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Abstract

Bimineralic eclogite, which consists solely of garnet and clinopyroxene, is a likely component of some of the ancient recycled
crust residing in basalt source regions. It may originate during subduction of altered mid-ocean ridge basalt (MORB) crust, owing
to extraction of small degree partial melts or siliceous hydrous fluids. It may also originate by fractional removal of early-formed
partial melts from recycled crust or from pyroxenite originating by other processes. We have performed high-pressure experiments
on a bimineralic eclogite (B-ECL1) and its mixture with olivine (B-ECL1-OL) at 3 and 5 GPa. Degrees of melting are slightly
higher for B-ECL1-OL than for B-ECL1 at given temperatures, suggesting that addition of small amounts of olivine enhances melt
productivity of bimineralic eclogite. Solidus and liquidus temperatures of B-ECL1 are slightly higher than those of B-ECL1-OL
and MORB-like pyroxenite, but are lower than those of high-MgO pyroxenite and peridotite, suggesting that bimineralic eclogite is
not necessarily refractory compared to other likely mantle lithologies. Partial melts of B-ECL1 and B-ECL1-OL are nepheline-
normative. Because garnet and clinopyroxene in these compositions partially melt at a eutectic-like minimum with a composition
that is nepheline-normative, a wide range of bimineralic eclogite compositions, including that of subducted-crust origin, that
consist of garnet and clinopyroxene with compositions similar to those of B-ECL1 can produce nepheline-normative (=alkali
−basaltic) liquids. Thus, in contrast to the common assumption that partial melting of recycled oceanic crust produces silicic
magmas, we conclude that such lithologies can produce nepheline-normative partial melts if they first experience fractional
removal of fluids or melts. The partial melts from B-ECL1 are too low in MgO to be parental to many alkalic OIB, but have low
Al2O3 and high FeO comparable to those of alkalic OIB, suggesting that bimineralic recycled crust is a potential source for a low-
Al2O3 and high-FeO component that is necessary for the genesis of alkalic OIB.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mafic lithologies in the mantle, including eclogites
and pyroxenites, may have a wide spectrum of origins
and compositions [1] and their partial melting behavior
is highly varied [2]. At similar pressures, nominally
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volatile-free pyroxenites of different bulk composition
can produce partial melts ranging from silicic andesites
to highly undersaturated basanites [3–6]. There has been
a recent spate of studies documenting the partial melting
behavior of a range of eclogite and pyroxenite bulk
compositions (e.g., [3–8]), in part focused on their
possible role in the genesis of ocean island basalts (OIB)
[4,5]. However, an important variety of pyroxenite,
bimineralic eclogite, which consists solely of garnet and
clinopyroxene, has not been the subject of detailed
experimental investigation.

Bimineralic eclogite may be a key variety of mantle
heterogeneity and may originate from several different
processes in distinct geodynamic environments. One
important possibility is that oceanic crust may become
bimineralic by removal of free silica during subduction.
In addition to garnet and pyroxene, subducted dehy-
drated oceanic crust contains quartz or its high-pressure
polymorphs (±rutile). However, extraction of SiO2 by a
combination of dehydration [9], partial melting [10],
and/or evolution of a siliceous supercritical fluid [11]
may leave a bimineralic residue. Also, subducted
oceanic crust may be hybridized by surrounding
peridotite, either through mechanical [12] or diffusive
[13] exchange during ∼2 Gyr residence in the mantle.
These processes are likely to produce a bimineralic
lithology or an olivine-bearing pyroxenite, depending
on the extent of hybridization.

Bimineralic eclogite may also evolve from more
mineralogically complex pyroxenites by the early stages
of removal of partial melts in basalt source regions. In
Fig. 1. Normative compositions of starting materials B-ECL1 and B-ECL1-O
(CaTs)–quartz (Qz) projected from diopside [Di] using the method of O'H
bimineralic eclogite 77SL-582 [8], MORB-like pyroxenite NAM-7 [27] and
matrix glasses [33], and mantle peridotites [34]. Compositions of partial
dehydration melting (R&W residues [10]) and those of MIX1G [4,5] are indic
the pyroxenite residues to bimineralic compositions.
addition to garnet and clinopyroxene, many pyroxenites
contain variable proportions of other phases, such as
olivine, orthopyroxene, Fe–Ti or aluminous oxides,
quartz, or kyanite. Experimental evidence suggests that
these phases typically are exhausted after a modest
fraction (0–15%) of melting [3–6]. If melt is removed
from the matrix, a bimineralic residue may result. Note
however, that removal of melt from pyroxenite bodies
may not be as efficient as for partial melting of a
homogeneous mantle, as the rate of compaction is
related to the size of the domain [13].

Bimineralic eclogite originating from subducted
oceanic crust may play an important role in basalt
source regions. The siliceous partial melts of MORB-
like pyroxenites [3,6] are unlike the alkalic OIB that
typically carry strong signatures of crustal recycling
[14,15]. For this reason, some have argued that recycled
oceanic crust cannot be the proximal source of such
basalts (e.g., [16]). However, if recycled oceanic crust
loses its siliceous phases during subduction, residence in
the deep mantle, and/or partial melting and interaction
with surrounding peridotite in the deeper parts of basalt
source regions, then the possible influence of subducted
crust on OIB petrogenesis requires understanding the
partial melting behavior of bimineralic eclogite
lithologies.

