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Based on previous and new results on partial melting experiments of pyroxenites at high pressure, we at-
tempt to identify the major element signature of pyroxenite partial melts and to evaluate to what extent
this signature can be transmitted to the basalts erupted at oceanic islands and mid-ocean ridges. Although
peridotite is the dominant source lithology in the Earth's upper mantle, the ubiquity of pyroxenites in mantle
xenoliths and in ultramafic massifs, and the isotopic and trace elements variability of oceanic basalts suggest
that these lithologies could significantly contribute to the generation of basaltic magmas. The question is how
and to what degree the melting of pyroxenites can impact the major-element composition of oceanic basalts.
The review of experimental phase equilibria of pyroxenites shows that the thermal divide, defined by the alu-
minous pyroxene plane, separates silica-excess pyroxenites (SE pyroxenites) on the right side and
silica-deficient pyroxenites (SD pyroxenites) on the left side. It therefore controls the melting phase relations
of pyroxenites at high pressure but, the pressure at which the thermal divide becomes effective, depends on
the bulk composition; partial melt compositions of pyroxenites are strongly influenced by non-CMAS ele-
ments (especially FeO, TiO2, Na2O and K2O) and show a progressive transition from the liquids derived
from the most silica-deficient compositions to those derived from the most silica-excess compositions. An-
other important aspect for the identification of source lithology is that, at identical pressure and temperature
conditions, many pyroxenites produce melts that are quite similar to peridotite-derived melts, making the
determination of the presence of pyroxenite in the source regions of oceanic basalts difficult; only pyroxe-
nites able to produce melts with low SiO2 and high FeO contents can be identified on the basis of the
major-element compositions of basalts. In the case of oceanic island basalts, high CaO/Al2O3 ratios can also
reveal the presence of pyroxenite in the source-regions. Experimental and thermodynamical observations
also suggest that the interactions between pyroxenite-derived melts and host peridotites play a crucial role
in the genesis of oceanic basalts by generating a wide range of pyroxenites in the upper mantle: partial
melting of such secondary pyroxenites is able to reproduce the features of primitive basalts, especially
their high MgO contents, and to impart, at least in some cases, the major-element signature of the original
pyroxenite melt to the oceanic basalts. Finally, we highlight that the fact the very silica depleted compositions
(SiO2b42 wt.%) and high TiO2 contents of some ocean island basalts seem to require the contribution of fluids
(CO2 or H2O) through melting of either carbonated lithologies (peridotite or pyroxenite) or amphibole-rich
veins.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The petrogenesis and differentiation processes of mantle-derived
magmas have been the subject of numerous studies both direct (i.e.,
experimental melting of ultramafic rocks) and indirect via the study
of lavas, and are now reasonably well characterized. Accordingly, par-
tial melting of a peridotitic-type mantle, melt extraction and ascent,
fractional crystallization, and potentially crustal contamination are
thought to be responsible for the genesis of various types of mafic
magmas, such as mid-ocean ridge basalts (MORB), ocean island ba-
salts (OIB), and volcanic arc basalts (e.g., McKenzie and Bickle,
1988). Understanding of these processes has reached a reasonably
mature state, thanks to numerous experiments (e.g., Baker et al.,
1995; Davis et al., 2011; Falloon et al., 2008; Green and Ringwood,
1967; Kushiro, 1969; O'Hara, 1968; Presnall et al., 1978; Presnall et
al., 2002; Stolper, 1980; Takahashi and Kushiro, 1983; Walker et al.,
1979; Yoder and Tilley, 1962) and theoretical studies (e.g., Asimow
et al., 2001; Grove et al., 1992; Kinzler and Grove, 1992a,b; Klein and
Langmuir, 1987; Langmuir et al., 1992; Niu and Batiza, 1997; Niu et
al., 2011; Plank and Langmuir, 1992; Stolper and Asimow, 2007).

However, the compositional variability of oceanic lavas cannot be
generated by varying the melting degree of peridotite, and thus
suggests strong lithological heterogeneities in the source of these
magmas (e.g., Hanson, 1977; Wood, 1979; Zindler et al., 1984),
which are corroborated by the observed isotopic variations (e.g.,
Allègre and Turcotte, 1986; White, 1985; Zindler and Hart, 1986).
Therefore, several authors have proposed that olivine-poor lithologies
such as pyroxenites and eclogites contribute significantly to the gen-
eration of basaltic magmas (e.g., Chase, 1981; Helffrich and Wood,
2001; Hirschmann and Stolper, 1996; Hofmann, 1997; Hofmann and
White, 1982; Salters and Dick, 2002; Schiano et al., 1997). The source
of basalts is therefore now envisioned as a heterogeneous mantle that
comprises a range of lithological heterogeneities, especially pyroxe-
nites, introduced into peridotites by various geodynamic and mag-
matic processes. Consequently, many experimental studies in the
last two decades have sought to constrain the melting relations and
partial melt compositions of pyroxenites, and to discuss their role in
basalt genesis. The starting compositions used in these studies are
compared to natural pyroxenite compositions in Figs. 1 and 2 (the
compositions of starting materials used in experimental studies of
pyroxenite partial melting are summarized in Table S1 in the supple-
mentary material).

The significance of pyroxenitic rocks in basalt source regions is
still widely debated. Geochemical evidence has been used to argue
for, or against, an important role of pyroxenites in various localities
(e.g., Day et al., 2009; Hékinian et al., 2000; Herzberg, 2006, 2011;
Michael et al., 2003; Salters and Dick, 2002; Sobolev et al., 2005,
2007; Stracke and Bourdon, 2009; Stracke et al., 1999), and the po-
tential effect of these lithologies on the major-element variability of
oceanic basalts remains unclear (Hauri, 1996; Humphreys and Niu,
2009; Korenaga and Kelemen, 2000; Le Roux et al., 2002; Niu et al.,
2011; Shorttle and Maclennan, 2011). This work aims to identify po-
tential markers of pyroxenite contribution in the major-element com-
positions of oceanic basalts. With this objective in mind, we start by
reviewing experimental phase equilibria of pyroxenites, both in
simple systems and in natural compositions, to provide strong con-
straints on the relationships between bulk compositions, melt composi-
tions, and the pressure (P)–temperature (T) conditions of magma
formation (beneath oceanic islands and mid-ocean ridges). We then
evaluate to what extent the characteristic major-element features of
pyroxenite-derived melts are reflected in the basalts erupted at the
Earth's surface.

2. Garnet–pyroxene thermal divide and compositional variability
of pyroxenite melts

Kogiso et al. (2004a) provided a detailed review of the phase rela-
tions of pyroxenites at high pressures. In particular, they emphasized
the potential influence of the thermal barrier defined by the
aluminous-pyroxene plane, on melt compositions (Fig. 2a). In the
pseudoternary diagram forsterite (Fo)–Ca-Tschermak's pyroxene
(CaTs)–quartz (Qz) projected from diopside (Di), the thermal divide
is defined by the enstatite (En)–CaTs join (Fig. 2b). Because all
stoichiometric garnets and pyroxenes project along the En–CaTs
join, when these two minerals are the major phases in the residue,
the divide is stable and separates two fundamental types of pyroxe-
nites (Kogiso et al., 2004a; Schiano et al., 2000): silica-excess pyroxe-
nites on the right side and silica-deficient pyroxenites on the left side
(termed respectively SE and SD pyroxenites hereafter) and thus,
melting and crystallization paths of compositions on opposite sides
of this join diverge.

Despite the critical influence of this thermal divide on the melting
relations of pyroxenites, the significance of its influence, in terms of
pressure and composition, has not been precisely determined and
its effects on melt compositions, especially at low fractions, are not
well established. Consequently, based on previous and new experi-
mental data, we start by constraining the extent of this thermal divide
and its influence on melt compositions.



2.1. Constraints on the effective pressure of the garnet–pyroxene thermal
divide

2.1.1. The CMAS (CaO–MgO–Al2O3–SiO2) system
In the following section, we review the liquidus phase relations in

simple systems in order to identify the influence of each component
on the thermal barrier. The aluminous pyroxene plane was identified
as a high pressure thermal divide by O'Hara and Yoder (1963) with
regard to pyroxene and/or garnet crystallization. They observed
that at high pressure, the forsterite primary phase volume lies on
the SiO2-poor side of the plane and melts produced by a garnet
lherzolite are trapped behind this plane. Subsequent papers
(Kushiro and Yoder, 1974; Maaløe and Wyllie, 1979; O'Hara and
Yoder, 1967; O'Hara, 1965, 1968, 1969a,b) further discussed this
issue and provided additional data to clarify the relevant phase
relations.

The pressure at which the thermal divide becomes effective, is the
pressure at which the phase volume of garnet (Gt) intersects the alu-
minous pyroxene plane, or, in other words, when the melt in equilib-
riumwith clinopyroxene (Cpx), orthopyroxene (Opx), Gt, spinel (Sp),
and potentially olivine (Ol), is on the SiO2-poor side of the aluminous
pyroxene plane (i.e., on the left side of the En–CaTs join in Fig. 2b).
Based on available experimental data, Kushiro and Yoder (1974)
suggested that the plane becomes a thermal divide at one pressure
between 2.6 and 3 GPa. More recently Milholland and Presnall
(1998) have located the invariant point at 3 GPa slightly on the
low-SiO2 side, increasing the pressure at which the thermal divide be-
comes effective up to a pressure very close to 3 GPa.

Note that if the phase volume of a mineral other than pyroxene
and Gt intersects the aluminous plane, the plane no longer behaves
as a thermal divide for compositions in this phase volume. In the
CMAS system, Sp is the only phase in this category.
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2.1.2. From CMAS to natural systems: modeling the effects of FeO, Na2O,
K2O and TiO2

Experiments in the simplified CMAS system (e.g., Kushiro, 1969; Liu
and Presnall, 2000; Milholland and Presnall, 1998; O'Hara and Yoder,
1967; Presnall et al., 1978) helped to define the melting relations of py-
roxenites up to 3 GPa. However, to interpret natural compositions, the
effect of the other major elements of mafic melts on phase relations
needs to be understood: Na2O, FeO, TiO2, and K2O.Wewill first consider
Na2O and FeO.Walter and Presnall (1994) studied themelting relations
of peridotites in the CMASN (CaO–MgO–Al2O3–SiO2–Na2O) system be-
tween0.7 and 3.5 GPa, andGudfinnsson and Presnall (2000) performed
a similar study in the CMASF (CaO–MgO–Al2O3–SiO2–FeO) system be-
tween 0.7 and 2.8 GPa. The liquidus phase relations in the CMAS system
at 2 GPa (Liu and Presnall, 2000) are displayed in Fig. 3, in which point I
represents the melt in equilibrium with Ol+Opx+Cpx+Sp (I is

invariant at constant pressure in the CMAS system). For comparison,
we also report selected melt compositions in equilibrium with
Ol+Opx+Cpx+Sp in the CMASN system (a melt with 1.2 mol%
Na2O and one with 5.0 mol%; Walter and Presnall, 1994) and in the
CMASF system (a melt with Mg#=72, where Mg# is the molar ratio
100×Mg2+/[Mg2++Fe2+]; Gudfinnsson and Presnall, 2000).

