93
� 41.25 0.11 8.55 48.38 98.28 0.91 1.92
Melt 17.46 0.41 0.90 5.29 30.19 8.45 0.25 62.96 0.91 2.83
Stdev 0.63 0.03 0.06 0.23 1.21 0.63 0.03 1.71 0.00 0.12

413 � 42.15 0.24 4.66 51.10 98.14 0.95 1.90
Mj 52.40 6.82 4.90 33.19 1.59 98.90 0.92 1.02
St 96.80 0.34 0.14 0.01 97.29 0.07 0.00
Melt 24.97 0.24 0.65 8.08 31.56 5.92 0.28 71.70 0.87 2.16
Stdev 0.60 0.03 0.04 0.24 0.67 0.44 0.06 0.80 0.00 0.08

415 St 94.77 0.47 0.15 0.00 95.40 0.02 0.00
Mj 52.55 7.66 3.91 33.41 1.19 0.53 99.25 0.94 1.01
Melt 31.15 0.19 0.74 5.99 31.33 4.71 0.14 74.25 0.90 1.66
Stdev 0.86 0.03 0.08 0.85 1.31 0.78 0.03 1.38 0.01 0.09

432 St 97.21 1.06 0.08 0.01 98.35 0.12 0.00
Mg-Pv 54.54 0.13 4.65 5.24 35.92 0.13 0.29 100.90 0.92 1.06
Melt 17.87 0.26 1.04 4.91 23.28 12.59 0.15 60.10 0.89 2.20
Stdev 2.17 0.07 0.16 0.80 0.80 2.20 0.03 3.12 0.02 0.29

a Total iron as FeO.
b Standard deviation (1σ) for melt data.
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be equilibrated with the other phases (Table 1). In
the mass balance calculations for four run products
(#408, #418, #415, #432), the mass balance for the
least abundant phase yielded a negative percentage.
To avoid this unreasonable result, the mass balance
was recalculated without including this phase. The ob-
served Fe-loss results in higher Fe2O3/FeO ratios in
the experimental products than the starting material
treated at the Ni–NiO buffer. The Mg/(Mg+ total Fe)
ratios of coexisting phases systematically change and
decrease in the following order: En> � > Gt, Mj >

melt (Table 2). This suggests that Fe3+/total Fe of
those phases should increase in the following order:
En < � < Gt, Mj, if Mg /(Mg+Fe2+

) can be equally
partitioned among those phases.

4. Stability of hydrous phases

Various hydrous phases are observed in the
present experimental conditions (Tables 1 and 2
and Fig. 2). Phase E (Kanzaki, 1991) is stable be-
tween 9 (Kawamoto et al., 1996) and 17 GPa and
has 1.5–2 wt.% Al2O3. Phase D (Yang et al., 1997),
which is also called as phase F (Kanzaki, 1991) and
phase G (Ohtani et al., 1997a), is observed between
17 and 24 GPa and has 4–8 wt.% Al2O3. Superhy-
drous B is found also between 17 and 24 GPa and
has 0.5–1.5 wt.% Al2O3. Hydrous� and� phases of
olivine stoichiometry are observed between 14 and
20 GPa. The phase boundary between the� phase
and� phase of olivine in hydrous conditions is found
to be at higher pressure than in the dry conditions
(Fig. 2). This is consistent with previous experimen-
tal results in 1, 2, and 3 wt.% H2O bearing Mg2SiO4
system (Inoue et al., 2001).

There are two different results at 24 GPa and
1400◦C: one without hydrous phase (#432) and the
other with phase D and superhydrous B (#414). The
latter (#414) has phase D and superhydrous B at the
coldest part of the capsule, which can be at around
1200◦C. In addition to this discrepancy, at 1300◦C
and 24 GPa only superhydrous B is found (#403). In
Fig. 2, dry assemblage at 24 GPa and 1400◦C (#432),
superhydrous B at 24 GPa and 1300◦C (#403) and
superhydrous B and phase D at 1200◦C (the coldest
position of #414) are plotted in order to have an in-
ternal consistency among these experimental results.