It should be noted that bimineralic garnet–pyroxene
rocks fall on the so-called garnet–pyroxene thermal
divide, which has a key influence on melting relations
and liquid compositions produced from partial melting
of synthetic and natural garnet pyroxenites at high
L in the pseudoternary system forsterite (Fo)–Ca-Tschermaks pyroxene
ara [17]. Also plotted are silica-deficient pyroxenite MIX1G [4,5],
G2 [6,7], alkali-rich basalt JB-1 [28], natural pyroxenites [1], MORB
melts from 77SL-582 [8] and bimineralic residues of amphibolite
ated by hatched fields. Gray thick arrows indicate approximate paths of



Fig. 2. Cross section of the furnace assembly used for the multi-anvil
experiments.
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pressures [2,4,5,17]. This divide is defined by the
enstatite (En)–Ca-tschermaks pyroxene (CaTs) join in
the forsterite (Fo)–CaTs–quartz (Qz)–diopside (Di)
normative diagram (Fig. 1) [17]. As classified by
Hirschmann et al. [4], rocks composed chiefly of garnet
and pyroxene with bulk compositions to the silica-
enriched side of the divide are termed “silica-excess”
pyroxenite and produce siliceous partial melts [3,6];
those to the silica-poor side of the join are “silica-
deficient” pyroxenite and produce silica-poor partial
melts [4,5]. Our previous experiments on an olivine-
bearing garnet pyroxenite [4,5] demonstrated that
certain silica-deficient pyroxenites can produce nephe-
line-normative liquids that closely resemble alkalic OIB.
However, the melting behavior of bimineralic eclogite
cannot be inferred directly from those of silica-excess
and silica-deficient pyroxenites, because bimineralic
eclogite by definition is neither silica-deficient nor
silica-excess.

There are previous studies that did high-pressure
melting experiments on bimineralic eclogite, but the
melting behavior of bimineralic eclogite is not well
documented because they had several shortcomings.
The pioneering study was by O'Hara [18], but no phase
compositions were reported. Ito and Kennedy [19]
conducted more extensive experiments and analyses but
employed Pt capsules and so their charges may have
suffered iron loss. Adam et al. [20] investigated partial
melting of bimineralic eclogite at 1.3–2 GPa, but these
must have been (unintentionally) hydrous, as the
product phases include amphibole. Keshav et al. [8]
investigated partial melting of a nominally bimineralic
Hawaiian pyroxenite, 77SL-582, at 2–2.5 GPa and
found nepheline-normative partial melts with some
similarities to alkalic OIB. However, reported composi-
tions of 77SL-582 partial melts in equilibrium with
garnet and pyroxene plot far from the thermal divide
(Fig. 1). As elaborated in the Discussion below, this
means that composition 77SL-582 must be silica-
deficient, rather than bimineralic. Also composition
77SL-582 is quite different from expected residues of
recycled oceanic crust (Fig. 1). Thus, the phase relations
of bimineralic eclogite and the melt compositions
produced by partial melting remain poorly known. In
this study, we report results of partial melting experi-
ments of a bimineralic eclogite at 3 and 5 GPa.

2. Experimental procedures

Starting material B-ECL1 was constructed from
natural garnet and clinopyroxene powders and reagent
SiO2, TiO2, Al2O3, and Na2CO3. Reagents were mixed
under acetone and dried in an oven at 600 °C overnight,
at 800 °C for 1 h, and at 1000 °C for 3 days to complete
decarbonation. The decarbonated reagent mixture was
then mixed with the garnet and clinopyroxene powders
by grinding in agate under acetone for more than 1 h.
The final mixture was dried at 1000 °C for 18 h in a
CO–CO2 gas stream near the quartz–fayalite–magnetite
buffer and then ground in agate until it passed through a
15 μm screen. To determine how melting relations of
bimineralic eclogite are modified by the presence of
olivine, a second starting composition B-ECL1-OL was
constructed from a mixture of B-ECL1 and 10 wt.%
synthetic olivine of composition Fo60. The olivine
composition was selected to keep the bulk Mg#
unchanged, so that the effect of olivine addition could
be isolated from the influence of bulk Mg# variation [2].