Available experimental data suggest that: (1) with the addition of
sodium oxide to the system, point I shifts away from its position in
the CMAS system towards the CaTs, an effect already known at low
pressure (1 atm.; Kushiro, 1975) where the addition of oxides of
monovalent cations (namely, K2O and Na2O) causes the liquidus
field of Fo to expand relative to that of En. (2) With the addition of
iron oxide, point I shifts away towards the Fo. In the following, we
propose a model able to reproduce the effects of the non-CMAS
major-elements on phase relations. To a first approximation, we con-
sider that the displacement of point I in the CMASN and CMASF sys-
tems occurs along a linear axis and is proportional to the molar
percentage of Na2O in the melt in the CMASN system, and to 100
minus the Mg# of the melt in the CMASF system. The two linear
axes are labeled [Na2O] and [Mg#] in Fig. 3. This linear approximation
is consistent with experimental results of Walter and Presnall (1994)
and Gudfinnsson and Presnall (2000).

The effects of K2O and TiO2 can be deduced from the experiments
of Kogiso et al. (1998) on basalt–peridotite mixes KG1 and KG2. At
2 GPa, the liquids LKG1 and LKG2, derived from KG1 and KG2 at 8 and
3% of melting, respectively, are in equilibrium with Ol, Opx, Cpx and
Sp (Table S2 in the supplementary material). In Fig. 4, we project
these melt compositions from Di on the plane Fo–CaTs–Qz. The differ-
ences between the position of I in the CMAS system and the positions
of LKG1 and LKG2 are likely to reflect the effects of major elements
other than CaO, MgO, Al2O3, and SiO2 in KG1 and KG2: namely
Na2O, FeO, TiO2, Cr2O3, P2O5 and K2O. If we subtract the effects of
Na2O and Mg# as explained above, we obtain two residual vectors
(the green arrows in Fig. 4) that embody the effects of TiO2, Cr2O3,
P2O5 and K2O. KG1 and KG2 do not contain any P2O5. Moreover,
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Cr2O3 contents in LKG1 and LKG2 are very low (0.02 mol%; Table S2 in
the supplementary material), thus, even with a potential effect of
Cr2O3 on phase relations at high pressure (Liu and O'Neill, 2004a), it
should remain negligible in the present case. Therefore, the residual
vectors should mainly reflect the effects of K2O and TiO2 allowing us
to draw the linear axes [K2O] and [TiO2] in Fig. 4, which indicate the
displacement of point I as a function of the mol% of K2O or TiO2 into
the melt. Results are consistent with previous studies: (1) the addi-
tion of K2O produces a strong expansion of the Ol phase volume
and, unlike Na2O, tends to increase the degree of silica saturation of
the melt (Liu and O'Neill, 2004b); and (2) TiO2 has the opposite effect
and tends to move liquidus boundaries between minerals toward the
silica deficient side of systems (Mysen et al., 1980; Wood and Hess,
1980). Moreover, we underline that the effects of TiO2 and Mg# are
similar. Hence, while the effect of iron on the melting relations of
peridotites does not seem to be significant (e.g., Gudfinnsson and
Presnall, 2000), taking into account the large compositional range of
pyroxenites (TiO2~0–5%, Mg#~35–95; Fig. 1), the effects of iron
and titanium on phase relations are of the same magnitude.

In order to test the validity of the model, we considered other liq-
uids in equilibrium with Ol, Opx, Cpx and Sp at 2 GPa. To our knowl-
edge, only three more anhydrous melt compositions are reported in
the literature, produced respectively by the peridotite HK66 at
1350 °C (LHK; Hirose and Kushiro, 1993), the peridotite PHN 1611
(LPHN; Kushiro, 1996) at 1350 °C and the basalt–peridotite mix W3
at 1425 °C (LW; Parman and Grove, 2004). Compositions of these
melts are reported in Table S2 in the supplementary material. In
Fig. 4, the theoretical positions of liquids LHK, LPHN and LW computed
using the four linear axes [TiO2], [Na2O], [K2O], and [Mg#] plot close
to the experimental liquid. Thus, our linear model reproduces reason-
ably well the compositional effect on the phase relations. The dif-
ferences may be due to several factors: (i) the analytical and
experimental errors on melt compositions, (ii) the potential fluid
content of liquids that could affect the phase relations, and (iii) the ef-
fect of additional minor oxides, such as P2O5. For instance, composi-
tions reported by Kogiso et al. (1998) are normalized to 100% and
we cannot exclude small percentages of dissolved H2O and CO2

(due to the use of gel in starting compositions, a highly hygroscopic
material, and of graphite capsule). Similarly, the P2O5 content in the
case of LW is relatively high (0.31 mol%; Table S2 in the supplementa-
ry material) and could lead to the shrinking of the Ol phase volume
(Kushiro, 1975; Liu and O'Neill, 2007).
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2 GPa (dark blue squares; Hirose and Kushiro, 1993; Kogiso et al., 1998; Kushiro,
1996; Parman and Grove, 2004), using the O'Hara's method (1972). Light gray lines de-
scribe the diopside-saturated liquidus surface in the CMAS system projected from Di
on the Fo–CaTs–Qz plane (see Fig. 3); point I corresponds to the melt in equilibrium
with Ol, Opx, Cpx and Sp (an isobaric invariant point in the CMAS system). The pink
and orange arrows represent the linear axes [Na2O] and [Mg] inferred from data in
the CMASN and CMASF systems (see Fig. 3). The displacement away from I is equal
to [−0.026Fo+0.045CaTs−0.019SiO2]∗Na2O along [Na2O], where Na2O is the melt
content in mol%, and to [0.036Fo−0.082CaTs−0.054SiO2]∗(1−Mg#/100) along
[Mg#], where Mg# is the molar ratio 100×Mg2+/[Mg2++Fe2+]. The green arrows
represent the difference between the position of I and the position of LKG1 and LKG2
corrected from the Na2O and Mg# effects. The red and black dashed arrows respective-
ly represent the linear axes [K2O] and [TiO2] inferred from compositions of LKG1 and
LKG2 assuming the effect of Cr2O3 as negligible (see text). The displacement away
from I is equal to [−0.039Fo+0.039CaTs+0.013SiO2]∗K2O along [K2O], and to
[0.017Fo−0.010CaTs−0.007SiO2]∗TiO2 along [TiO2], with K2O and TiO2, the melt con-
tents in mol%. Graduations on axes are in molar percent on vectors [TiO2], [K2O] and
[Na2O] and Mg# on the vector [Mg#] and quantify the effect of each oxide: e.g., the
graduation “3” on [TiO2] represents the position of I in the system CMAS+TiO2

when the TiO2 content of melt equals 3 mol%. As an example, the individual contribu-
tion of each element to the position of liquid LKG1 is shown by the graduation labeled
“KG1” on the four linear axes. Light blue squares represent the positions of LW, LHK
and LPHN calculated from vectors [Na2O], [Mg#], [K2O] and [TiO2].
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Table 1
Summary of run information: pressure, temperature, duration, phase proportions and compositions (wt.%) and composition of starting materials.

Mode SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Mg#a KD
b

Run 40-L3 (2 GPa–1200 °C), 122 h
cpx (8) 54 (4) 52.1 (4) 0.44 (9) 7.0 (3) 0.14 (4) 6.6 (4) 0.14 (3) 15.5 (4) 15.6 (9) 2.49 (8) 0.00 (1) 99.7 (4) 80.6 (7)
gt (9) 26 (7) 41.9 (2) 0.3 (1) 22.8 (3) 0.18 (6) 12.4 (3) 0.34 (5) 16.5 (6) 5.6 (8) 0.03 (7) 0.00 (2) 99.4 (5) 70.3 (8)
plg (6) 5 (1) 63 (2) 0.6 (1) 24 (1) 0.00 (3) 3.2 (9) 0.05 (4) 0.6 (4) 3.2 (9) 3.9 (9) 0.9 (2) 98.5 (2)
opx (6) 13 (4) 53.5 (7) 0.18 (5) 6 (1) 0.10 (3) 11.1 (3) 0.16 (4) 27.1 (6) 1.5 (2) 0.33 (5) 0.01 (1) 99.5 (5) 81.3 (6)
sp (4) 1 (2) 0.2 (1) 0.20 (7) 64.8 (4) 0.7 (3) 18.3 (4) 0.13 (6) 15.5 (4) 0.15 (5) 0.00 (3) – 98.4 (1) 60.2 (4)

Run 40-J3 (2 GPa–1250 °C), 121 h
liq (6) 1.1 (3) 53.1 (7) 1.3 (2) 18.6 (3) 0.01 (8) 7.3 (4) 0.09 (8) 4.2 (2) 4.2 (2) 6.5 (4) 4.8 (4) 97 (1) 50.8 (1)
cpx (9) 74 (3) 51.9 (4) 0.55 (6) 8.7 (9) 0.12 (5) 7.7 (5) 0.17 (6) 15.5 (6) 13.5 (7) 2.0 (2) 0.01 (2) 99.9 (8) 78.3 (8) 0.29
gt (6) 24 (4) 41.3 (3) 0.35 (8) 23.1 (3) 0.16 (6) 12.7 (2) 0.34 (6) 16.9 (7) 5.1 (8) 0.02 (3) 0.01 (4) 101.0 (4) 70.4 (9) 0.43