Fig. 2. Pressure–temperature projection of the stability of dense
hydrous Mg–Fe silicates in H2O-saturated KLB-1 peridotite. Data
at a pressure range lower than 11 GPa are fromKawamoto and
Holloway (1997)and Kawamoto et al. (1996). Open circles rep-
resent the phase assemblage of liquid (L), olivine (Ol), gar-
net (Gt), Ca-poor pyroxenes (En), with or without Ca-rich py-
roxene (Di). Closed squares represent sub-solidus assemblages:
olivine, garnet, and two pyroxenes at 5–10 GPa. Experiments
at 1 GPa are afterHirose (1997); the stabilities of pargasite
(Par), chlorite (Chl), serpentine (Ser), talc (Tal) and phlogopite
(Phl)–K-amphibole (K-amp) are afterSchmidt and Poli (1998)
and Sudo and Tatsumi (1990); phase boundaries among dry�,
� + �, �, and� + �-(Mg0.9Fe0.1)2SiO4 and �-(Mg0.9Fe0.1)2SiO4

and Mg-perovskite(Mg-Pv) + magnesium wüstite (Mw) in dry
conditions are afterKatsura and Ito (1989)andIto and Takahashi
(1989), respectively. Hy-� and Hy-� are hydrous� and� phase of
olivine stoichiometry, respectively. The phase boundary of Hy-�

and Hy-� is at higher pressure than in the dry conditions. Ch, CH,
and PhA are chondrodite and, clinohumite, and phase A, respec-
tively. The other abbreviations are shown inTable 1.
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Superhydrous B is thermally more stable than phase
D (Fig. 2). This is consistent with previous experi-
mental works (Frost, 1999) and Schreinemakers’ bun-
dle analysis (Komabayashi et al., 2002). At 24 GPa,
a melt was obtained at 1300◦C (#403) but not at
1400◦C (#414). There could be a fossil of a melt
somewhere inside of the capsule (#414), which was
not observed on the surface. At 24 GPa and 1400◦C,
in the other experiment (#432) Mg-perovskite is ob-
served together with stishovite and a quenched partial
melt showing dendritic texture. In these conditions,
ferropericlase was not observed.

5. Solidus temperature

The H2O-saturated solidus temperature of man-
tle peridotite meets the stability field of dense hy-
drous phases at 1000◦C and 11 GPa (Kawamoto and
Holloway, 1997; Fig. 2). At pressures greater than
11 GPa, the H2O-saturated solidus temperature does
not have geological importance, because a realistic
H2O abundance in mantle peridotite (within a few
weight percentage) can be entirely accommodated
by dense hydrous phases. The 13.6 wt.% H2O of the
present starting material is greater than the possible
water-carrying capacity in the observed hydrous crys-
talline phases. Therefore, there are always free aque-
ous fluids in the experimental charges at high-pressure
and temperature conditions. These fluids dissolve
silicate components and their effects on the phase
relations and melt chemistry remains uncertain in the
present study.

An H2O-undersaturated solidus temperature un-
der these conditions can be determined only af-
ter hydrous phase relations are determined more
precisely in future work. In contrast, at pressures
lower than 11 GPa, the melting temperature of an
H2O-undersaturated mantle peridotite can be calcu-
lated (Fig. 3), based on (1) the H2O-saturated solidus
(Kawamoto and Holloway, 1997), (2) pressure de-
pendence of hydrogen solubility in nominally anhy-
drous minerals, and (3) an assumption of linearity
between the H2O-undersaturated solidus tempera-
ture and the H2O abundance at a given pressure.
An H2O-undersaturated solidus temperature of man-
tle peridotite should lie between the H2O-saturated
solidus and the dry one (Takahashi et al., 1993; Zhang

Fig. 3. (A) H2O solubilities in olivine as a function of pressure.
Data are fromBai and Kohlstedt (1992)and Kohlstedt et al.
(1996). H2O solubilities in olivine can be roughly written asCH2O

