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Chromian spinel during melting experiments of dry peridotite (KLB-1) at 1.0-2.5 GPa
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ABSTRACT

The stability and chemistry of chromian spinel were determined for dry mantle (spinel lherzolite)
melting at pressures between 1.0 and 2.5 GPa and temperatures between 1250 and 1500 °C. To find
the most suitable sample container, we tested three different possibilities at 1.5 GPa: a Pt capsule, a
Re/Pt capsule, and a graphite/Pt capsule. The oxygen fugacity of the run products with Pt, Re/Pt, and
graphite/Pt are FMQ + 4 to 5, -2 to 0, and <—10, respectively. We conclude that the Re/Pt capsule is
most suitable for melting experiments of dry peridotite at high temperatures and the oxygen fugacity
similar to that of the terrestrial upper mantle, which has been estimated to be near FMQ. Using Re/
Pt capsules, batch-melting experiments of a dry spinel lherzolite from Kilborne Hole (KLB-1) were
performed. Our experimental results and natural mantle peridotites are significantly different in
terms of the stability field and the Cr/(Cr + Al) atomic ratio (= Cr') of chromian spinel. Spinel, which
is common in natural mantle peridotite regardless of their bulk chemistry, disappeared at a much
lower degree of melting in our experiments. The upper limit of the Cr' of spinel just before its
disappearance decreases rapidly from 0.45 to 0.13 with increasing pressure, whereas natural peri-
dotites have a wide range of Cr' from 0.1 to 0.8. Our dry experiments, compared with previous
hydrous experiments, indicate that the upper limit of Cr' increases with increasing H,O content.
These findings suggest that the petrological variation of natural mantle peridotite cannot be formed

by simple batch melting but may be the result of more complex melting.

INTRODUCTION

Although it is present only in small quantities, chromian
spinel is a very important phase during melting processes in
the shallow mantle. The compositional variation of spinel as a
function of bulk peridotite chemistry has been well documented
in many studies on the basis of field observations (e.g., Dick
1977; Dick and Bullen 1984; Arai 1987, 1990; Takahashi N.
1992; Ozawa 1997). The most important feature of spinel is
the wide range of Cr/(Cr + Al) atomic ratio (= Cr'), which rises
from 0.05 to 0.6, sometimes reaching 0.8, as the Mg/(Mg + Fe)
atomic ratio (= Mg') of coexisting olivine is increased. In natu-
ral peridotites, the modal proportion of clinopyroxene gradu-
ally decreases and finally disappears with an increase in the
Cr' of spinel. The systematic increase in Cr' of spinel is consid-
ered to have resulted from partial melting and melt-extraction
processes because the partial melting preferentially exhausts
clinopyroxene relative to coexisting minerals. Chromian spinel
exists in minor amounts throughout the peridotite lithologies:
lherzolite, harzburgite, and dunite. Therefore, chromian spinel
is considered to be one of the best indicators of degree of par-
tial melting for natural mantle peridotites. The purpose of our
study was to determine the chemistry of chromian spinel by
melting experiments of KLLB-1 (a dry spinel lherzolite from
Kilborne Hole) at the conditions of the Earth’s uppermost
mantle and to evaluate the observations on natural peridotites.

Constraining the chemistry of chromian spinel in high-pres-
sure melting experiments involves at least two experimental
difficulties. The first problem is the difficulty in maintaining

* E-mail: kmatsu@mx.ibaraki.ac.jp

0003-004X/03/0809-1271$05.00

the proper oxygen fugacity. The composition and stability field
of chromian spinel are very sensitive to oxygen fugacity (Roeder
and Reynolds 1991). The oxygen fugacity of the upper mantle
has been estimated to be about that of the Fayalite-Magnetite-
Quartz buffer (= FMQ) (e.g., Mattioli and Wood 1986). There-
fore, we have to keep the oxygen fugacity of the run products
close to the FMQ buffer during experiments. The containers
used by previous workers, however, cannot maintain this re-
dox state, as will be shown later.

The second problem is Fe loss. It is well known that the
proportion of Fe transferred from the sample charge to a metal
container can be considerable in high-temperature experiments,
such as melting of dry peridotite at mantle conditions (e.g.,
Jaques and Green 1980). Partial melts particularly enhance the
Fe loss because of their rapid diffusion of elements. To prevent
this effect, many materials have been used. A Pt capsule is re-
fractory enough to conduct the high-temperature experiments,
but the amount of Fe lost from silicate melts becomes very
significant at high temperatures (e.g., Jaques and Green 1980).
Au-Pd, Ag-Pd alloys, Au, and Fe-saturated Pt are less reactive
with Fe (e.g., Sisson and Grove 1993; Kawamoto and Hirose
1994; Hirose and Kawamoto 1995; Gaetani and Grove 1998
and references therein), but the melting points of these materi-
als are too low to allow their use in the melting of refractory
dry peridotites. At present, a graphite sleeve is generally used
as the inner capsule, which is encased in a sealed Pt tube to
eliminate Fe-loss in high-temperature experiments (e.g., Kogiso
et al. 1998; Takahashi et al. 1998; Walter 1998).