Run 40-H3 (2 GPa–1275 °C), 148hc

liqtop (9) 2.3 (5) 50.4 (6) 1.7 (2) 17.1 (3) 0.01 (8) 10.0 (4) 0.1 (1) 6.1 (2) 5.8 (3) 6.5 (3) 2.5 (2) 97.9 (8) 52.1 (2)
liqbottom (4) 2.2 (6) 50.4 (6) 1.6 (2) 17.0 (4) 0.01 (8) 10.1 (4) 0.13 (8) 6.2 (2) 6.0 (3) 6.2 (3) 2.4 (2) 97.7 (9) 52 (1)
cpx (8) 73 (2) 51.9 (5) 0.52 (7) 8.52 (6) 0.13 (4) 7.6 (6) 0.16 (6) 15.6 (7) 14 (1) 1.9 (2) 0.01 (1) 100.4 (5) 78.6 (9) 0.30
gt (7) 25 (1) 41.5 (3) 0.4 (1) 23.1 (3) 0.14 (5) 12.4 (2) 0.35 (9) 16.8 (3) 5.4 (5) 0.03 (3) 0.00 (2) 100.9 (6) 71 (1) 0.45

Run 40-F3 (2 GPa–1300 °C), 123 h
liq (9) 3.6 (9) 49.1 (8) 1.7 (2) 16.3 (5) 0.01 (8) 11.5 (4) 0.18 (8) 7.5 (2) 7.1 (3) 5.0 (1) 1.6 (2) 98 (2) 53.6 (8)
cpx (6) 74 (3) 51.5 (7) 0.49 (8) 9.1 (9) 0.14 (6) 7.6 (9) 0.16 (7) 16 (1) 14 (2) 1.8 (2) 0.01 (3) 100.1 (9) 78.6 (9) 0.31
gt (10) 22 (2) 41 (1) 0.4 (1) 23.3 (9) 0.18 (8) 12.2 (4) 0.33 (7) 16.9 (4) 5.5 (6) 0.03 (4) 0.01 (3) 100.9 (6) 71 (1) 0.47

Run 40-G3 (2 GPa–1350 °C), 126 h
liq (11) 19 (4) 47.0 (6) 1.4 (2) 16.5 (4) 0.02 (8) 12.3 (4) 0.2 (1) 9.9 (3) 9.3 (3) 3.2 (2) 0.24 (6) 98 (1) 58.8 (8)
cpx (16) 69(4) 50.9 (4) 0.31 (6) 9.9 (4) 0.17 (6) 7.1 (4) 0.20 (9) 17.3 (4) 12.9 (4) 1.2 (1) 0.01 (2) 99.8 (6) 81 (1) 0.33
gt (6) 12 (3) 41.8 (4) 0.4 (1) 23.3 (3) 0.17 (5) 10.4 (4) 0.33 (8) 18.01 (4) 5.6 (5) 0.01 (2) 0.01 (3) 100.5 (6) 76 (1) 0.46

Run 40-C3 (2 GPa–1375 °C), 123 h
liq (4) 25 (2) 47.3 (6) 1.1 (1) 15.7 (3) 0.03 (8) 12.3 (4) 0.2 (1) 10.4 (3) 9.2 (5) 3.5 (3) 0.26 (7) 97 (2) 60.3 (8)
cpx (8) 66 (3) 50.9 (5) 0.30 (8) 9.8 (7) 0.20 (6) 7.2 (3) 0.19 (6) 17.6 (5) 12.8 (4) 1.09 (8) 0.01 (2) 99.1 (7) 81.3 (6) 0.35
gt (8) 10 (3) 41.4 (2) 0.36 (4) 23.4 (4) 0.20 (7) 10.5 (4) 0.32 (3) 18.0 (2) 5.8 (4) 0.01 (2) 0.00 (1) 99.9 (3) 75.4 (9) 0.49

Run 40-C3b (2 GPa–1375 °C), 126 h
liq (9) 27 (2) 47.3 (6) 1.1 (1) 15.6 (3) 0.03 (8) 12.2 (4) 0.23 (9) 10.6 (3) 9.6 (3) 3.1 (2) 0.23 (8) 98 (1) 60.9 (7)
cpx (9) 66 (3) 50.7 (8) 0.30 (7) 10 (1) 0.17 (6) 7.1 (2) 0.18 (6) 17.5 (6) 12.8 (5) 1.1 (1) 0.01 (2) 99.9 (4) 81.4 (6) 0.35
gt (8) 7 (3) 41.2 (3) 0.5 (1) 23.2 (3) 0.16 (8) 10.3 (3) 0.36 (5) 18.2 (3) 6.1 (4) 0.02 (3) 0.01 (2) 100.6 (4) 73.0 (9) 0.49

Run 40-E3 (2 GPa–1400 °C), 99 h
liq (8) 69 (3) 47.5 (6) 0.7 (1) 14.7 (4) 0.07 (9) 9.9 (4) 0.2 (2) 13.7 (3) 11.1 (4) 2.0 (2) 0.10 (8) 99 (1) 71.1 (8)
cpx (8) 32 (3) 51.5 (5) 0.15 (5) 8 (1) 0.28 (7) 5.4 (2) 0.18 (6) 20.7 (9) 12.7 (5) 0.7 (1) 0.02 (4) 99.8 (8) 87.2 (6) 0.36

Run 40-K3 (2 GPa–1450 °C), 97 h
liq 100

Run 40-E4 (2.5 GPa–1375 °C), 106 h
liq (9) 2.6 (3) 48.3 (7) 2.08 (9) 15.8 (5) 0.00 (8) 12 (1) 0.19 (5) 7.3 (2) 7.0 (3) 5.5 (2) 2.2 (2) 98.1 (9) 53 (3)
cpx (8) 69 (2) 51.3 (4) 0.53 (9) 8.9 (4) 0.13 (6) 7.8 (5) 0.2 (1) 15.5 (6) 13.7 (9) 1.9 (2) 0.01 (2) 99.5 (7) 78.0 (9) 0.31
gt (9) 29 (2) 41.0 (4) 0.5 (1) 22.9 (2) 0.2 (2) 12.2 (4) 0.32 (6) 16.9 (8) 6.0 (1) 0.04 (4) 0.01 (1) 100.6 (6) 71 (1) 0.44

Run P40-25 (2.5 GPa–1400 °C), 115hd

liq (10) 4.5 (6) 48.7 (6) 1.9 (2) 14.6 (3) 0.01 (8) 12.2 (4) 0.19 (8) 8.4 (2) 8.4 (3) 4.2 (3) 1.4 (2) 98.7 (6) 55 (1)
cpx (8) 72 (2) 51.4 (4) 0.45 (6) 8.8 (7) 0.14 (7) 7.7 (4) 0.19 (6) 16.0 (9) 13.4 (6) 1.8 (2) 0.00 (0) 99.3 (6) 79 (1) 0.33
gt (6) 24 (2) 41 (1) 0.4 (1) 23 (1) 0.2 (2) 11.6 (3) 0.32 (5) 17.2 (7) 5.9 (8) 0.1 (2) 0.01 (3) 100.5 (5) 73 (1) 0.46

Run 40-D4 (2.5 GPa–1425 °C), 112 h
liq (7) 14 (3) 47.2 (6) 1.7 (2) 15.3 (6) 0.02 (8) 11.9 (6) 0.17 (8) 10.3 (5) 9.8 (5) 3.2 (2) 0.40 (9) 98 (1) 61 (2)
cpx (6) 69 (3) 51 (1) 0.4 (1) 10 (3) 0.2 (1) 7.1 (3) 0.21 (6) 16.7 (3) 13.4 (5) 1.5 (7) 0.01 (2) 99.6 (4) 81 (2) 0.37
gt (5) 16 (2) 41.3 (3) 0.40 (7) 23.2 (3) 0.21 (3) 10.7 (2) 0.3 (1) 18.3 (1) 5.6 (2) 0.02 (4) 0.01 (2) 100.9 (3) 75.3 (4) 0.51

Run 40-D4b (2.5 GPa–1425 °C), 92 h
liq (7) 20 (3) 47.9 (8) 1.4 (3) 15.1 (3) 0.03 (8) 11.3 (4) 0.25 (9) 10.8 (3) 9.9 (4) 3.1 (2) 0.34 (9) 97.2(1) 63 (8)
cpx (6) 57 (4) 51.0 (9) 0.36 (8) 9.5 (3) 0.16 (9) 7.1 (3) 0.22 (6) 16.7 (9) 13.4 (4) 1.48 (7) 0.01 (2) 99.8 (4) 81 (3) 0.37
gt (5) 23 (4) 41.4 (2) 0.42 (7) 23.2 (3) 0.19 (2) 10.6 (1) 0.32 (8) 18.26 (9) 5.6 (2) 0.02 (4) 0.01 (2) 100.9 (3) 75.4 (4) 0.51

Run 40-F4 (2.5 GPa–1450 °C), 97 h
liq (9) 76 (5) 47.7 (6) 0.6 (1) 13.8 (5) 0.11 (9) 9.3 (3) 0.23 (8) 14.6 (3) 11.9 (4) 1.7 (2) 0.07 (6) 98 (1) 73.7 (4)
cpx (9) 25 (5) 52.2 (1) 0.13 (5) 8.2 (2) 0.3 (1) 5 (1) 0.20 (6) 21 (2) 12 (1) 0.8 (1) 0.00 (2) 100.2 (7) 89 (3) 0.37

Run 40-B4 (2.5 GPa–1475 °C), 102 h
liq 100

Run 16-E3 (2 GPa–1250 °C), 121 h
cpx (8) 55 (2) 48.6 (4) 0.99 (9) 9.4 (5) 0.07 (4) 9.4 (2) 0.16 (6) 11.2 (3) 19.0 (3) 1.14 (8) 0.01 (2) 100.3 (5) 68.1 (5)
gt (9) 38 (2) 39.9 (7) 0.3 (4) 22.1 (3) 0.05 (7) 19 (2) 0.5 (1) 11.3 (7) 7 (2) 0.01 (3) 0.01 (2) 101.1 (6) 51 (2)
ol (4) 7 (1) 36.7 (4) 0.05 (6) 0.15 (8) 0.02 (5) 33.8 (5) 0.39 (9) 29 (1) 0.7 (3) – – 99.4 (7) 60.1 (3)

(continued on next page)

19S. Lambart et al. / Lithos 160-161 (2013) 14–36



Table 1 (continued)