Experiments were conducted at 3 and 5 GPa using a
Kawai-type multi-anvil apparatus SPI-1000 at the
Magma Factory, Tokyo Institute of Technology, using
semi-sintered MgO+Cr2O3 octahedra with 18 mm edge
lengths as pressure media, and WC cubes with 11 mm
truncation edge lengths. The pressure was calibrated at
1200 °C using the following fixed points: quartz/coesite
at 3.1 GPa [21], Fe2SiO4 olivine/spinel at 5.8 GPa [22],
and coesite/stishovite at 9.2 GPa [23]. The furnace
assembly consisted of a straight LaCrO3 heater with Mo
electrodes at the ends and Al2O3 and MgO inner pieces
(Fig. 2). Sample powder was packed in a graphite
crucible (inner size: 0.5 mm height 0.8 mm diameter)
sealed in a Pt outer capsule. The assembled octahedra,
furnace parts, and sample capsule were stored in a
vacuum oven overnight at 220 °C before each experi-
ment. Temperatures were measured using W95Re5–
W74Re26 thermocouples. The thermal gradient in our
assembly was investigated at 5 GPa and 1500 °C using
an enstatite–diopside mixed powder and two-pyroxene



Table 1
Compositions (wt.%) of starting materials of this study and pyroxenites used in past experimental studies

Name SiO2 TiO2 Al2O3 Cr2O3 FeO⁎a MnO MgO CaO Na2O K2O Total Mg#b

B-ECL1 46.0 (3) 1.72 (11) 15.7 (4) 0.04 (5) 10.6 (4) 0.21 (3) 10.1 (4) 12.5 (3) 2.47 (10) 0.04 (2) 99.31 62.9
B-ECL1-OL 46.7 (5) 1.51 (13) 13.6 (7) 0.03 (5) 12.4 (2) 0.19 (5) 11.6 (5) 11.4 (2) 2.24 (7) 0.04 (2) 99.69 62.4
MIX1Gc 45.56 0.90 15.19 – 7.77 0.15 16.67 11.48 1.44 0.04 99.20 79.3
G2d 50.05 1.97 15.76 – 9.35 0.17 7.90 11.74 3.04 0.03 100.00 60.1
NAM-7e 49.70 1.71 15.70 – 9.37 0.18 8.43 11.73 2.76 0.23 99.81 61.6
JB-1f 53.25 1.37 14.83 0.05 8.36 0.17 7.89 9.48 2.85 1.46 99.71 62.7

aTotal Fe as FeO.
bMg#=molar Mg/ (Mg+Fe)×100.
cHirschmann et al. [4], Kogiso et al. [5].
dPertermann and Hirschmann [6,7].
eYasuda et al. [27].
fTsuruta and Takahashi [28].
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thermometry of Nickel et al. [24]. The temperature
difference across the sample position was found to be
less than 30 °C.

Bulk compositions of starting materials are given
in Table 1 and were determined by microprobe
analyses of glasses quenched from 1500 °C and
1.5 GPa using a Boyd–England type piston cylinder
apparatus at the Magma Factory and run procedures
described in Kogiso et al. [15]. The starting
compositions are plotted in the pseudoternary system
Fo–CaTs–Qz projected from Di [17] in Fig. 1. In this
projection, the B-ECL1 composition lies on the En–
CaTs join, along which all stoichiometric garnets and
pyroxenes plot, indicating that it is truly bimineralic.
The composition of B-ECL1 is similar to bimineralic
Table 2
Run conditions and phase assemblages and proportions

Run
no.

P T Duration Phasea

(GPa) (°C) (h)

B-ECL1
S1474 3.0 1450 24 gl, qch, grt, c
S1479 3.0 1470 20 qch, grt, cpx
S1475 3.0 1500 20 gl, qch, grt, c
S1476 3.0 1550 10 gl, qch, grt, c
S1477 3.0 1600 5 gl
S1349 5.0 1500 24 grt, cpx
S1359 5.0 1550 20 qch, grt, cpx
S1342 5.0 1600 24 qch, grt, cpx
S1340 5.0 1650 24 gl, qch, grt, c
S1347 5.0 1675 5 gl, qch

B-ECL1-OL
S1425 5.0 1500 20 grt, cpx, ol
S1424 5.0 1600 17 qch, grt, cpx
S1430 5.0 1650 3 qch, grt
aAbbreviations: gl=glass, qch=quench crystals, grt=garnet, cpx=clinopyro
bNumbers in parenthesis are two standard deviations and refer to the last dig
residues (garnet+clinopyroxene±rutile) of dehydra-
tion melting of MORB-like amphibolites [10] (Fig. 1),
suggesting that it is a plausible analog of altered
oceanic crust that has undergone desilicification
during subduction. The B-ECL1-OL composition is
displaced slightly from the mixing line of B-ECL1
and olivine, probably owing to impurities in the Fo60
olivine powder, but nonetheless it plots to the olivine-
enriched side of the En–CaTs join, indicating that it is
silica-deficient.

Compositions of quenched phases in run charges
were analyzed using a JEOL JXA8800 electron microp-
robe at Tokyo Institute of Technology. Analyses were
done using a 15 kV, 12 nA beam and 10 to 20 s peak
acquisition time. A fully focused beam (<1 μmdiameter)
Proportionb ∑r2

melt grt cpx

px – – –
0.28 (4) 0.33 (2) 0.39 (3) 0.547

px 0.51 (3) 0.18 (2) 0.31 (2) 0.313
px

– – –
– – –
– – –
0.38 (5) 0.31 (4) 0.31 (3) 0.325

px 0.75 (7) 0.23 (3) 0.02 (5) 0.319
– – –

– – –
0.60 (4) 0.26 (2) 0.14 (3) 0.205
0.86 (5) 0.14 (5) – 1.26

xene, ol=olivine.
it.