In this paper, we have tested Pt and graphite/Pt capsules as
well as a Re/Pt capsule (Re foil as an inner capsule in a sealed
Pt tube; Takahashi et al. 1993) and show that Re/Pt makes the
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most suitable container for melting experiments of dry mantle
peridotites. Using the Re/Pt capsule, we report for the first time
the systematic chemical variation of chromian spinel during
partial melting of KLB-1.

EXPERIMENT FOR EVALUATION OF RE/PT SAMPLE
CONTAINER

Experimental procedures

A mineral powder of KLB-1, a natural spinel lherzolite from Kilborne Hole,
was used as the starting material. KLB-1 is a fertile peridotite with a composi-
tion similar to pyrolite (Takahashi 1986). The powder was ground under ac-
etone in an agate mortar and then dried inside a 1-atm furnace at 1000 °C, with
oxygen fugacity controlled at the NNO~FMQ buffer using a CO,/H, gas mix-
ture. The dried sample was stored in glass vials in a 110 °C oven. The Re con-
tainer (inner diameter 1.4 mm) was made from a Re foil (0.025 mm in thickness).
The Re and graphite containers were encased in sealed Pt tubes (1.8 mm inner
diameter and 0.2 mm thickness). The Pt single capsule was also sealed.

Melting experiments were performed at a pressure of 1.5 GPa, at tempera-
tures of 1375 and 1425 °C, and for durations between 0.5 and 92 hours. The
detailed experimental conditions are listed in Table 1. The experiments were per-
formed using a non-end-loaded piston-cylinder apparatus and a Boyd-England
type piston-cylinder apparatus at the Magma Factory, Tokyo Institute of Technol-
ogy (Takahashi et al. 1993). The experiments at 1375 °C were carried out with a
1/2 inch diameter furnace assembly including talc, a Pyrex glass outer sleeve, and
an ALSIMG inner sleeve with a straight graphite heater. The large size heater (6
mm inner diameter and 0.75 mm in thickness) was chosen in this study for experi-
ments using the three different capsules simultaneously. The experiments at 1425
°C were carried out with 3/4 inch-diameter assemblies using the same materials
as the 1/2 inch furnace, with a tapered graphite heater (Kushiro 1976).

Pressures in the 1/2 inch furnace were calibrated using the albite <> jadeite
+ quartz reaction at 600 °C, 1.63 GPa (Holland 1980), the melting point of Au
at 1150 °C, 1.5 GPa (Akella and Kennedy 1971), and the quartz <> coesite
phase transition at 1000 °C, 2.97 GPa (Bohlen and Boettcher 1982). We esti-

TABLE 1. Run conditions and results of experiments for evalua-
tion of sample containers

Runno. P 7 Duration Container Products
(GPa) (°C)  (hour)
AK18a 1.5 1375 5 Pt ol+opXx+Ccpx+sp+m
b 1.5 1375 5 Re/Pt ol+opx+CcpXx+sp+m
c 1.5 1375 5 graphite/Pt ol+opx+Ccpx+sp+m
AK19a 1.5 1375 1 Pt ol+opXx+CcpxX+sp+m
b 1.5 1375 1 Re/Pt ol+opx+CcpX+sp+m
c 1.5 1375 1 graphite/Pt ol+opx+Cpx+sp+m
AK21a 1.5 1375 0.5 Pt ol+opx+cpx+sp+m
b 1.5 1375 0.5 Re/Pt ol+opx+cpx+sp+m
c 1.5 1375 0.5 graphite/Pt ol+opx+Ccpx+sp+m
AK22a 1.5 1375 20 Pt ol+opXx+CcpX+sp+m
b 1.5 1375 20 Re/Pt ol+opXx+CcpX+sp+m
c 1.5 1375 20 graphite/Pt ol+opx+Ccpx+sp+m
AK23a 1.5 1375 10 Pt ol+opx+CcpX+sp+m
b 1.5 1375 10 Re/Pt ol+opx+cpXx+sp+m
c 1.5 1375 10 graphite/Pt ol+opx+Ccpx+sp+m
AK24a 1.5 1425 5 Pt ol+opx+sp(F)+m
b 1.5 1425 5 Re/Pt ol+opx+sp+m
P299 a 1.5 1425 10 Pt ol+opx+sp(F)+m
b 1.5 1425 10 Re/Pt ol+opXx+CcpX+sp+m
c 1.5 1425 10 graphite/Pt ol+opx+m
P300a 1.5 1425 20 Pt ol+opx+sp(F)+m
b 1.5 1425 20 Re/Pt ol+opx+m
c 1.5 1425 20 graphite/Pt ol+opx+m
P304 a 1.5 1425 92 Pt ol+opx+sp(F)+m
b 1.5 1425 92 Re/Pt ol+opx+m
c 1.5 1425 92 graphite/Pt ol+opx+m
AK20a 1.5 1250 4425 Pt ol+opx+cpx+sp
b 1.5 1250 4425 Re/Pt ol+opx+cpx+sp
c 1.5 1250 44.25 graphite/Pt ol+opx+Ccpx+sp