Mode SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Mg#a KD
b

Run 16-B3 (2 GPa–1300 °C), 120 h
liq (2) 7 (1) 38.2 (5) 3.3 (2) 10.7 (3) 0.02 (8) 25.0 (5) 0.39 (8) 8.8 (3) 10.7 (5) 2.5 (4) 0.48 (9) 94 (1) 38.6 (1)
cpx (10) 60 (2) 48.4 (5) 0.7 (1) 9.4 (8) 0.06 (8) 9.9 (2) 0.22 (8) 12.3 (4) 18.1 (4) 0.9 (1) 0.01 (2) 99.7 (6) 69 (1) 0.28
gt (7) 27 (2) 39.7 (4) 0.4 (3) 22.5 (1) 0.07 (4) 18 (3) 0.5 (1) 11.8 (9) 7 (2) 0.01 (2) 0.01 (2) 100.7 (5) 54 (3) 0.54
ol (7) 3.3 (5) 37.4 (4) 0.06 (3) 0.4 (2) 0.00 (7) 28.4 (5) 0.38 (6) 33.4 (6) 0.8 (2) – – 99.1 (3) 67.7 (8) 0.30
sp (3) 2.2 (7) 0.8 (5) 0.8 (2) 58 (1) 1 (1) 25.0 (5) 0.18 (6) 13.9 (2) 0.5 (5) 0.00 (0) – 98.9 (7) 49.8 (7) 0.63

Run 16-A3 (2 GPa–1300 °C), 118 h
liq (17) 16 (3) 40.4 (5) 1.7 (2) 12.7 (3) 0.03 (8) 23.4 (5) 0.35 (1) 8.8 (2) 11.0 (4) 1.6 (2) 0.13 (6) 98 (1) 40.0 (5)
cpx (10) 66 (2) 48.2 (4) 0.49 (7) 9.8 (4) 0.07 (3) 9.6 (4) 0.3 (8) 13.1 (2) 17.8 (4) 0.66 (7) 0.01 (3) 100.0 (7) 70.9 (7) 0.28
gt (6) 12 (4) 39.8 (4) 0.50 (5) 22.7 (3) 0.07 (3) 16.2 (4) 0.6 (1) 12.5 (5) 7.7 (3) 0.02 (1) 0.01 (2) 100.7 (5) 58 (1) 0.49
ol (5) 1.6 (7) 37.5 (5) 0.03 (6) 0.17 (5) 0.00 (4) 28.9 (6) 0.4 (1) 32.5 (9) 0.6 (2) – – 100.0(6) 67 (1) 0.33
sp (5) 4 (1) 0.32 (5) 0.34 (6) 61.4 (6) 0.9 (1) 21.7 (2) 0.17 (7) 15.0 (3) 0.20 (6) 0.00 (3) – 99.7 (7) 55.1 (3) 0.54

Run 16-F3 (2 GPa–1325 °C), 114 h
liq (19) 33 (1) 41.4 (5) 1.4 (2) 13.2 (3) 0.01 (8) 21.7 (5) 0.4 (1) 9.6 (3) 11.1 (4) 1.2 (1) 0.07 (7) 99 (1) 46 (1)
cpx (9) 60 (1) 48.7 (5) 0.40 (6) 9.9 (4) 0.07 (4) 9.3 (3) 0.25 (6) 14.1 (3) 16.8 (3) 0.53 (6) 0.00 (1) 100.4 (6) 73.0 (8) 0.29
gt (3) 3 (2) 40.3 (5) 0.4 (1) 22.9 (2) 0.07 (4) 15.2 (6) 0.54 (3) 13.4 (7) 7.2 (4) 0.00 (0) 0.00 (0) 101 (2) 61 (2) 0.50
sp (7) 4.7 (5) 0.37 (5) 0.22 (6) 63.1 (3) 0.87 (9) 18.6 (3) 0.2 (1) 16.4 (3) 0.23 (9) 0.03 (5) – 100 (1) 61.0 (6) 0.50

Run 16-C3 (2 GPa–1350 °C), 125 h
liq (10) 50.7 (5) 42.6 (5) 1.2 (2) 13.6 (3) 0.02 (8) 18.5 (6) 0.4 (1) 10.6 (3) 12.0 (4) 1.1 (1) 0.06 (4) 98.5 (5) 51 (1)
cpx (18) 40.7 (5) 48.5 (4) 0.37 (6) 10.1 (4) 0.06 (5) 8.5 (6) 0.25 (6) 14.6 (3) 17.1 (3) 0.47 (6) 0.00 (1) 100 (1) 76 (1) 0.33
sp (8) 3.6 (1) 0.38 (5) 0.20 (5) 63.7 (3) 0.9 (4) 16.6 (4) 0.18 (6) 17.9 (3) 0.21 (5) 0.00 (2) – 99.1 (5) 65.7 (7) 0.53

Run 16-G3 (2 GPa–1400 °C), 96 h
liq 100

Run 16-D4 (2.5 GPa–1325 °C), 120 h
cpx (6) 55 (2) 48.4 (8) 0.9 (1) 10 (1) 0.07 (5) 8.8 (5) 0.15 (1) 11.2 (2) 19.5 (7) 1.2 (9) 0.02 (4) 100.5 (3) 70 (1)
gt (6) 37 (2) 39.9 (2) 0.4 (4) 22.2 (2) 0.06 (5) 18 (3) 0.50 (5) 11.2 (1) 8 (2) 0.02 (5) 0.00 (1) 100.8 (7) 53 (2)
ol (3) 7.5 (8) 36.5 (4) 0.07 (5) 0.3 (3) 0.01 (5) 33.8 (5) 0.40 (7) 28.6 (2) 0.64 (6) – – 99.4 (7) 60.1 (3)

Run 16-B4 (2.5 GPa–1350 °C), 107 h
liq (3) 8 (1) 36.7 (5) 2.7 (3) 9.3 (2) 0.00 (8) 25.5 (9) 0.35 (8) 9.9 (3) 12.6 (5) 2.7 (3) 0.25 (7) 95.0 (9) 41 (2)
cpx (8) 53 (2) 48.8 (4) 0.67 (7) 9.3 (4) 0.07 (3) 9.3 (4) 0.16 (8) 12.0 (2) 18.7 (4) 1.02 (7) 0.01 (3) 99.8 (9) 70 (1) 0.30
gt (6) 36.5 (9) 39.9 (4) 0.3 (4) 22.3 (3) 0.1 (1) 18 (1) 0.49 (5) 12.4 (4) 7 (1) 0.01 (2) 0.01 (2) 100.7 (4) 55 (2) 0.56
ol (6) 2.5 (5) 37.4 (5) 0.05 (3) 0.18 (5) 0.02 (5) 27.2 (4) 0.33 (7) 34.2 (5) 0.6 (1) – – 100.0 (8) 69.2 (5) 0.31

Run P16-25 (2.5 GPa–1400 °C), 98 hd

liq (12) 22 (2) 39.1 (5) 2.4 (2) 10.4 (3) 0.01 (8) 22.2 (5) 0.4 (1) 10.6 (4) 12.8 (4) 1.9 (2) 0.18 (8) 98.1 (8) 46 (1)
cpx (8) 46 (2) 48.7 (6) 0.54 (6) 9.8 (8) 0.09 (3) 8.3 (3) 0.16 (6) 12.7 (4) 18.8 (4) 0.90 (9) 0.00 (1) 100.2 (8) 73 (1) 0.31
gt (5) 32 (2) 40.3 (4) 0.4 (3) 22.8 (3) 0.07 (3) 14.8 (2) 0.45 (5) 13.1 (9) 8 (2) 0.01 (2) 0.01 (3) 100.9 (7) 61 (2) 0.54

Run 16-C4b (2.5 GPa–1425 °C), 101 h
liq (3) 65 (2) 42.3 (7) 1.0 (2) 14.3 (4) 0.05 (9) 16.9 (4) 0.3 (2) 10.9 (3) 13.2 (6) 1.1 (2) 0.06 (7) 96.4 (8) 54 (1)
cpx (7) 25 (2) 48.4 (5) 0.48 (7) 10.5 (4) 0.09 (3) 7.1 (3) 0.19 (8) 14.0 (2) 18.5 (3) 0.81 (7) 0.01 (3) 99.6 (6) 78 (2) 0.33
gt (6) 9 (2) 40.6 (4) 0.3 (3) 23 (3) 0.1 (1) 14 (2) 0.5 (1) 14.7 (9) 7 (2) 0.02 (2) 0.01 (2) 100.7 (8) 65 (2) 0.61

Starting materials
M5-40 48.53 0.52 12.37 0.12 9.02 0.2 16.64 10.89 1.65 0.06 76.7
M7-16 43.58 0.75 13.73 0.07 14.51 0.30 12.52 13.77 0.75 0.03 60.6

All the experiments were performed in Laboratoire Magmas et Volcans, Clermont-Ferrand, except 40-L3, which was made at the California Institute of Technology; see the supple-
mentary material for technical details. The first term of the run numbers, 40 or 16, refers to the bulk composition M5-40 andM7-16, respectively. Phase compositions were analyzed
with the electron microprobe; the number of analyses is given in parentheses in the first column. All compositions are normalized to a sum of 100 wt.% (the analytical total before
normalization is reported in the column ‘Total’). For a given phase in a given sample, we calculated the statistical dispersion of the dataset (as measured by 2σ, where σ is the stan-
dard deviation) and the analytical error (following Ancey, et al., 1978), and we selected the largest of these two values as an estimation of the error. The errors (in parentheses) are
given in terms of the least unit cited. Modes (in wt.%) are calculated using a mass-balance program modified from Albarède and Provost (1977); the number in parentheses is 2σ,
given in terms of the least unit cited.

a Mg# is the molar ratio 100Mg2+/(Mg2++Fe2+); we considered that all iron was as Fe2+.
b Fe–Mg exchange coefficients between mineral and melt: [KD=(Fe/Mg)mineral /(Fe/Mg)melt].
c Compositions of glasses analyzed in microdikes at the bottom (liqbottom) and at the top (liqtop) are given.
d P40-25 and P16-25 are from Lambart et al. (2012).
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To summarize the effect of non-CMAS elements on phase relations,
we compare in Fig. 5 the experimentally determined liquidus phase re-
lations of natural pyroxenites and the liquidus phase relations in the
CMAS system at 2 and 3 GPa. Even though it is difficult to delineate
the role of each non-CMAS element, it is clear that the Gt phase volume
is significantly larger in natural compositions and already crosses the
aluminous pyroxene plane at 2 GPa. Moreover, the Ol–Opx boundary
in natural pyroxenites is shifted toward Fo, reducing further the Ol
phase volume and increasing that of Opx. Finally, a third major differ-
ence between the CMAS system and natural pyroxenites is that the Sp
volume is much smaller in the latter than in the former: in natural py-
roxenites, the Sp volume is almost fully restricted to the left of the
CaTs–En join, even at 2 GPa. Thus, for natural compositions, the thermal
divide becomes effective at pressures lower than 2 GPa and, compared
to the CMAS system, the range of compositions under its influence ex-
pands to include compositions richer in CaTs component.
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2.2. Melt composition variability

In this section, based on previous and new experimental data, we
examine the effect of the garnet–pyroxene thermal divide on the rela-
tionship between bulk and melt compositions. First, we consider the
case of pressures ≥2 GPa, and we pay special attention to the effect of
the thermal divide at low melt fractions (low-F), an issue that has
hardly been discussed in the literature. Then,we look at the relationship
between bulk and melt compositions at lower pressure, at which the
thermal divide is not effective anymore. Finally, we discuss the effects
of the presence of fluids (H2O, CO2).