Table 3
Compositions (wt.%) of melt and mineral phasesa

Run no. Phaseb nc SiO2 TiO2 Al2O3 Cr2O3 FeO⁎ MnO MgO CaO Na2O K2O Total Mg# KD
d

B-ECL1
S1479 melt 7 46.4 (6) 3.9 (6) 13.4 (4) 0.03 (5) 13.2 (9) 0.19 (3) 7.3 (5) 11.6 (10) 3.7 (4) 0.03 (10) 99.74 49.6
(3GPa, 1470 °C) grt 11 41.1 (5) 1.0 (2) 22.1 (5) 0.04 (7) 14.1 (4) 0.36 (6) 12.5 (5) 9.6 (3) 0.1 (1) 0.00 (1) 100.89 61.2 0.62

cpx 9 51.3 (5) 1.0 (2) 12.6 (6) 0.03 (5) 6.4 (3) 0.13 (4) 10.2 (4) 15.2 (7) 3.7 (3) 0.00 (1) 100.52 73.9 0.35
S1475 melt 32 46.3 (7) 2.6 (1) 14.9 (3) 0.01 (3) 12.5 (4) 0.21 (5) 8.0 (2) 11.4 (3) 3.2 (2) 0.06 (3) 99.27 53.5 –
(3GPa, 1500 °C) grt 13 40.7 (9) 1.0 (3) 23.0 (4) 0.04 (6) 12.6 (8) 0.37 (6) 13.7 (7) 9.1 (5) 0.1 (1) 0.02 (2) 100.61 66.0 0.59

cpx 15 49.5 (7) 1.0 (2) 13.6 (5) 0.03 (4) 6.2 (4) 0.14 (5) 10.8 (3) 15.8 (5) 3.0 (2) 0.02(3) 100.02 75.7 0.37
S1342 melt 9 45.7 (9) 3.6 (4) 12.8 (2) 0.02 (5) 14.0 (3) 0.24 (9) 7.4 (3) 12.6 (7) 3.0 (1) 0.06 (5) 99.46 48.6 –
(5GPa, 1600 °C) grt 13 41.2 (6) 0.9 (2) 22.8 (3) 0.05 (7) 12.2 (5) 0.35 (6) 13.2 (9) 10.5 (6) 0.2 (0) 0.02 (4) 101.39 65.9 0.49

cpx 15 51.9 (6) 0.7 (2) 12.8 (9) 0.04 (6) 5.7 (4) 0.11 (5) 10.4 (5) 15.1 (5) 3.6 (2) 0.02 (3) 100.47 76.5 0.29
S1340 melt 16 47.3 (5) 2.1 (3) 13.9 (3) 0.01 (4) 11.1 (4) 0.20 (3) 8.7 (3) 13.5 (5) 2.9 (1) 0.04 (3) 99.81 58.3 –
(5GPa, 1650 °C) grt 13 41.7 (6) 0.7 (2) 22.7 (5) 0.07 (5) 10.0 (10) 0.32 (6) 14.0 (12) 11.0 (6) 0.2 (1) 0.02 (2) 100.65 71.3 0.56

cpx 11 51.5 (8) 0.5 (1) 12.8 (12) 0.04 (4) 4.7 (5) 0.13 (6) 10.8 (6) 16.2 (4) 3.5 (1) 0.02 (3) 100.24 80.4 0.34

B-ECL1-OL
S1424 melt 11 47.4 (10) 2.2 (10) 10.9 (8) 0.01 (4) 13.9 (15) 0.17 (7) 9.4 (7) 12.3 (8) 2.8 (3) 0.04 (3) 99.05 54.7 –
(5GPa, 1600 °C) grt 20 41.6 (6) 0.7 (2) 22.5 (8) 0.05 (5) 12.2 (8) 0.27 (7) 14.9 (8) 8.4 (5) 0.2 (1) 0.02 (2) 100.74 68.5 0.55

cpx 15 53.0 (8) 0.4 (1) 10.1 (4) 0.03 (4) 6.3 (4) 0.11 (6) 12.4 (5) 14.7 (4) 3.3 (3) 0.02 (2) 100.31 77.8 0.34
S1430 melt 5 47.9 (7) 1.3 (4) 12.2 (2) 0.02 (3) 12.1 (7) 0.17 (7) 11.1 (7) 12.5 (5) 2.5 (2) 0.04 (2) 99.78 61.9 –
(5GPa, 1650 °C) grt 16 41.9 (7) 0.5 (1) 23.3 (5) 0.05 (5) 9.3 (5) 0.19 (6) 16.5 (6) 9.1 (5) 0.1 (1) 0.02 (2) 100.90 76.0 0.51

aNumbers in parenthesis are two standard deviations and refer to the last digit(s).
bPhase abbreviations as in Table 2.
cNumber of analysis.
dFe–Mg exchange coefficient (in mol) between mineral and melt: (Fe/Mg)mineral/(Fe/Mg)melt.
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was used to analyze mineral phases, and a defocused
beam (5–20 μm diameter) was used to analyze quenched
melt phases. Analytical precision for major oxides is
better than 2% relative [5]. Phase proportions were
calculated by mass balance between the composition of
coexisting phases and the bulk composition using a
linear least squares method. Residual sums of squares
range from 0.2 to 1.2 (Table 2).