(ppm) = 100× P (GPa). (B) Calculated melting temperature of
H2O-undersaturated mantle peridotite (H2O abundance in ppm).
The numbers along the present mantle adiabat indicate ppm H2O
concentrations of mantle peridotites that can start melting at that
pressure. The H2O-saturated (wet) solidus is fromKawamoto and
Holloway (1997).

and Herzberg, 1994). The H2O-undersaturated solidus
is assumed to have a linear relation with respect to
H2O concentration. The amount of H2O necessary to
saturate mantle peridotite depends on the H solubility
in nominally anhydrous minerals at a given pres-
sure. Although K2O also stabilizes phlogopite and
K-richterite in a hydrous peridotite system and may
control the melting temperature (Trønnes et al., 1988;
Sudo and Tatsumi, 1990), its quantitative role remains
uncertain. Infra-red spectroscopy demonstrated that
olivine and pyroxene crystals of natural mantle xeno-
liths have up to several hundreds ppm H2O (Smyth
et al., 1991; Bell and Rossman, 1992). Experimental
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studies demonstrated that H2O solubility in Fo91
olivine increases from 34 ppm H2O at 0.3 GPa to
more than 1000 ppm at 13 GPa (Bai and Kohlstedt,
1992; Kohlstedt et al., 1996). The H2O concentration
to saturate a model mantle peridotite can be expressed
as CH2O (ppm) = 220(±50) × P (GPa) for garnet
peridotite andCH2O (ppm) = 290(±80) × P (GPa)
for spinel peridotite with assumption of the follow-
ing: (1) H2O solubilities in olivine can be roughly
written asCH2O (ppm) = 100× P (GPa) (Fig. 3A;
Bai and Kohlstedt, 1992; Kohlstedt et al., 1996),
(2) partition coefficients of H between enstatite and
olivine, diopside and olivine, and garnet and olivine
are 3.75 (±1.25), 7.5 (±2.5) and 1, respectively (Hirth
and Kohlstedt, 1996) and there is no H in spinel
(Bell and Rossman, 1992), (3) modal abundances of
55 wt.% olivine, 20% enstatite, 10% diopside, and
15% garnet for garnet peridotite and 55% olivine,
20% diopside, 22% enstatite, and 3% spinel for spinel
peridotite. By the use of the present estimation, the
H2O-undersaturated solidus–pressure diagram can be
drawn as a function of H2O concentration in a model
mantle peridotite (Fig. 3B).

Melt inclusion studies suggest that mid-oceanic
ridge basalts, Hawaiian hot spots basalts, and Archean
komatiites can be formed through partial melting of
100–200, 250–450, and 600–5000 ppm H2O bearing
mantle peridotite, respectively (Michael, 1988; Hirose
and Kawamoto, 1995; McDonough and
Danyushevsky, 1995; Kamenetsky, 1996; Shimizu
et al., 2001). If these hydrous compositions follow
the present mantle adiabat under mid-oceanic ridges,
the partial melting should start at depths equivalent to
2.5 GPa (75 km) beneath mid-oceanic ridges, 3.5 GPa
(105 km) under Hawaiian hot spots, and 5.5 GPa
(165 km) and greater pressures to produce komatiites,
respectively (Fig. 3B).

6. Partial melt chemistry

(Mg + Fe)/Si atomic ratios of partial melts in
the H2O-saturated KLB-1 peridotite increase from 1
at 5 GPa to 2 at 11 GPa (Kawamoto and Holloway,
1997). At 7.5 GPa,(Mg+Fe)/Si ratios of partial melts
increase with increasing temperature (Fig. 4). In con-
trast, at pressures greater than 10 GPa,(Mg + Fe)/Si
ratios of partial melts decrease with increasing tem-