2.2.1. Melts compositions and thermal divide
At pressures ≥2 GPa, the garnet–pyroxene divide is effective;

melts derived from a given bulk composition are on the same side
of the divide than their parent rock and the evolution of these melts
by partial melting and/or crystallization is also confined to this side.
Based on phase relations in the CMAS system and on melts produced
at moderate to high degrees of melting of natural pyroxenites, it was
suggested that the thermal divide leads to strongly contrasting melt
compositions, especially in SiO2 content; that is, it would lead to
strongly contrasting trends in silica for compositions on the opposite
sides of the plane. Kogiso et al. (2004a) proposed a “barrier” close to
48 wt.% SiO2 in melts: SD pyroxenites would produce melts with less
than 48 wt.% SiO2, and SE pyroxenites would produce melts with
more than 48 wt.% SiO2. Herzberg (2006, 2011) also placed this barrier
close to 48 wt.% for primary pyroxenite magmas from Hawaii. His esti-
mation was obtained by plotting the compositions of Hawaiian basalts
after correction for Ol fractionation in the CaTs–Di–Qz–Ol system:
liquids nearest to the pyroxene–garnet plane contained ~48.2 wt.%
SiO2. However, very few data exist on melt compositions derived
from pyroxenites at low-F (Lambart et al., 2009; Pertermann and
Hirschmann, 2003; Spandler et al., 2008). Moreover, at pressures at
which the thermal divide is effective (≥2 GPa), almost no data are
available on SD pyroxenites at low melting degrees.

Lambart et al. (2012) described an experiment performed at 2.5 GPa
and 4.5 wt.% of melting on the slightly silica-deficient pyroxenite M5-40
(Tables 1, S1 in the supplementary material). Except this experiment, no
melt composition is, to our knowledge, reported at melting degrees
lower than 15%. Yet low-F liquids are enriched in elements (TiO2, Na2O,
K2O, and in cases, FeO; Lambart et al., 2009, 2012) that can strongly influ-
ence the phase relations and thus the silica content ofmelt. Thereforewe
performed new experiments in a piston–cylinder apparatus at 2 and
2.5 GPa using M5-40 and the more silica-deficient pyroxenite M7-16
(Figs. 1, 2; Table 1) as starting materials. M5-40 is a garnet (Gt)
websterite, close to themean composition of the natural pyroxenite pop-
ulation. M7-16 has amore extreme composition, with low SiO2 and high
FeO contents. The criteria used to select these two samples were
discussed in Lambart et al. (2009). Compositions and proportions of
phases are given in Table 1. Experimental and analytical techniques are
reported in the supplementary material (Appendix 1 and Figs. S1–S4 in
the supplementary material). Using the microdike technique developed
by Laporte et al. (2004), we have determined the melt compositions at
melting degrees as low as 1.2 wt.% (Fig. 6). These new experiments sig-
nificantly increase the amount of available data on the compositions of
low-F liquids of pyroxenites at high pressures.

Fig. 7 presents the evolution of melt compositions derived from py-
roxenites at pressures between 2 and 5 GPa projected from Di on the
plane Fo–CaTs–Qz (Fig. 7a) and from CaTs on the plane Fo–Di–Qz
(Fig. 7b). For a given composition, the effect of pressure on phase rela-
tions is small because the phase assemblages remain similar andmainly
composed of Cpx and Gt. Experimental results suggest that the thermal
divide is effective at this range of pressures, in agreement with the
liquidus phase relations of natural compositions (Fig. 5): liquids from
SD pyroxenites are far on the left of the aluminous pyroxene plane at
low F, and approach this plane with increasing F; liquids from SE
pyroxenites are far on the right at low F, and approach the aluminous
pyroxene plane with increasing F. In detail, the compositional trends
differ both between the two sides of the thermal divide and within
one side (Fig. 7). On the silica-deficient side, first melts derived from
M5-40 are strongly enriched in CaTs component (Fig. 7a). The enrich-
ment of low-F melts in CaTs decreases from M5-40 to MIX1G,
77SL-582 and toM7-16. Low-Fmelts fromM7-16 appear also extreme-
ly depleted in Qz component. Finally, the behavior of the Di component
at high F seems to depend on the liquidus phase (Fig. S5b in the supple-
mentarymaterial).When Cpx is the liquidus phase (like in experiments
on M5-40, M7-16 and MIX1G at 2 GPa), the Di component increases at
high Fwhile it decreases on the overall of themelting assemblagewhen
the liquidus phase is not Cpx (like in experiments on 77SL-582,
B-ECL1-OL and MIX1G at 5 GPa). On the silica-excess side, two types
of SE pyroxenites can be distinguished (Herzberg, 2006): (1) composi-
tions directly representing the recycled oceanic crust (basalt or gabbro),
referred to as stage 1 SE pyroxenites in the following (G2, GA1, GA2, Gb
108 and CRB72-31), and (2) SE pyroxenites produced by the reaction of
recycled material (or the corresponding derived melts) with surround-
ing peridotite, referred to as stage 2 SE pyroxenites in the following
(Px-1). Unfortunately, most of high-pressure partial melting experi-
ments on SE pyroxenites have been performed on stage 1 SE pyroxe-
nites. Hence, the range of SE pyroxenites compositions experimentally
investigated is very small and the behaviors reported for stage 1 SE py-
roxenites mainly differ at low F. First melts of G2 are enriched in CaTs
component and depleted in Di component (Fig. 7). On the contrary,
the other stage 1 SE pyroxenites (Gb108, GA1, GA2, CRB72-31) tend
to generate incipient melts more enriched in Qz component. Melts
from the stage 2 SE pyroxenite Px-1 show a similar behavior than that
of melts from CBR72-31 but are shifted towards compositions poorer
in CaTs and Di components (Fig. 7a).

Fig. 8 presents the pyroxenite melt compositions as a function of F.
For most elements, melt compositions from SD and SE pyroxenites
largely overlap if the whole melting range is considered. In all compo-
sitions, the CaO content of liquid increases with F until Cpx disappear-
ance (when it occurs). The range of CaO concentrations varies from
4.4 to 14.2 wt.% for SD pyroxenites and from 2.8 to 11.7 wt.% for SE
pyroxenites, showing a large overlap between the two classes. Melts
derived from SD and stage 1 SE pyroxenites present contrasted MgO
contents: from 4.3 to 16.6 wt.% for melts from SD pyroxenites and
from 1.2 to 8.1 wt.% for melts from SE pyroxenites. This directly
reflects the difference of bulk compositions. However, in both catego-
ries, MgO increases progressively with F. Moreover, melts from
the stage 2 SE pyroxenite Px-1 present a range of MgO contents
(4.4–18.5 wt.%) that entirely overlaps the range of melts from SD py-
roxenites. According to Herzberg (2006), stage 2 pyroxenites may
cover a wide range of compositions depending on the melting degree
undergone by the oceanic crust, and so include types intermediate
between the stage 1 SE pyroxenites and composition Px-1.

Al2O3 shows various behaviors within both classes. With increasing
F, Al2O3 decreases inmelts fromM5-40 and Px-1, and increases inmelts
from most other pyroxenites. Concentration ranges also show a wide
overlap (6.4–18.4 wt.% for SD pyroxenite melts and 13.1–17.5 wt.% for
SE pyroxenite melts). The lowest Al2O3 contents are observed in melts
fromMIX1G at 5 GPa due to the increased stability of Gt at this pressure.
More importantly, SiO2 displays a relatively incompatible behavior in SE
pyroxenites and a predominantly neutral behavior (i.e., the content of
the liquid does not change significantly) in SD pyroxenites, except at
very low degrees of melting. This observation contrasts with the previ-
ous suggestion (Herzberg, 2006; Kogiso et al., 2004a; Schiano et al.,
2000) that the silica content in melts from SD pyroxenites increases
with F. Our results on M5-40 show that (1) the silica content of SD py-
roxenitemelts can decrease with F, and (2) this content can reachmore
than 52 wt.% at low-F (Fig. 8, Table 1).

We observe that, except for M7-16, the variation of FeO concentra-
tion in liquids is limited. On the contrary, in M7-16-derived melts, FeO
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Fig. 6. (a) Backscattered electron image showing the phase assemblage of the partially
molten pyroxenite M5-40 at 2 GPa and 1275 °C (#40-H3). The phase assemblage is
Cpx+Gt+Liq; the interstitial melt is not perceptible owing to the very low melt frac-
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microdike contains large pools of glass and large crystals. Numbers show the positions
of the melt analyses (see supplementary material, Fig. S2).
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behaves as an incompatible element and decreases strongly with in-
creasing F. These different behaviors of ironwere previously document-
ed at 1 and 1.5 GPa by Lambart et al. (2009), who suggested that the
variation of the FeO content in pyroxenite melts is correlated with the
bulk FeO content. K2O is very incompatible; thus, at a given F, the K2O
content of melts depends on the initial content of the rock, but trends
are broadly the same in all compositions. TiO2 is also incompatible, ex-
cept when rutile is present in the phase assemblage (i.e., near the soli-
dus of G2 at 3 GPa and of GA2, Fig. 8). Finally, between 2 and 3 GPa,
the behavior of Na2O is controlled by the presence of feldspar in the as-
semblage. The Na2O content of liquid increases until the disappearance
of feldspar, then Na2O behaves as an incompatible element. Moreover,
at P>3 GPa, the Na2O content in melts does not change significantly
due to the increase of the relative compatibility of Na2O in residual
Cpx (e.g., Pertermann and Hirschmann, 2003; Spandler et al., 2008).