3. Results

3.1. Phase relations

Experimental conditions and phase assemblages are
listed in Table 2 and melt and mineral compositions in
Table 3. Crystal sizes range from 5 to 10 μm in sub-
solidus runs to ∼50 μm in near-liquidus runs. Clinopyr-
oxene crystals show no detectable compositional zoning,
but small (<5 μm) relict cores remain in some garnet
grains in all runs. These cores have negligible influence
on phase equilibria and mass balance, as they are
restricted to a small number of relatively large (>10 μm)
grains, even in low-temperature runs (e.g., S1474).
Quenched melt portions consist of glass and/or mattes of
fine-grained quench crystals. Oxide totals of melt
compositions are above 99 wt.%, indicating that
dissolved volatile concentrations are small. Fe–Mg ex-
change coefficients,KD (= (Fe /Mg)mineral / (Fe /Mg)melt),
are 0.55±0.07 and 0.33±0.04 for garnet and clinopyr-
oxene, respectively, which are broadly consistent with
previous pyroxenite partial melting experiments at
>2 GPa [4,5].

The sub-solidus mineral assemblages of B-ECL1
and B-ECL1-OL are garnet+clinopyroxene and garnet
Fig. 3. Temperature–weight fraction curves of partial melts produced from B
and MIX1G [5] determined by mass balance calculations. Error bars are ±
balance calculation (Table 2). Errors less than the size of symbols are not show
Dark field is estimated position of the melt fraction trend for the MORB-lik
+clinopyroxene+olivine, respectively (Table 2). Above
the solidi, garnet and clinopyroxene coexist with melt
below 1500 °C at 3 GPa in B-ECL1 and below 1600 °C
at 5 GPa in both compositions. At 3 GPa, the residual
garnet/clinopyroxene ratio in B-ECL1 decreases with
increasing temperature (Table 2), suggesting that
clinopyroxene is the liquidus phase. At 5 GPa,
clinopyroxene is nearly consumed in B-ECL1 and
absent in B-ECL1-OL (Table 2) at 1650 °C, suggesting
that garnet is the liquidus phase at this pressure in both
compositions. Temperature–melt fraction curves for B-
ECL1 and B-ECL1-OL are shown in Fig. 3. The solidus
of B-ECL1 is located below 1450 °C at 3 GPa and
between 1500 and 1550 °C at 5 GPa, and its liquidus is
between 1550 and 1600 °C at 3 GPa and between 1650
and 1675 °C at 5 GPa. The solidus and liquidus of B-
ECL1-OL were not determined directly, but comparison
of temperature–melt fraction curves suggests that they
are just slightly cooler than those of B-ECL1 (Fig. 3b).

3.2. Melt and mineral compositions

Partial melt compositions (Table 3) are plotted in the
Fo–CaTs–Qz normative projection in Fig. 4 and against
MgO contents in Fig. 5. Partial melts from B-ECL1 at 3
and 5 GPa lie along the En–CaTs join (Fig. 4), which is
consistent with this join acting as a thermal crest. Partial
melts from B-ECL1-OL plot near the join, but are
displaced to the silica-deficient side, as expected for a
silica-deficient bulk composition [4] (Fig. 1). Partial
melts of both B-ECL1 and B-ECL1-OL have less silica
than compositions defining the Fo–An join (Fig. 4),
meaning that they are nepheline-normative, and have
compositions akin to primitive (7.4–11.1 wt.% MgO)
-ECL1 and B-ECL1-OL (this study), MORB-like pyroxenite G2 [6,7],
30 °C for temperature (see text) and two standard deviations in mass
n. Symbols with arrow indicate the upper/lower limit of melt fraction.

e pyroxenite NAM-7 at 5 GPa [27].



Fig. 4. Compositions of partial melts of B-ECL1 and B-ECL1-OL in the pseudoternary Fo–CaTs–Qz diagram projected from Di. Also plotted are
experimental partial melts of MIX1G produced at 5 GPa [5], MORB-like pyroxenite G2 at 3 GPa [6], alkali-rich basalt JB-1 at 5 to 6 GPa [28],
peridotite at 3 to 5 GPa [35–37], and alkalic OIB [5].
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alkalic OIB (Fig. 5). With increasing pressure, the
partial melts produced from B-ECL1 become richer in
CaO and poor in Al2O3 and Na2O at a given MgO,
reflecting higher garnet/clinopyroxene ratio in the
Fig. 5. Compositions of partial melts of B-ECL1 and B-ECL1-OL and those
sources are as in Fig. 4.
residue (Table 2) and more compatible behavior of
Na2O in clinopyroxene (Table 3) at higher pressure, as
demonstrated previously (e.g., [2,5]). With increasing
temperature, CaO contents decrease at 3 GPa but
from previous studies plotted against MgO contents. Symbols and data



Fig. 7. Solidus temperatures of various pyroxenite compositions
experimentally determined at 5 GPa (B-ECL1 and B-ECL1-OL: this
study, MIX1G: [5], NAM-7: [27], JB-1: [28]) correlate with bulk
Na2O+K2O content. Numbers indicate Mg#. The similar solidi of B-
ECL1 and B-ECL1-OL indicate that the bulk alkali content influences
solidi more than the mineralogic complexity of the residue.