MNofes:m = melt, ol = olivine, opx = orthopyroxene, cpx = clinopyroxene,
sp = chromian spinel, sp(F) = Fe®*-rich spinel.
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mated the pressure correction to be —16 = 2% of the nominal piston pressure.
The pressure loss by friction of the 3/4 inch furnace was estimated as approxi-
mately 7% (Takahashi, unpublished data). The temperature was measured and
controlled by a WsRe-WyRe thermocouple. No pressure correction was made
on the emf of the thermocouple.

Estimation of oxygen fugacities

The run products were sectioned longitudinally and polished
for analysis. Minerals were analyzed by wavelength-dispersive
spectrometers using an electron microprobe (JEOL-JXA8800)
at the Tokyo Institute of Technology. Analytical conditions were
15kV accelerating voltage and 1.20 x 10*A beam current, with
a ZAF correction procedure. Standards used were wollastonite
for Si and Ca, rutile for Ti, corundum for Al, chromian spinel
for Cr, hematite for Fe, periclase for Mg, albite for Na, K-feld-
spar for K, and nickel oxide for Ni. The oxygen fugacity of the
run products was calculated from the equilibrium: 6Fe,SiO,
(olivine) + O, = 3Fe,Si,04 (0px) + 2 Fe**Feir O, (spinel), as
described by Bryndzia and Wood (1990). The Fe*/Fe** ratios
(magnetite component) of the spinel were calculated by assum-
ing spinel stoichiometry. The activities of Fe,SiO, (olivine) and
Fe,S1,04 (opx) were estimated by the method of Mattioli and
Wood (1988), and that of Fe;O, (spinel) was calculated by the
method of Wood et al. (1990).

Results

The Mg' of olivine is a good indicator of Fe loss from run
products. The Fe loss from an experimental charge is increased
by the existence of an Fe-bearing silicate melt because of its
rapid reaction rate with the metal capsule. The composition of
the glass quenched from melt at high pressure is, however, sig-
nificantly modified by overgrowth of quenched crystals (oliv-
ine and pyroxenes). Liquidus pyroxene crystals had relict cores
of starting material crystals if the run duration was less than
about 20 hours. It was very difficult to estimate the bulk Fe
loss for these reasons. Olivine did not show any compositional
zoning except in quenched rims because the Mg' of olivine
changes rapidly with the change in Mg' of the coexisting melt
at high temperatures. Therefore, the Mg' of olivine is useful to
evaluate the degree of the Fe-loss.

Figure 1 shows the change in the Mg' of olivine as a func-
tion of time. At 1375 °C, the degree of partial melting was less
than 1 vol% and the olivine in the Pt single capsule showed
highly variable Mg' from 0.900 at the center to 0.990 at the
margin of the capsule. On the other hand, the Mg' of olivine in
the Re/Pt capsule was homogeneous throughout the charge, and
was the same as that in the graphite/Pt capsule. At 1425 °C, the
degree of partial melting was about 16 vol% and the Mg' of
olivine was different in the three capsule types, although there
were no chemical and textural variations throughout the con-
tainers. The Mg' was about 0.910 in graphite/Pt, 0.917 in Re/Pt,
and 0.945 in Pt for run durations of less than 20 hours. The degree
of partial melting was estimated by point counting of back-scat-
tered electron (BSE) images (1024 x 1024 points, 0.3-0.3 pum pixel
size) combined with compositional maps for Na and Mg.

Platinum reacts readily with Fe and makes an alloy. The
high Mg' at the margin of the Pt capsule at 1375 °C (Fig. 1a)
indicates that both melt and solid next to the Pt capsule lost a
significant proportion of their Fe. Iron loss did not occur effec-
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FIGURE 1. Change of the Mg' = [Mg/(Mg + Fe?*)] of olivine as a
function of time. The Mg' of olivine in three different containers (Pt,
Re/Pt, and graphite/Pt) is compared in order to assess their capability
to minimize Fe loss (see text). Experiments were carried out at 1.5
GPa and 1375-1425 °C (see Table 1).

tively from the center of the capsule because the partial melt at
the grain boundaries was not interconnected at such low de-
grees of partial melting. Compared to the sample in Pt, the
sample in the Re/Pt double capsule did not show any Fe loss at
1375 °C. At 1425 °C, the melt network was completely formed
and the Mg' of olivine was essentially homogeneous in each
capsule. Iron loss to containers was recognized in both Pt and
Re/Pt capsules at such high degrees of melting. The loss to the
Pt capsule was especially high if the run duration was less than
several hours. The Mg' of olivine in the Re/Pt capsule is clearly
lower than that in Pt but is slightly higher than that in graphite/
Pt capsule (Fig. 1b). These results thus demonstrate that the
amount of Fe loss to the Re/Pt container is insignificant com-
pared with Pt capsule at 1375-1425 °C. As shown later, how-
ever, the degree of Fe loss becomes serious, even in Re/Pt
capsules at temperatures higher than about 1450 °C, as de-
scribed by Bryndzia and Wood (1990).