Comparison of Fig. 8 with Figs. 4 and 7 allows us to better under-
stand the relationship between melt composition and liquidus phase
relations. Overall, low degree melts from SD pyroxenites range from
highly enriched in iron for M7-16 to highly enriched in alkalis for
M5-40; melts from MIX1G and 77-SL-582 are intermediate. These
observations are fully consistent with the trends observed in the
Fo–CaTs–Qz–Di system (Figs. 4, 7). Indeed, the alkali enrichment of
melts produces a strong expansion of the Ol phase volume while
the iron enrichment results in a contraction of this one in favor of
more polymerized phases (Gt, Opx, Sp). Moreover, the addition of
K2O tends to increase the silica content of the melt. At 2 GPa, low
degree melts from M5-40 are very rich in K2O (up to 4.8 wt.%,
Table 1) and consequently, this enrichment is accompanied by silica
enrichment. In the case of SE pyroxenites, melts from GA1 and GA2
are enriched in K2O, melts from G2 are enriched in TiO2, and melts
from Px-1 have intermediate contents. The first melts from G2 are de-
pleted in SiO2 in comparison to those of GA1 and GA2 (b55 wt.% vs.
60–65 wt.%, respectively; Fig. 8), but still they are saturated in quartz
(Fig. S5 in the supplementary material). Accordingly, TiO2 enrichment
and K2O depletion seem to induce a larger phase volume of Qz, as an-
ticipated by Kushiro (1975).

To conclude, the garnet–pyroxene thermal divide indeed controls
the melting relations of pyroxenites at high pressure (≥2 GPa) and
SD and SE pyroxenites produce liquids with different compositions.
Partial melts from SD pyroxenites generally have lower SiO2, and
higher CaO and FeO contents than those from SE pyroxenites. For
the other oxides, however, the differences in melt compositions
from one pyroxenite to the other are mainly related to the difference
of bulk compositions rather than to the presence of the thermal di-
vide. As a rule, there is a progressive transition from the liquids de-
rived from the most silica-deficient compositions to those derived
from the most silica-excess compositions, rather than a sharp divide.

2.2.2. Melts compositions at pressures b2 GPa
The disappearance of the thermal divide and the change of miner-

al assemblages at Pb2 GPa are likely to have a significant impact on
the melting relations of pyroxenites. Indeed, while the phase assem-
blages are mainly composed of Cpx and Gt at P≥2 GPa, Gt becomes
an accessory phase at Pb2 GPa, and the roles of Opx, Ol and/or Plg in-
crease (Fig. 9; Kogiso et al., 2004a).

Lambart et al. (2009) studied the melting relations of three SD py-
roxenites at 1 and 1.5 GPa: M5-40, M7-16 (Table 1), and M5-103, a
more SiO2- and MgO-rich pyroxenite, close to an orthopyroxenite
(Table S1 in the supplementary material). Most partial melts from
M5-40 and M5-103 plot on the right side of the aluminous pyroxene
plane (Fig. S6 in the supplementary material) attesting to the absence
of a thermal divide at Pb2 GPa. Contrasted melting behaviors were
observed depending on the presence of Opx and/or Plg at the solidus.
If Opx is abundant, the main melting reaction is similar to the melting
reaction in peridotites, that is Cpx+Opx=Liq+Ol. Accordingly, the
chemical trends of melts from websterites mimic those of peridotitic
melts despite major differences in the modal fractions of solid phases
and in bulk compositions (Fig. 9). For the Opx-free pyroxenite M7–16,
the main melting reaction (after Plg exhaustion) is Cpx+Sp=
Liq+Ol, and liquids are strongly depleted in SiO2 in comparison to
liquids produced by Opx-bearing rock types. Finally, when Plg is pres-
ent, the liquid does not undergo significant compositional changes.
Thus, the melting behavior of pyroxenites at Pb2 GPa is no longer
controlled by the aluminous pyroxene plane and melt compositions
mainly depend on the abundance of Opx and/or Plg at the solidus.
Lambart et al. (2009) showed that pyroxenite-derived liquids pro-
duced at Pb2 GPa have compositions similar to peridotite-derived
liquids for most oxides (Fig. 9). A notable exception is the very
silica-deficient pyroxenite M7-16, whose liquids are strongly deplet-
ed in SiO2 in comparison to peridotite-derived melts.

2.2.3. The effect of fluids
Due to the potential role of H2O and CO2 in the source of basalts (e.g.,

Asimow and Langmuir, 2003; Bonatti, 1990), it is important to under-
stand their role on melting relations and on liquid compositions.
These two volatile components are present at low concentration levels
in oceanic magmas source-regions (Michael, 1988; Saal et al., 2002), so
their effects on liquidus phase relations are likely negligible. They could,
however, have a significant impact on melt composition, and especially
on the composition of the first-formed liquids due to their very incom-
patible behavior with respect to most mantle mineral phases. Com-
pared to the fluid-absent case, we can expect that incipient melts of
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pyroxenites will be enriched in SiO2 in the presence of H2O, and
depleted in SiO2 in the presence of CO2. The effect of H2O is confirmed
by experimental studies at high pressures on simple systems (Kushiro,
1972) and natural compositions (e.g., Green, 1973; Irving and Green,
2008; Nicholls and Ringwood, 1973), which show an important silica
enrichment of melt for a given phase assemblage, along with a signifi-
cant increase of the Ol phase volume in the presence of water. In the
same way, Gaetani and Grove (1998) showed that hydrous peridotite
melts are SiO2-rich when compared to anhydrous melts on a
volatile-free basis. In contrast, the presence of CO2 significantly de-
creases the SiO2 content of melts (Hirose, 1997). In the system
peridotite+CO2 at 3 GPa, Dasgupta et al. (2007) showed that the silica
content of melts in equilibrium with Ol+Opx+Cpx+Gt decreases
from 43.8 wt.% to 28.4 wt.% while the CO2 content in melt increases
from 13 to 25 wt.%. Near-solidus partial melting of carbonate-bearing
mantle rocks (carbonated peridotites and pyroxenites) produces
carbonatite melts (Dasgupta and Hirschmann, 2010; Yaxley and Brey,

2004). In terms of phase equilibria, the effect of CO2 is to increase the
stability of Gt at the expense of Cpx and Ol (e.g., Dasgupta et al.,
2007); accordingly, the garnet–pyroxene thermal divide is expected
to become effective at a lower pressure in the presence of CO2 than in
a fluid-absent system. Water has the opposite effect on the thermal di-
vide because it increases the Ol phase volume.

3. Pyroxenites in oceanic basalt genesis

Several lines of evidence indicate that Ol-poor rock types such as py-
roxenitesmay play an important role in basalt generation. This evidence
includes the ubiquity these lithologies in the upper mantle, the various
origins proposed for these rocks (e.g., Downes, 2007), and the fact that
as the plutonic or metamorphic equivalents of basaltic magmas, they
are readily envisioned as a component at depth that can be introduced
into other sources as a heterogeneity (e.g., Schiano et al., 2000). Pyrox-
enites are therefore often invoked to explain variations in abundance of
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trace elements and in isotope ratios both in OIBs and inMORBs (Allègre
et al., 1995; Blichert-Toft et al., 1999; Hofmann, 1997; Sobolev et al.,
2007). Therefore, some experimental studies were conducted to
identify the fingerprints of the involvement of pyroxenite in the
major-element composition of basalts. Our goal here is to determine
the reliability of these markers and to discuss if they can help to quan-
tify the proportions of pyroxenites in mantle source regions.

3.1. Pyroxenites in MORB source-regions

3.1.1. SiO2 and FeO: barometers and/or markers of the pyroxenite
contribution?

The impact of pyroxenites in source regions on the major-element
compositions of MORB is still a matter of debate. Due to their high con-
centrations in pyroxenites (Fig. 1), alkali oxides and TiO2 have been
often considered as indicators of the heterogeneity of themantle source
(e.g., Le Roux et al., 2002; Niu et al., 1999, 2002). Lambart et al. (2009)
showed, however, that, due to their lower solidus temperatures and
higher degrees of melting compared to peridotites, pyroxenites yield
partial melts that are not enriched in alkali oxides and TiO2 in compar-
ison to peridotite-derived melts in the physical conditions prevailing
beneath mid-ocean ridges. Based on Icelandic basalt chemical trends,
Shorttle and Maclennan (2011) recently suggested that pyroxenites
could produce melts characterized by low SiO2 and CaO, and high FeO.
Although our results (Lambart et al., 2009) do not show CaO depletion
in pyroxenite melts, they are consistent with the hypothesis that
some pyroxenites can produce SiO2-poor and/or FeO-rich melts. The
participation of such pyroxenite partial melts to MORB genesis could
decrease the silica content and/or the Mg# of the aggregated melts
erupted at mid-ocean ridges.

Based on partial melting experiments on peridotites, MORBs with
MgO≥9% and Mg# approaching 70 are often considered as the most
primitive, and therefore the closest to primary liquids. In Melson and
O'Hearn's (2003) database, 15% of the MORB glasses with MgO≥9%
have both a higher FeO content and a lower SiO2 content than the
usual primitive MORBs with Mg#≥67 (Fig. 10, Table S3 in the supple-
mentary material). According to Lambart et al. (2009), these compo-
sitions may be good candidates to represent primitive MORBs
carrying the signature of a silica-deficient pyroxenite. In this paper
we term these particular compositions px-MORBs to emphasize the
potential contribution of pyroxenite partial melts in their genesis.

Alternatively, lower SiO2 and higher FeO contents could also reflect
an increase of the average depth ofmelting due to highermantle poten-
tial temperature (Klein and Langmuir, 1987; Langmuir et al., 1992) or to
the fractionation of Cpx (e.g., Eason and Sinton, 2006). Fig. 11 shows the
fractionation trends obtained with MELTS (Ghiorso and Sack, 1995)
from a Model Primary Magma (MPM) as a function of pressure. The
MPM composition has been calculated with PRIMELT2 software
(Herzberg and Asimow, 2008) from a MORB glass with Mg#=70.6 at
0.1 MPa (Table 2). The mantle potential temperature (TP) calculated
for this sample is 1353 °C, very close to the mean TP of MORB
(1350 °C; Courtier et al., 2007). Details of calculations are given in the
supplementary material (see supplementary material; Appendix 2
and Table S4). Fig. 11 shows that px-MORBs are too poor in SiO2 and
CaO, and too rich in Al2O3 to be explained by fractional crystallization
of MPM at 0.1 MPa. With increasing pressure, the fractionated magma
becomes poorer in SiO2 and CaO, and richer in Al2O3 and FeO so that
the fractionation trends intersect the compositional area of px-MORBs.
However, for a given composition, the results require highly contrasting
fractionation pressures depending on the oxides under consideration:
for example, the SiO2 and Al2O3 contents of px-MORB K10-3 (Fig. 11,
Table 2) require a fractionation pressure close to 400 MPa while its
FeO and CaO contents require a pressure lower than 100 MPa. Hence,
the low SiO2 contents and the high FeO contents of px-MORBs cannot
be explained by fractional crystallization whatever the pressure.