Fig. 6. Melting relations of B-ECL1 with melt and residual minerals in the Fo–CaTs–Qz diagram projected from Di. The melt composition is
intermediate between that of garnet (grt) and clinopyroxene (cpx), which suggests that the melting relation is eutectic-like both at 3 and 5 GPa.

195T. Kogiso, M.M. Hirschmann / Earth and Planetary Science Letters 249 (2006) 188–199
increase at 5 GPa (Table 3 and Fig. 5e), because
clinopyroxene is consumed more rapidly at 5 GPa
(Table 2). Al2O3 and MgO contents increase, and TiO2,
FeO⁎, and Na2O contents decrease with increasing
temperature both at 3 and 5 GPa (Fig. 5). Compared to
those from B-ECL1, the partial melts of B-ECL1-OL are
slightly enriched in MgO and depleted in Al2O3 TiO2,
Na2O, and CaO (Fig. 5), reflecting differences in bulk
compositions.

Mineral compositions are plotted in the Fo–CaTs–
Qz normative projection (Fig. 6). Pyroxenes are Na2O-
and Al2O3-rich (3.0–3.7 wt.% and 10.1–13.6 wt.%,
respectively, Table 3), reflecting a significant jadeite
component (∼21–26 mol%). Their stoichiometries
indicate small (0.2–2.2%) apparent vacancy concentra-
tions in the M2 site, possibly reflecting a modest
component of Ca-eskolaite [25]. Although such
pyroxenes have slight silica excesses relative to the
stoichiometric garnet–pyroxene join on the Fo–CaTs–
Qz projection (Fig. 6), their displacement is small and
probably does not diminish appreciably the influence
of the thermal crest along the join. Garnet composi-
tions are Ca-rich, with 22–28% grossular component
(Table 3).

4. Discussion

4.1. Effect of composition and mineralogy on pyrox-
enite and eclogite solidi

It is commonly assumed that bimineralic residues
resulting from melt extraction from more complex
pyroxenites are refractory (e.g., [26]). This reasoning
derives from observations in the simple CaO–MgO–
Al2O3–SiO2 system, for which bimineralic eclogite has
a higher solidus temperature than silica-excess and
silica-deficient pyroxenites (e.g., [17]). However,
Kogiso et al. [2] showed that solidus temperatures of
natural pyroxenites and eclogites depend chiefly on bulk
alkali content and/or Mg# and are little influenced by
their position relative to the thermal divide. This may be
because the bulk compositions reviewed by Kogiso et
al. [2] varied considerably in alkalis and Mg#. In
contrast, B-ECL1 and B-ECL1-OL have very similar
Mg# and bulk alkali contents but different positions
relative to the thermal crest (Fig. 1), so their melting
behaviors isolate the effect of the divide in natural
systems. The slightly higher solidus for B-ECL1
compared to B-ECL1-OL (Fig. 3b) indicates that
bimineralic eclogite is more refractory than a more
mineralogically complex pyroxenite with similar alkali
content and Mg#. However, the solidus temperature is
less affected by exhaustion of minerals and is chiefly
influenced by bulk alkali contents.
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The importance of bulk alkali content to solidus
temperatures of pyroxenites is well illustrated by
comparison of the 5 GPa solidi of B-ECL1 and B-
ECL1-OL to those of Mix1G [5], NAM7 [27] and JB-1
[28] (Fig. 7). Mix1G has sub-solidus olivine and has a
higher Mg# and lower total alkalis than B-ECL1±OL.
NAM-7 and JB-1 have sub-solidus coesite and have a
similar Mg# and higher total alkalis than B-ECL1±OL.
JB-1 also has sub-solidus alkali feldspar. As shown in
Fig. 7, observed solidus temperatures for these diverse
mineralogies diminish linearly with total alkalis irre-
spective of their position relative to the thermal divide
(Fig. 1). The large range of solidi among B-ECL1, B-
ECL1-OL, NAM-7, and JB-1 is observed even though
these lithologies have quite similar Mg#s (61.6 to 62.9:
Table 1 and Fig. 7), suggesting that alkali concentrations
rather than Mg#s are the chief compositional factor
influencing solidi at high pressure. The bimineralic
character of a pyroxenite or eclogite is a minor influence
on the solidus.

Given the significant influence of alkalis on the solidi
of eclogite and pyroxenite compositions, melt removal
increases the melting temperature of pyroxenites owing
to diminished alkalis in the residual minerals. However,
large increases in solidus temperature may require
considerable melting, as alkalis are compatible or mildly
incompatible in pyroxenes at high pressure. For
example, values of DNa

cpx/melt observed in partial melting
experiments at 3–5 GPa range from 0.6 to 1.2 (this
study; [3,5,6]).