Figure 2 shows the calculated delta FMQ [= log (fo,)-log
(FMQ)] of run products as a function of time. The delta FMQ
in the Pt single capsule varied spatially at 1375 °C (Fig. 2a)
because of the heterogeneity of mineral compositions de-
scribed above (e.g., Fig. 1a). Delta FMQ values in Pt, Re/Pt,
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and graphite/Pt capsules were 2 to 8, =3 to 0, and <-5, respec-
tively (Figs. 2a and 2b). The shaded area of Figure 2 represents
the range of f,, of mantle-derived natural peridotites [mantle
xenoliths (Mattioli and Wood 1986), a mantle section of the
Oman ophiolite, East Pacific Rise peridotites, and Horoman
peridotites (Matsukage unpublished data)]. The oxygen fugac-
ity of the uppermost mantle has been estimated to be about that
of the FMQ buffer (e.g., Mattioli and Wood 1986). The run
product in the Pt single capsule was highly oxidized compared
with the natural peridotites. On the other hand, the use of the
graphite/Pt capsule imposed a low fo, on the sample, and spinel
readily disappeared at 1425 °C (Table 1) due to its highly re-
duced condition. In the Re/Pt capsule, spinel existed at 1425
°C in experiments when the duration was less than 10 hours,
whereas spinel always disappeared in longer runs (see Table
1). The stability of spinel is related to the chemistry of the co-
existing orthopyroxene. For short run durations, almost all of
the orthopyroxene (approximately 10 pm in diameter) had relic
cores of Al-rich, Cr- and Mg-poor starting material. This ob-
servation indicates that chromian spinel is chemically unstable
under these conditions (1.5 GPa, 1425 °C). In our study, oliv-
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FIGURE 2. Calculated delta FMQ [= log (fo,) — log (FMQ)] of run
products in Pt, Re/Pt, and graphite/Pt capsules as a function of time.
The range of delta FMQ of natural mantle peridotites (spinel lherzolite
and spinel harzburgite) is after Bryndzia and Wood (1990). Experiments
were carried out at 1.5 GPa and 1375-1425 °C (see Table 1).
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ine and orthopyroxene in contact with spinel were chosen for
calculations of f,, because local chemical equilibrium may be
achieved among these minerals. The f,, of the sample in the
Re/Pt capsule was calculated to be very close to FMQ buffer at
both 1375 and 1425 °C (Fig. 2).

Figure 3 shows the atomic ratios of Fe**, Cr, and Al in spinels
at the centers of the sample containers. Fe**/(Fe** + Al + Cr)
atomic ratios were related to the variation of container materi-
als and run durations of different experiments. Most spinels
from natural spinel lherzolite and harzburgite contain a small
amount of an Fe,O; component. Their Fe**/(Fe** + Al + Cr)
atomic ratios generally range from 0.01 to 0.1. In the experi-
ments at 1375 °C, Fe*"/(Fe** + Al + Cr) atomic ratios of spinels
in Re/Pt capsules were between 0.01 and 0.1. These values agree
with those of natural mantle peridotites (stippled area of Fig.
3). The Fe*/(Fe** + Al + Cr) atomic ratios of spinels in the
graphite/Pt capsule, however, were almost O due to the very
reducing conditions imposed by the graphite. The oxygen fugac-
ity in the graphite/Pt container of our experiments would be
close to the IW buffer (Mattioli and Wood 1986). Takahashi
and Kushiro (1983) discussed how the low oxygen fugacity in
the presence of graphite causes reduction of Cr** to Cr*, which
dissolves in olivine and pyroxenes instead of spinel and, there-
fore, make the spinel stability field significantly narrower. In
Pt capsules, the Fe**/(Fe* + Al + Cr) atomic ratios of spinel
increased up to 0.25, with increasing temperature (1425 °C)
and degree of partial melting. The spinel chemistry also indi-
cates that the run charge in the Pt single capsule is highly oxi-
dized. Roeder and Reynolds (1991) documented the large
decrease of Cr solubility in chromian spinel-saturated basaltic
melts as a function of increasing fo, in experiments at 1 atm at
Jfo, values close to FMQ buffer. The wide stability field of spinel
in our experiments using Pt single capsules, in contrast to those
using graphite/Pt and Re/Pt capsules (see Table 1), is caused
by the oxidization during formation of a Pt-Fe alloy from Pt
and FeO.