In order to assess if the peculiar features of px-MORBs can result
from a deeper melting, we calculated the TP of each of their composi-
tions with PRIMELT2 assuming a mantle source equivalent to the peri-
dotite DMM1 (Table 2; Wasylenki et al., 2003). This peridotite
presents a Mg# (89.9) in the middle of the range expected for perido-
tites in MORB sources (89.2–90.5; Herzberg and O'Hara, 2002). Fig. 12
presents the distribution of TP for the whole population of px-MORBs
and for each of the eight locations at which px-MORBs were sampled.
The TP range is relatively wide (~100 °C) but more limited within
each location, partly due to the small number of data for most locations.
Interestingly, the largest temperature interval is between the mean
temperatures calculated for samples collected at the East Pacific Ridge
(EPR) spreading center (~1515 °C) and on seamounts near EPR
(~1435 °C). This observation is consistent with previous geochemical
studies (Batiza et al., 1990; Zhang, 2011) that suggest that near-EPR sea-
mounts involve lower degrees ofmelting and a shallowermantle source
than magmas from the EPR.
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In the sameway, spreading centers influenced by hotspots generally
present higher potential temperatures than those far from hotspots. For
instance, the value of TP calculated for the Tjörnes Fracture Zone
(~1517 °C), which is situated just off the northern coast of Iceland, is
higher than that for the Mid-Atlantic Ridge (MAR) spreading-center
(~1492 °C). However, the calculated mean TP for px-MORBs collected
on the Galapagos spreading center (~1466 °C) is lower than those cal-
culated for the EPR and the MAR spreading centers. Moreover, the
Central Lau spreading center presents also a lower TP (~1460 °C)
while TP beneath back-arc basins are generally slightly higher than be-
neath mid-ocean ridges (Kelley et al., 2006). Furthermore, according
to Wiens et al. (2006), the Lau basin would present the highest TP of
back-arc basins as inferred from seismology, petrology and bathymetry.

Finally, the range of calculated temperatures (1422–1525 °C) is
markedly above the average range for MORBs (1280°–1400 °C) deter-
mined with the same software (Herzberg et al., 2007). We note that
this observation remains true for the complete range of peridotites
in MORB sources: for instance, if calculations are performed with a
fertile peridotite with a low Mg# such as KR4003 (Mg#=89.2;
Walter, 1998), the range of calculated TP for px-MORBs is 1418–
1500 °C. Even if thermal anomalies exist at a small scale (e.g.,
Laubier et al., 2007), the inconsistencies between the calculated TP
and previous estimates, and the very high values of TP required to ex-
plain the enrichment in FeO and the depletion in SiO2 argue against a
generation of px-MORBs by deeper melting of a homogeneous peri-
dotite mantle. Hence px-MORBs remain good candidates for carrying
a pyroxenite signature, as suggested by Lambart et al. (2009).

3.1.2. Quantification of the role of pyroxenites
Because peridotites and pyroxenites generate almost similar melt

compositions at the P–T conditions expected in mid-oceanic ridge
sources (Lambart et al., 2009), a general quantification of the contri-
bution of pyroxenites from the major-element compositions of
MORBs remains problematic. The exercise is easier, however, if we
focus on the special case of px-MORBs, which presumably carry the
signature of SiO2-poor and FeO-rich pyroxenites, such as M7-16
(Table 2), in their source. Below, we try to quantify the contribution
of this type of pyroxenites to the generation of these particular
basalts.

Fig. 13a presents the evolution of the TP calculated for px-MORBs
as a function of the Mg# value assumed for the mantle: the higher
the mantle Mg#, the higher the calculated potential temperature. As-
suming TP=1350 °C (the mean TP for MORB), the range of px-MORBs
can be explained by a variation of mantle Mg# between 86.5 and 88.6
suggesting that all px-MORB source-regions are enriched in iron. This
calculation can be refined by considering the actual TP prevailing at
the eight areas where px-MORBs were collected. In Fig. 13b, the
range of Mg# required to explain the px-MORB compositions from a
given area is plotted as a function of the TP estimate for that area
(from the literature, see caption of Fig. 13b). With these refined calcu-
lations, it appears that px-MORBs from the Central Lau Basin can be
explained by the relatively high TP of the source-region (1449 °C;
Wiens et al., 2006) without invoking any iron enrichment of themantle
(Mg#=89.6). The same observation can be made for a part of the
px-MORBs sampled on the Galapagos Spreading Center. Except for
these two cases, however, the generation of px-MORBs requires a man-
tle sourcewith aMg# lower than the range ofMg# expected for perido-
tites in MORB sources. Accordingly and if we consider a homogeneous
mixture between peridotite DMM1 and the pyroxenite M7-16, the pro-
duction of px-MORB compositions may require a contribution of up to
17% pyroxenite (beneath the Juan de Fuca ridge; Fig. 13b). Note that
this estimate is likely to be a maximum value because, in a mantle
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Table 2
Compositions (wt.%) of SD pyroxenite MIX1Ga, SE pyroxenite G2b, peridotites DMM1c and HK66d, primitive MORB AII107-7 20-3e, and px-MORB K10-3e, the average primitive OIB
from Hawaiif and a high-MgO melilititeg from Kauai.

MIX1G G2 DMM1 HK66 AII107-7 20-3 K10-3 Primitive OIB Melilitite

SiO2 45.6 50.1 44.9 48.02 49.89 48.52 49.97 39.79
TiO2 0.90 1.97 0.04 0.22 0.62 0.87 2.27 3.42
Al2O3 15.2 15.18 2.38 4.88 17.27 17.64 12.53 9.78
Cr2O3 0.11 – 0.39 0.25 – – – –

FeO 7.8 9.4 8.3 9.90 7.47 9.06 11.35 14.79
MnO 0.15 0.17 0.13 0.14 – – 0.18 0.21
MgO 16.67 7.9 41.6 32.35 10.05 9.07 10.95 15.68
CaO 7.48 11.7 2.14 2.97 13.05 12.68 10.06 12.59
Na2O 1.4 3.0 0.055 0.66 1.64 2.11 2.11 2.13
K2O 0.04 0.03 0.006 0.07 0.05 0.05 0.34 0.96
Mg# 79.3 60.1 89.9 85.3 70.6 64.1 65.6 65.4

a Hirschmann et al. (2003).
b Pertermann and Hirschmann (2003).
c Wasylenki et al. (2003).
d Hirose and Kushiro (1993).
e Melson and O'Hearn (2003).
f Jackson and Dasgupta (2008); the average was done on the entire range of compositions between 8 and 16 wt.% MgO.
g Maaløe et al. (1992).
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composed of chemically isolated bodies of pyroxenites into surrounding
peridotite, pyroxenites generally produce more melt and have lower
solidus temperatures than peridotites. Therefore, the contribution of
pyroxenite-derived liquids to total melt production is significantly
higher than the proportion of pyroxenites in the source. Lambart et al.
(2009) estimated that 2 to 8% of pyroxenites in the source-regions
would account for the production of the px-MORBs.
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Fig. 12. Frequency of the potential temperatures (TP) calculated for px-MORBs. Differ-
ent colors are used for the eight areas where px-MORBs are found: East Pacific ridge
(EPR) spreading-center, near-EPR seamounts, Central Lau spreading center,
Mid-Atlantic ridge (MAR) spreading center, Kane fracture zone, Tjörnes fracture
zone, Juan de Fuca ridge and Galapagos spreading center. The number of samples (n)
for each area is given on the figure, showing that about half the px-MORBs come
from the Mid-Atlantic ridge. The black curve represents the TP distribution for all
px-MORBs. TP have been calculated with PRIMELT2 (see Appendix 2 for details on
calculations).
3.2. Pyroxenites in OIB source-regions

3.2.1. Pyroxenite versus peridotite major-element signatures
As for MORBs, it has been proposed that major elements can trace

a heterogeneous mantle source for OIBs. For instance, Kogiso et al.
(1998, 2003) suggested that a pyroxenite contribution is needed to
explain the low Al2O3 contents, the high FeO contents and the high
CaO/Al2O3 ratios of some OIBs at a given MgO content. They showed
that high pressure (5 GPa) pyroxenite-derived and peridotite-
derived partial melts have similar Al2O3 contents, but that the former
are significantly richer in CaO and poorer in MgO than the latter.
Kogiso et al. (2004a) also proposed that the variability of major-
element compositions observed in OIBs could partly reflect the con-
tribution of pyroxenitic components: alkalic OIBs would imply the in-
volvement of SD pyroxenites while SE pyroxenites are involved in the
genesis of tholeiitic magmas. Prytulak and Elliott (2007) suggested
that the high TiO2 contents of OIBs may also be a marker of pyroxe-
nite contribution. Below, we use experimental data obtained at the
P–T conditions expected beneath oceanic islands to evaluate whether
the participation of pyroxenite melts can explain the distinguishing
features of OIB major-element compositions.

To explore the effects of source heterogeneity on OIB composi-
tions, we consider the case of a heterogeneous mantle composed of
interbedded (SE and SD) pyroxenites and peridotites, undergoing
adiabatic decompression melting. We ignore chemical and thermal
interactions between peridotite and pyroxenite during decompres-
sion melting. For a small pyroxenite/peridotite ratio, we can assume
that the geothermal gradient is governed by the adiabat of upwelling
peridotite (e.g., Hirschmann and Stolper, 1996). Such reasoning was
previously used in Lambart et al. (2009) to investigate the role of
mantle pyroxenites during MORB genesis. The compositions of partial
melts produced by the different rock-types along this adiabatic path
are estimated from the experimental database, and then compared
to natural compositions of OIBs (Fig. 14). For a given TP, the final
depth of melting strongly depends on the thickness of the lithosphere
(e.g., Humphreys and Niu, 2009; Niu et al., 2011).