4.2. Melting relations and production of nepheline-
normative liquids

An important observation regarding partial melts of
bimineralic eclogite B-ECL1 is that they are nepheline-
normative (Fig. 4). Partial melts from B-ECL1 at 3 and
5 GPa must lie on the garnet–pyroxene thermal divide in
the Fo–CaTs–Qz normative projection (Figs. 1 and 4)
because the B-ECL1 bulk composition as well as the
residual phases all lie on the divide (Fig. 1). However,
the thermal divide spans both nepheline-normative and
hypersthene-normative compositions, so in theory
partial melts from bimineralic eclogite could be alkalic
or tholeiitic. The key is that garnet+clinopyroxene
partially melt at a eutectic-like minimum along the
thermal divide (Fig. 6). As the “eutectic” point plots
within the nepheline-normative field, any bimineralic
eclogites that consist of garnet and clinopyroxene with
compositions similar to those of B-ECL1 can produce
nepheline-normative liquids at this pressure range.
Thus, partial melts of bimineralic eclogite will be
alkalic over a wide range of bulk compositions and
pressures because bimineralic residua resulting from
fluid or melt extraction from many pyroxenites,
including typical subducted crust compositions, are
expected to be nepheline-normative (Fig. 1). It is also
possible that bimineralic residues with compositions
that are not nepheline-normative, such as those derived
from garnet pyroxenite MIX1G (Fig. 1), could also
produce nepheline-normative eutectic-like melts. This
suggests that residues of recycled subducted crust can
produce alkali basaltic magmas within the pressure
interval (∼3–5 GPa) likely in OIB source regions
beneath thick lithosphere.

Partial melts of nominally bimineralic pyroxenite
77SL-582 reported by Keshav et al. [8] coexisting with
only garnet and pyroxene have much less silica than
compositions that define the En–CaTs thermal divide
(Fig. 1). This can only be explained if the rock used by
Keshav et al. [8] falls to the silica-deficient side of the
divide, meaning that the bulk composition that they
report must be in error. This conclusion is also suggested
by the high K2O contents (0.2–1.3 wt.% K2O) in their
reported glasses, which, when combined with reported
melt fractions, suggest bulk K2O between 0.2 and
0.5 wt.% (cf. 0.09 wt.% reported bulk K2O). Such large
K2O contents are unlikely for a rock consisting of garnet
and pyroxene only, and imply that the experiments of
Keshav et al. [8] were influenced by an unidentified
potassic phase.

4.3. Genesis of alkalic OIB

The B-ECL1 and B-ECL1-OL partial melts have
major-element characteristics similar to many alkalic
OIB, including low Al2O3 and SiO2 and high FeO⁎ and
CaO contents (Fig. 5), as well as similar TiO2 and Na2O
contents. Owing to eutectic-like melting behavior (Fig.
6), near-solidus partial melts should not be significantly
different from those at higher melt fractions, although
composition–melt fraction trends suggest that near-
solidus partial melts will be lower in Al2O3 and higher in
FeO, TiO2 and Na2O than the intermediate melt
fractions documented here and alkalic OIB (Tables 2
and 3, Fig. 5). As noted by Kogiso et al. [5], the low
Al2O3 and high FeO⁎ of alkalic OIB are distinct from
experimentally produced partial melts of peridotite,
carbonated peridotite, or peridotite+basalt mixtures
(Fig. 5), suggesting that some sources other than
peridotite are necessary to account for the low Al2O3

and high FeO⁎ of alkalic OIB. Such a low-Al2O3 and
high-FeO component can be produced by partial
melting of B-ECL1 and B-ECL1-OL, because Al2O3
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and FeO⁎ contents of B-ECL1 and B-ECL1-OL melts
are comparable to (or potentially much lower/higher
than) those of alkalic OIB. On the other hand, the MgO
contents of B-ECL1 and B-ECL1-OL partial melts do
not exceed ∼11 wt.% MgO, which is lower than that
found in the most primitive alkalic OIB (Fig. 5). Thus,
the partial melts are not sufficiently magnesian to be
parental to most primitive OIB lavas, yet they may
contribute a low-Al2O3 and high-FeO component to
alkalic OIB, provided that such primitive lavas also
derive in part from partial melting of some kind of
peridotite.

Ideally, experimental liquids (or blends of such
liquids) that are potentially parental to OIB should be
compared to plausible primary OIB compositions.
However, many OIB have been affected by crystal
fractionation and/or accumulation involving olivine
and/or clinopyroxene. Correcting primitive OIB lavas
for these effects requires detailed investigations on
natural rock samples, which are beyond the scope of this
paper. However, OIB primary liquids must lie within
observed OIB compositional trends. Because the low-
Al2O3 and high-FeO⁎ trends observed in alkali OIB are
not matched by existing experiments on peridotite
partial melt trends, an additional source, including
possibly bimineralic eclogite partial melts, must con-
tribute to their petrogenesis (Fig. 5).