Borisov and Jones (1999) conducted experiments using an
Jo, controlling, 1 atm furnace for evaluation of the Re loop as a
sample container for Fe-bearing melts. They concluded that
the experiments using Re of several days duration were pos-
sible at a temperature of 1400 °C and an fo, of FMQ-2. The Fe
loss was highly reduced (less than 1 wt%) and decreased with
increasing fo,. The result of their experiments at a pressure of 1
atm agrees well with that of our experiments at 1.5 GPa. Our
study using the Re/Pt capsule appears to produce the desired
effect, such as elimination of Fe loss at about FMQ at high-
pressure and high—temperature. Accordingly, the Re/Pt capsule
is found to be the most suitable sample container for conduct-
ing melting experiments on dry peridotite at the proper oxygen
fugacity of the terrestrial uppermost mantle.

EXPERIMENT FOR CHROMIAN SPINEL STABILITY AND
CHEMISTRY
Experimental conditions

Using the Re/Pt capsule, melting experiments of KLB-1 were conducted at
pressures between 1.0 and 2.5 GPa and temperatures between 1250 and 1500
°C. The phase relations and spinel compositions were determined by the method
described above. The experimental conditions and phase relations are listed in
Table 2.
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FIGURE 3. Chromian spinel compositions of run products in the
three sample containers (Pt, Re/Pt, and graphite/Pt). The range of spinel
compositions in natural mantle peridotites (Iherzolite and harzburgite)
is after Figure. 6 in this paper. Experiments were carried out at 1.5
GPa and 1375-1425 °C (see Table 1).

Results

A phase diagram for melting of dry KLB-1 is shown in Fig-
ure 4. Chromian spinel chemistry is listed in Table 3. The
subsolidus assemblage between 1.0 to 2.5 GPa is olivine +
orthopyroxene + clinopyroxene + spinel, and above 2.5 GPa is
olivine + orthopyroxene + clinopyroxene + garnet (Table 2).
The dry solidus of KLB-1 lherzolite shown in Figure 4 is after
Takahashi et al. (1993), and is concordant with the solidus of
our study. Above the dry solidus, clinopyroxene was preferen-
tially melted relative to olivine and orthopyroxene with increas-
ing temperature. Therefore, the residual rock type changed from
lherzolite to harzburgite (without clinopyroxene). The upper-
temperature stability of clinopyroxene increased in tempera-
ture with increasing pressure in the same manner as the solidus
line (Fig. 4). The spinel-out line, however, decreased and then
increased (Fig. 4). The stability of spinel is highly influenced
by the solubility of Al and Cr in coexisting pyroxenes and par-
tial melt. The concentration of Al in pyroxenes of high pres-
sure (1.5 and 2.0 GPa) was higher than that of low pressures
(1.0 GPa). For example, the Al,O; concentration of
clinopyroxene was 6.5-5.4 wt% at 1300-1380 °C, 1.0 GPa,
and 8.1-7.5 wt% at 1350-1390 °C, 1.5 GPa, respectively. In
other word, the spinel that is a reservoir of Al at 1.0 GPa dis-
solved effectively in pyroxenes at above 1.5 GPa. As a result,
the stability field of spinel first shrank then was constant to-
ward higher pressure. Specifically, chromian spinel disappeared
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TABLE 2. Run conditions and results of melting experiments of
KLB-1 with Re/Pt capsules

Run no. P A Duration Run products
(GPa) (°C) (hour)

AK31 1.0 1250 72 ol+opx+cpx+sp

AK30 1.0 1300 48 ol+opx+cpx+sp

AK27 1.0 1350 20 ol+opx+cpx+sp+m

AK43 1.0 1380 20 ol+opx+cpx+sp+m

AK44 1.0 1420 20 ol+opx+sp+m

AK67 1.0 1430 15 ol+opx+m

AK33 1.0 1450 10 ol+opx+m

AK45 1.0 1500 10 ol+opx+m

AK20b 1.5 1250 44.2 ol+opx+cpx+sp

P348 1.5 1350 25 ol+opx+cpx+sp

AK22b 1.5 1375 20 ol+opx+cpx+sp+m

P350 1.5 1390 24 ol+opx+cpx+sp+m

P341 1.5 1400 20 ol+opx+m

P300b 15 1425 20 ol+opx+m

P311 1.5 1450 17 ol+opx+m

P317 1.5 1490 20 ol+opx+m

P371 2.0 1400 20 ol+opx+cpx+sp+m

P431 2.0 1430 20 ol+opx+Ccpx+sp+m

P374 2.0 1450 20 ol+opx+m

P338 25 1410 20 ol+opx+cpx+grt

P319 2.5 1450 25 ol+opx+cpx+grt+m

P320 2.5 1490 24 ol+opx+m

MNotes:m = melt, ol = olivine, opx = orthopyroxene, cpx = clinopyroxene,
sp = spinel, grt = garnet.
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FIGURE 4. Melting phase relations of dry spinel lherzolite (KLB-
1). The experiments were conducted using a Re/Pt capsule. Stippled
area indicates the chromian spinel stability field above the solidus.