Fig. 4. Molar (Mg + Fe)/Si in the partial melts of H2O-saturated
KLB-1 peridotite as functions of pressure and temperature. Data at
a pressures lower than 11 GPa are fromKawamoto and Holloway
(1997) and Kawamoto et al. (1996). The composition of KLB-1
peridotite is represented by the cross. Numerals represent the
experimental temperatures in◦C. The data for dry partial melts
of KLB-1 near to the solidus temperature (open square) are from
Hirose and Kushiro (1993)for 1–3 GPa, andHerzberg and Zhang
(1996) for pressures greater than 5 GPa.

perature (Fig. 4). (Mg + Fe)/Si ratios of partial melts
decrease from 2.5 at 1100◦C to 1.6 at 1300◦C at
14 GPa, and from 3.3 at 1100◦C to 1.8 at 1300◦C
at 17 GPa. At 20 GPa,(Mg + Fe)/Si ratios decrease
from 2.8 at 1200◦C to 1.7 at 1400◦C. Because similar
behavior was also observed in the MgO–SiO2–H2O
system at 12 and 15.5 GPa (Inoue, 1994), various
ratios of Fe3+/total Fe may have little effect on the
(Mg + Fe)/Si variations as a function of pressure.
Since the peridotite itself has an(Mg+Fe)/Si ratio of
1.46, the partial melts are more ferromagnesian than
the bulk system at 10 GPa. This change is surprising
when compared to the much smaller change seen in
dry melts of KLB-1 peridotite:(Mg + Fe)/Si ratio of
1 at 5 GPa, 1.1 at 10 GPa, and 1.1 at 18 GPa (Fig. 4;
Herzberg and Zhang, 1996). At a given temperature,
(Mg + Fe)/Si ratios of partial melts increase with
increasing pressure. It is likely that the structure of
wet silicate melts changes drastically as a function of
pressure, therefore, spectroscopic observation of wet
melt compositions should be conducted to explain
this conspicuous feature.

A partial melt coexisting with Mg-perovskite at
24 GPa and 1400◦C has (Mg + Fe)/Si atomic ra-
tio of 2.2. Ultramafic hydrous melts similar to those
observed experimentally under uppermost lower
mantle conditions may have contributed to chemical
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differentiation between the upper and lower mantle.
Similar implications of H2O-rich fluids with high
Mg/Si ratios were also discussed by previous workers
(Stalder et al., 2001; Mibe et al., 2002). The dif-
ference in Ca/Al ratios between a chondritic model
mantle (0.75) and suggested upper mantle (0.9) is
also another important open question (e. g.,Palme
and Nickel, 1985). Partial melts in the wet peridotite
system are also characterized by high Ca/Al ratio (4.5
at 10 GPa and 1100◦C, 11 at 24 GPa and 1400◦C)
and have a potential role to resolve this discrepancy.

Effects of H2O on the partition coefficients of
siderophile elements between metallic iron-rich melt
and silicate melt remain to be investigated.Righter
and Drake (1999)conducted an experimental study
at 1 GPa and 1300◦C, and concluded that H2O has
little effect on the partition coefficients of siderophile
elements between metallic iron-rich melt and silicate
melt. However, recent high-pressure experiments sug-
gest that H2O can have more effects on melt structure
at higher pressure (Stalder et al., 2001; Mibe et al.,
2002). Therefore, siderophile elements may be more
strongly partitioned into silicate melts in the wet
system than the dry system at pressures greater than
10 GPa. This is because H2O depolymerizes silicate
melts and siderophile elements are more strongly
partitioned into a less polymerized melt (Hillgren
et al., 1996), and also because H2O lowers the ac-
tivities of divalent cations in silicate melts and most
siderophile elements are divalent in silicate melts in
the presence of metallic iron (Hillgren et al., 1996).
The partition coefficients of siderophile elements be-
tween ultramafic hydrous residual melt and silicate
lower mantle minerals will therefore be greater than
in the dry system (Ohtani and Yurimoto, 1996; Ohtani
et al., 1997b). Effects of H2O on the partitioning of
elements between silicates and iron melts remains to
be determined over a wide pressure range to provide
further constraints on the chemical evolution of the
earth’s mantle.
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