Keshav et al. [8] questioned the possible role of mafic
lithologies in the genesis of alkalic OIB because
compositional variation among alkalic OIB suites do
not originate from variable degrees of partial melting of
a garnet pyroxenite 77SL-582. We consider this reason-
ing to be puzzling — the widely observed isotopic
variations within and among OIB suites argue strongly
against an origin by variable degrees of partial melting
of a single source. The chief argument of Keshav et al.
[8] is that partial melts of garnet pyroxenite form trends
on major element diagrams that intersect those of alkalic
OIB at high angle. However, this argument has little to
do with whether partial melts of pyroxenite may
contribute a component of melt to alkalic OIB.

4.4. Melting of recycled oceanic crust in OIB source
regions

As described above, the composition of B-ECL1 is
analogous to desilicified subducted oceanic crust (Fig.
1), and its high-pressure partial melts are alkalic and
may be plausible sources of low-Al2O3, high-FeO⁎

components in OIB (Figs. 4 and 5). If bimineralic
eclogite of recycled-crust origin is present as minor
domains in upwelling peridotite, its partial melts may
be blended with high MgO liquids derived from
partial melts of surrounding peridotite. Because the
solidus temperature of B-ECL1 is lower than that of
typical mantle peridotite (1600–1650 °C at 5 GPa:
[29,30]), bimineralic eclogite in the upwelling mantle
begins to melt deeper than surrounding peridotite.
Partial melts from bimineralic eclogite domains will
be transported to shallower regions where peridotite
itself partially melts, and then be mixed with
peridotite-derived high-MgO liquids. Mixing with
peridotite-derived melts will increase MgO contents
with no significant change in Al2O3 contents (Fig.
5c), resulting in production of low-Al2O3 liquids
having high MgO contents.

There remain several problems to be clarified for
understanding how primitive OIB-like magmas can be
produced by processes involving partial melting of
bimineralic eclogite and peridotite. First, prior to
extraction from their source, partial melts within
bimineralic eclogite domains may change their compo-
sitions by diffusive interaction with surrounding peri-
dotite. However, this process will not significantly
influence major element compositions of bimineralic
eclogite partial melts if pyroxenite domains are larger
than several meters thick [13]. Second, once they are
extracted from their pyroxenitic source, partial melts
may react with peridotite. This process has been
investigated experimentally for the case where the
partial melts are silicic, in which case the melts freeze
and metasomatize the peridotite [3]. In contrast,
invading partial melts of bimineralic eclogite could
promote partial melting of surrounding peridotite, as
nepheline-normative melts may dissolve peridotitic
pyroxene [31,32], but the quantitative effect on melt
compositions is not well constrained experimentally.
The importance of reaction between partial melts and
surrounding peridotite clearly depends on the trade off
between the length scale of pyroxenitic domains and the
distance between the domains and available fast paths
(dunite channels or dikes) leading to melt ascent.

A different scenario, considered by Yaxley and
Green [3], Lundstrom [31], and Sobolev et al. [26],
emphasizes the importance of reaction between partial
melts of pyroxenite and surrounding peridotite. In this
case, initial partial melts of pyroxenite infiltrate and
react with peridotite, forming a reaction skarn and
leaving behind a bimineralic residue. The mineralogy
of the reaction skarn depends on the composition of
the infiltrating melt, the pressure, and the local
proportions of melt added. The resulting suite of
diverse lithologies may be geochemically complex and
are potentially rich in fertile components and
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incompatible elements. If the hybridized lithologies are
peridotitic, they can produce MgO-rich alkalic partial
melts [3], but it remains unclear whether such liquids
have specific compositions similar to alkalic OIB.
Sobolev et al. [26] posit that the hybridized rocks may
become more fertile than the residual eclogite, because
they assume that bimineralic rocks become highly
refractory. If this were so, it would help account for
trace element fractionations in OIB source regions as
the limited melting of the original vein material would
hold back key elements (such as heavy rare earth
elements). However, our results cast doubt on this
assumption. So long as the pyroxenes in residual
bimineralic eclogite retain significant alkalis (and have
low Mg#) compared to surrounding hybridized peri-
dotite, we expect that residual vein material will
continue to be quite fertile (Fig. 7). For example,
hybridized layers formed in coesite eclogite/garnet
peridotite reaction experiments by Yaxley and Green
[3] at 3.5 GPa have higher Mg#s, lower total alkalis,
and lower melt fractions than neighboring residual
bimineralic eclogite at all temperatures investigated.

5. Conclusions

Bimineralic eclogite is a variety of pyroxenite that is
the residue of melt or fluid extraction from a wide variety
of more complex pyroxenites, including eclogite derived
from subducted mafic oceanic crust. Partial melting
experiments at 3 and 5 GPa on a bimineralic eclogite
with and without small amounts of olivine demonstrate
that bimineralic eclogite produces nepheline-normative
basaltic liquids with low Al2O3 and high FeO⁎ contents,
which are similar to alkalic OIB lavas. Although these
partial melts have much lower MgO contents than
primitive alkalic OIB, partial melting of bimineralic
recycled crust can produce a liquid component with low
Al2O3 and high FeO⁎, which are necessary for the
genesis of alkalic OIB.
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