TABLE 3. Chemical compositions of spinel and calculated oxygen fugacities in delta FMQ [= log (%,) — log (FMQ)] of experiments using

Re/Pt capsule

Runno. n* SiO, TO, ALO; Cr,O; FEO* MgO NO Total Mg' (10) Cr' (10) Fe*/  (1o) delta degree

(Fe*+Al+Cr) FMQ of melting

(vol%)
AK31 5 156 0.16 57.52 851 9.33 2143 0.36 98.87 0.804 (0.013) 0.090 (0.002) 0.020 (0.005) —0.24 O
AK30 4 3.30 0.18 49.47 12.13 12.18 23.10 0.40 100.76 0.772 (0.002) 0.141 (0.011) 0.093 (0.013) 1.51 <1
AK27 1 1.50 0.19 51.15 14.41 8.78 23.57 0.29 99.89 0.827 0.159 0.056 026 9
AK43 6 155 0.12 40.28 26.09 9.86 20.30 0.21 98.41 0.789 (0.008) 0.303 (0.036) 0.040 (0.002) 0.07 18
AK44 3 0.29 0.12 32.08 34.78 10.61 19.15 0.19 97.22 0.763 (0.006) 0.421 (0.036) 0.045 (0.002) 0.50 23
AK20b 8 0.11 0.16 59.34 869 9.44 2128 0.23 99.25 0.819 (0.005) 0.089 (0.003) 0.008 (0.002) -1.79 0
P348 6 0.29 0.22 59.48 850 10.20 21.71 0.37 100.77 0.827 (0.002) 0.087 (0.002) 0.018 (0.001) -0.76 O
AK22b 6 0.23 0.12 58.83 846 9.51 2156 0.32 99.03 0.831 (0.005) 0.088 (0.002) 0.016 (0.002) —0.81 <t
P350 8 0.62 0.15 57.05 10.41 10.61 21.67 0.41 100.91 0.832 (0.009) 0.109 (0.008) 0.027 (0.004) -0.13 12
P371 1 438 0.31 5245 867 833 2218 0.36 96.68 0.826 0.100 0.048 -0.10 <t
P431 1 0.29 0.16 5524 1270 895 21.36 0.39 99.09 0.836 0.134 0.013 -1.18 2

Notes: Mg' = Mg/(Mg + Fe?*) atomic ratio, Cr' = Cr/(Cr + Al), Fe®*/ = Fe*/(Fe®** + Al + Cr), (o) = one standard deviation.

* Number of analyes.

at low degrees of melting above 1.5 GPa in our experiments
(Table 3). These results are quite different from previous stud-
ies that used Pt capsules (e.g., Jaques and Green 1980), graph-
ite/Pt capsule (e.g., Takahashi 1986), and graphite capsule (e.g.,
Falloon et al., 1999).

The relative amounts of trivalent cations of chromian spinel
are shown in Figure 5. Analyzing several spinel crystals in run
products checked analytical reproducibility. The number of
analyzed points and statistical uncertainties (one standard de-
viation) for Fe**/(Fe* + Al + Cr) atomic ratio, Cr', and Mg' are
listed in Table 3. The Fe**/(Fe** + Al + Cr) atomic ratios of
spinels in our study lie between 0.05 and 0.1, and are not sys-
tematically related to pressure or temperature (Table 3). The
variation of trivalent cations is similar to the natural trend of
lherzolite and harzburgite (Fig. 6). Calculated oxygen fugacity
values of our melting experiments range between —1.18 and
1.51 log units from the FMQ buffer (Table 3). These values are
close to that of mantle-derived natural spinel-lherzolite and
harzburgite (see shaded area in Fig. 2).

The Cr' of liquidus chromian spinel has a positive correla-
tion with the degree of melting (Table 3; Fig. 7). The upper
limit of the Cr' of spinel, just before its disappearance, decreases
rapidly with increasing pressure. The upper limit of the Cr' is
0.43,0.12, and 0.13 at 1.0, 1.5, and 2.0 GPa respectively. The
Mg' of spinel has a negative correlation with the Cr' (Fig. 8).

Implications on petrogenesis of abyssal peridotites

The compositional variations of chromian spinel in natural
mantle peridotites as a function of changing lithology have been
well-documented with many field observations. Figures 6 and
8 show the spinel compositions in lherzolite and harzburgite
from known tectonic settings. There are two important features
of chromian spinel from terrestrial uppermost mantle. The first
is that spinel exists in nearly all facies (lherzolite and
harzburgite) of all tectonic settings. The second is its wide range
in Cr's, which generally increase from 0.1 to 0.6, reaching 0.8
in some cases (Fig. 6). The systematic variations in the Cr' of
spinel with indicators of the depletion of peridotite (e.g., con-
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FIGURE 5. Chromian spinel compositions of run products using
Re/Pt capsule. The experimental conditions are listed in Table 2. The
range of natural mantle peridotites (spinel lherzolite and spinel
harzburgite) is after Figure 6 in this paper.
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FIGURE 6. Compositions of chromian spinels in natural mantle peridotites
(spinel Iherzolite and spinel harzburgite) from various tectonic settings. Data
for the forearc (Conical and Torishima seamounts) are after Ishii et al. (1992).
Data for the island arcs (Japan arc, Luson arc, and Kamchatka arc) are after
Abe et al. (1998, 1999) and Arai and Kida (2000). Data for the mid-ocean
ridges (America-Antarctic Ridge, Southwest Indian ridge and East pacific Rise)
are after Dick (1989), Arai and Matsukage (1996), and Dick and Natland (1996).
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centration of some incompatible elements and modal propor-
tion of clinopyroxene) have been discussed by many authors
(Dick and Bullen 1984; Dick 1989; Arai 1989; Dick and Natland
1996; Takahashi 1992; Matsukage and Arai 1997; Ozawa 1997).
The petrological variations from lherzolite to harzburgite are con-
sidered to have resulted from partial melting and melt-extraction
processes, and the Cr' of spinel is considered to be a good indica-
tor of degree of partial melting within the spinel stability field.

An important difference was observed, however, between
our experiments and natural peridotites in the stability field
and Cr' of chromian spinel. Spinel, which is common in natu-
ral peridotite, disappeared immediately at low degrees of melt-
ing in our experiments. Figures 5, 6, and 8 compare the chemical
composition of the spinel obtained in our experiment with those
observed in natural peridotites. It is clear that none of the chemi-
cal variations in natural chromian spinel, regardless of their
tectonic settings, can be reproduced by anhydrous batch melt-
ing experiments at pressures more than 1.0 GPa.

Peridotites from mid-ocean ridges have been considered as
good examples of restites derived from the uppermost mantle,
and the upper limit to the Cr' of their constituent spinels is about
0.6 (Figs. 6 and 8). The chemical trend of chromian spinel from
peridotites with Cr-poor spinel (lherzolite) to that with Cr-rich
spinel (harzburgite) has been interpreted as a result of simple
partial melting and melt extraction processes (e.g., Dick and
Bullen 1984; Dick 1989). In this case, the maximum Cr' of
spinel in abyssal peridotites should correspond with the maxi-
mum degree of partial melting at the MOR. If the abyssal peri-
dotites are the simple residue of batch partial melting at MORs,
the high maximum Cr' of their spinels (about 0.5-0.6) must
indicate that the degree of partial melting exceeds 25% and
clinopyroxene must have been exhausted in all of them (e.g.,
Ozawa 1997). This conclusion is not consistent with some
geochemical observations. In harzburgites containing spinel
with a high Cr', the concentrations of incompatible trace ele-
ments (e.g., LREE, MREE, Ti, Zr) are extremely low com-
pared with those expected theoretically in restite formed by
25% batch partial melting (Johnson et al. 1990; Dick and
Natland 1996). The remarkable depletion in the abyssal peri-
dotites from some MORs indicate that they were not formed
by batch melting but by melting and segregation in <0.1% in-
crements (incremental melting; Johnson et al. 1990). Incremen-
tal melting is defined as the melting process of multi-step
batch melting and melt segregation, in other word, the pro-
cess is a combination of batch and fractional melting. If this
conclusion is correct, the upper limit of melting is inferred to
be constrained by the disappearance of clinopyroxene during
incremental melting processes; more melt cannot be produced
until much higher temperatures, beyond the solidus of
harzburgite (e.g., Presnall 1969). This idea is supported by the
observation that in some of the harzburgites containing spinel
with the highest Cr', clinopyroxene has almost disappeared,
and some harzburgites do not contain any clinopyroxene at all.

Our experimental results show a strong pressure dependence
on the upper limit of the Cr' in spinel during anhydrous batch
melting at pressures less than 1.5 GPa. In other words, the Cr'
of spinel equilibrated with lower-pressure melts is higher than
that with higher-pressure melt for given degree of melting (Fig.
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FIGURE 7. The variation in Cr' of chromian spinel with changing
temperature and amount of H,O in KLB-1 lherzolite. Hydrous data
are after Hirose and Kawamoto (1995).

7). Consequently, it is difficult for harzburgite containing spinel
with an intermediate Cr' (about 0.4—0.6) to be the product of
batch partial melting at any pressure above 1.0 GPa. The most
depleted abyssal peridotites must be the restite from incremen-
tal melting because incremental melting processes can more
effectively concentrate the compatible elements (e.g., Cr) into
the solid relative to the batch-melting process. The expansion
of the stability field of spinel at lower pressure (see Fig. 4)
implies that the abyssal peridotites can be produced by a few
episodes of melt segregation if the partial melting occurs at
low pressure, and the “batch-melting mode” in incremental
melting becomes the dominant process. Thus, some abyssal
peridotites could be residues after batch partial melting if the
melting occurred at lower pressures (less than 1.0 GPa), whereas
those with high Cr' spinels could be restite after incremental
melting at higher pressure (more than 1.0 GPa) at MORs.

Implication on genesis of other peridotites

Harzburgite containing spinels with Cr' > 0.4 are common
occurrences in arc and forearc regions (Figs. 6 and 8; Arai 1987;
Ishii et al. 1992; Abe et al. 1998; Arai and Kida 2000). The Cr'
of spinels from these tectonic setting reaches 0.8 in some cases.
The arc and forearc peridotites are characterized by a wide
variation in the Cr' of spinel (see Fig. 8). In subduction zones,
it is generally believed that some amount of water is trans-
ported to the wedge mantle by subducted hydrous crust and
mantle. Therefore, the influence of water has to be taken into
account when considering the origin of mantle peridotites from
arc and forearc regions. In fact, the concentrations of some in-
compatible components in residual clinopyroxene that are
highly mobile in water (e.g., Ce, Sr, and Zr; Kogiso et al. 1997)
increase dramatically with the Cr' of spinel and decrease with
the modal proportion of clinopyroxene in arc and forearc peri-
dotites (e.g., Abe et al. 1998). These observations imply that
the partial melting is stimulated by flux melting induced by an
H,O-rich melt (or fluid) released by dehydration of subducted
crust and mantle.

To examine the effect of H,O on liquidus spinel chemistry,
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FIGURE 8. Relationship between the Cr' and the Mg' of chromian
spinel. (a) Melting experiments of dry and slightly hydrous (<0.9 wt%
H,0) KLB-1. Hydrous data are after Hirose and Kawamoto (1995).
(b) Natural mantle peridotites (spinel lherzolite and harzburgite). Data
for the forearc (Conical and Torishima seamounts) are after Ishii et al.
(1992). Data for the island arcs (Japan arc, Luson arc and Kamchatka
arc) are after Abe et al. (1998, 1999) and Arai and Kida (2000). Data
for the mid-ocean ridges (America-Antarctic Ridge, Southwest Indian
ridge and East Pacific Rise) are after Dick (1989), Arai and Matsukage
(1996) and Dick and Natland (1996).

experimental results of hydrous melting of KLB-1 lherzolite
(Hirose and Kawamoto 1995) were compared with the results
of our anhydrous experiments at 1.0 GPa (Figs. 7 and 8). The
oxygen fugacity of their experiments, estimated by the method
of this study, is about FMQ + 1 to + 2. Therefore, oxygen fugac-
ity in their charges was close to that of the terrestrial upper
mantle, as well as that of our experiments. Figure 8a shows the
relation between Cr' and Mg' of spinel in both sets of experi-
ments. The Cr' and Mg' of spinels are negatively correlated
and the slope is independent of the H,O contents. The experi-
ments show that the upper limit to the Cr' of spinel clearly in-
creases with increasing H,O for a given degree of melting (Fig.
7). This result implies that the Al-Cr partition coefficient be-
tween spinel and melt changes with melt composition and that
chromian spinel can easily survive in hydrous conditions. Al-
ternatively, refractory harzburgite, which contains chromian
spinel with a high Cr', formed only at extra-high temperatures
in dry conditions but is stable in hydrous conditions at rela-
tively low temperatures (Fig. 7). Based on these experiments,
we suggest that harzburgite with Cr-rich spinel (Cr' > 0.4) may
exist universally in the hydrous mantle wedge.

The H,0O-rich melt (fluid) phase is buoyant and will mi-
grate upwards, thus becoming separated from residual miner-
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als. Therefore, the melting process under hydrous conditions
is considered to be an open system (influx melting with segre-
gation in small increments). For this reason, batch melting ex-
perimental data are not directly comparable with natural arc
and forearc peridotites. However, that the stability field of Cr-
rich spinel increases under hydrous conditions has very impor-
tant implications for the origin of arc and forearc harzburgites
with Cr-rich spinel. The expansion of the spinel stability field
also may be responsible for the close relationship between hy-
drous mineral inclusions and spinel concentrations in mantle
peridotites and chromitite (e.g., Johan et al. 1980; Matsukage
and Arai 1997). The characteristics of spinel in the melting
experiments supports the hypothesis that arc and forearc peri-
dotites have evolved by melting with an influx of H,O-bearing
fluid or melt.
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