To limit the effect of this relationship, experimental melts are
comparedwith OIBs from theHawaii island groupwhichwere emplaced
on a lithosphere with a constant lithospheric thickness of ~90 km. The
well-studied Hawaii volcanoes represent the most productive active
mantle plume on Earth. Both silica under-saturated and silica
over-saturated magmatic suites, commonly observed in OIBs, are well
documented there (Fig. 14). The most voluminous lavas on Hawaii are
the tholeiitic shield-stage compositions represented by the orange
surrounded dots in Fig. 14. The less abundant Hawaiian alkali
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compositions (purple surrounded dots in Fig. 14) are mostly post-shield
lavas (Moore and Clague, 1992). Many different hypotheses were pro-
posed to explain this compositional variability including a variation of
the extent of partial melting (e.g., Ito and Mahoney, 2005), metasoma-
tism of the lithosphere by melts from the underlying asthenosphere
(Eggins, 1992), the effect of CO2 (Dasgupta et al., 2010), or the involve-
ment of various recycled components in the deep mantle source of the
plume (e.g., Hauri, 1996; Herzberg, 2006, 2011; Hofmann and White,
1982; Sobolev et al., 2000, 2005). In our calculations, we used the
range of TP of 1520 to 1600 °C calculated by Herzberg and Asimow
(2008) with PRIMELT2, assumed that the bottom of the lithosphere
(~2.5 GPa) corresponds to the final pressure ofmelting, and used the pa-
rameterization of McKenzie and O'Nions (1991) to determine at a given
pressure the actual range of temperatures corresponding to this range of
TP. In this section, we assume that pyroxenite-derived melts may be
extracted directly without interaction with neighboring peridotites.
This statement and the question of interactions are discussed in
Section 3.3.
The average melt compositions from each lithology (SD and SE py-
roxenites and peridotites) estimated at different pressures along the adi-
abatic path are shown in Fig. 14. Note that only stage 1 SE pyroxenites –
those directly resulting from the subduction of oceanic crust (see
Section 2.2.2) – are considered here; the case of stage 2 SE pyroxenites
is discussed in Section 3.4. An important observation in Fig. 14 is while
the average MgO content of peridotite melts decreases with pressure, it
increases in pyroxenite-derived melts. For peridotites, this decrease is
well documented and is due to the presence of Ol as the dominant
phase (e.g., Kogiso et al., 2003). In contrast, in pyroxenites, theMgO con-
tent is not buffered and simply increases with the melting degree (and
thus with decreasing pressure). We observe that the TiO2 content of
melts decreases with decreasing pressure (and with the increase of the
mean melting degree). The case of Na2O is more complicated due to
the competition between the decrease of Na compatibility in Cpx with
decreasingpressure and the increase of the degree ofmelting: as a result,
the Na2O content of melts does not change much along the adiabatic
path. Overall, the compositional variation of the liquids from stage 1 SE
pyroxenites is small because of the high melting degrees undergone by
this lithology.

In Fig. 14, compositions of partial melts from peridotites and
pyroxenites are compared with natural OIBs and the evolution of liq-
uids derived from peridotites at 4 GPa (close to the solidus) and
2.5 GPa (the assumed final pressure of melting) by fractional crystal-
lization at 10 MPa (e.g., Anderson and Brown, 1993). Low-pressure
fractionation of peridotite partial melts can produce liquids with
MgO–Al2O3 systematics similar to primitive OIBs (MgO>8 wt.%),
but with less TiO2 and Na2O than the lavas, with a narrow range of
SiO2 contents compared to the lava range, and cannot reproduce the
highest FeO contents and CaO/Al2O3 ratios observed in alkalic OIBs.
An increase of the fractionation pressure would yield lower SiO2 con-
tents but would be accompanied with an increase of Al2O3 and a de-
crease of the CaO/Al2O3 ratio due to Cpx crystallization (Fig. 11). On
the contrary, as suggested by Kogiso et al. (2003), a large part of the
compositional range of alkalic Hawaiian OIBs can be explained by
high pressure melting of SD pyroxenites, which produces melts with
low Al2O3 and high FeO contents, and with high CaO/Al2O3 ratios.
The melting of stage 1 SE pyroxenites could also be involved and be
responsible for the high SiO2 and low FeO contents of tholeiitic OIBs
but in this case, a mixture with peridotite partial melts is required
to explain the wide range of MgO contents.

Melting of pyroxenites cannot explain the behavior of all elements.
Firstly, in contrast to Prytulak and Elliott's assumption (2007), numer-
ous alkalic OIBs have TiO2 contents too high to be explained only by a
pyroxenite contribution. Moreover, as underlined by Herzberg (2006),
most tholeiitic lavas are too deficient in CaO to have been formed
from a peridotite or a pyroxenite source. Secondly, the very silica de-
pleted compositions (melilitites and nephelinites) mainly sampled on
OahuandKauai islands (Fig. S7a in the supplementarymaterial), cannot
be reproduced either by fractionation of peridotite melts, or by the par-
tial melting of pyroxenites. It is possible that these very silica depleted
lavas were generated by partial melting in the presence of CO2. Indeed
previous experimental studies in the system peridotite±CO2 indicate
that melts with SiO2 content as low as 40 wt.% can be produced by
low melting degree (b2%) of a carbonated peridotite (see Appendix 4
in the supplementary material). Furthermore, Dasgupta et al. (2007)
showed that TiO2 behaves as an incompatible element in peridotites
at high pressure in the presence of CO2, forming very TiO2-rich melts
at low melt fractions. Consequently, low degree partial melting of car-
bonated lithologies may explain the formation of the silica-depleted
and TiO2-enriched end-member of OIBs.

3.2.2. Implications for mantle melting beneath Hawaii during the
post-shield phase

Most of the alkalic Hawaiian lavas were formed during the post-
shield phase (e.g., Moore and Clague, 1992). The high FeO contents
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and high CaO/Al2O3 ratios of these lavas may require both the
presence of SD pyroxenites in the source and a high pressure of melt-
ing. In fact, the melting of SD pyroxenites produces melts with FeO
and CaO/Al2O3 comparable to the highest contents and ratios of
OIBs at a pressure close to 5 GPa. With decreasing pressure, FeO and
CaO/Al2O3 in the average melt strongly decreases and, at 2.5 GPa,
SD pyroxenite and peridotite melts have similar compositions
(Fig. 14). Using the experimental data on composition MIX1G (close
to the average composition of SD pyroxenites, Table 2; Hirschmann
et al., 2003; Kogiso et al., 2003), we attempted to constrain the
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potential temperature and final pressure of melting required to keep
a mean pressure of melting close to 5 GPa.

We determined the adiabatic melt production of MIX1G using the
following procedure: (1) we parameterized the isobaric melt produc-
tion of MIX1G with a method similar to that used by Pertermann and
Hirschmann (2003) on the MORB-type pyroxenite G2 (Fig. 15a and
Table 2; see Appendix 3 in the supplementary material for more
details). (2) From this parameterization, we calculated the melt pro-
duction of MIX1G along adiabats (estimated from the parameteriza-
tion of McKenzie and O'Nions, 1991) of various TP between 1450
and 1600 °C (Fig. 15b) assuming that the geothermal gradient is
governed by the adiabat of upwelling peridotite. This assumption
represents the case where the pyroxenite/peridotite ratio tends to
zero and the calculated melt production of the pyroxenite is a maxi-
mum, as increasing proportions of pyroxenite will cause progressive
cooling and reduced melting per increment of upwelling (Phipps
Morgan, 2001; Sleep, 1984; Stolper and Asimow, 2007).

Langmuir et al. (1992) define the mean pressure of melting
(Pmean) as the average pressure from which the melts are derived.
Stated another way, Pmean is the pressure at which the melting degree
is equal to half the final melting degree undergone by the pyroxenite.
Using this definition, we can estimate the Pmean of MIX1G for the
range of TP expected beneath Hawaii (Fig. 15b). For the range of
1520–1600 °C (Herzberg and Asimow, 2008) and a final pressure of
melting, Pf=2.5 GPa [i.e., the asthenosphere–lithosphere boundary
(LAB) beneath Hawaii], Pmean of MIX1G ranges from 4.06 to
5.15 GPa. Dasgupta et al. (2010) suggested that for islands with a
thick lithosphere, melting could stop at a pressure up to 1.5 GPa
higher than the pressure at the LAB. For Pf=4 GPa, Pmean ranges
from 4.42 to 5.17 GPa. In both cases, the estimated TP to keep
Pmean=5 GPa is~1586 °C. Thus our calculations show that the range
of TP expected beneath Hawaii is consistent with a high mean pres-
sure of melting of pyroxenite MIX1G. Note that for a TP=1586 °C, pe-
ridotite is above its solidus between 2.5 and 4.8 GPa and the
productivity of the embedded pyroxenite decreases in response to
the cooling of the upwelling material needed to supply the heat of fu-
sion of the peridotite. Hence, the mean pressure and the mean degree
of melting remain almost constant for Pf between 2.5 and 4 GPa.

The post-shield phase is often considered as the waning stage of
magmatism after the Hawaii moved off the “hotspot” center. Howev-
er, the TP calculated here is at the high end of the range estimated by
Herzberg and Asimow (2008) for the TP beneath Hawaii. Another pos-
sibility to keep a high pressure of melting of MIX1G is that the mantle
flux decreased, reducing the extent of decompression melting and
thereby favoring the generation an extraction of deeper melt. This is
consistent with the high pressure generation of the post-shield
lavas estimated by Lee et al. (2009) and with the geochemical and dy-
namical model of Farnetani and Hofmann (2010).

3.3. Preservation of the pyroxenite signal during melt extraction and
transport

If a part of the compositional variability observed in oceanic basalts is
actually due to the presence of pyroxenites in their source regions, this re-
quires that pyroxeniticmelts are able to transfer their compositional char-
acteristics to erupted basalts. A major unknown is to what extent the
chemical signature of pyroxenite-derived liquids can survive the interac-
tion with surrounding peridotites during their transport to the surface.

Inmany instances and formostmajor elements, pyroxenite-derived
melts are similar to peridotite-derived melts beneath mid-ocean ridges
(Lambart et al., 2009). Lambart et al. (2012) showed that this similarity
induces a very limited reactivity between pyroxenite-derivedmelts and
the surrounding peridotite. As discussed in Section 3.1, however,
MORBs that are likely to carry a pyroxenitic signature in their
major-element composition require the contribution of liquids derived
from (Gt–Ol) clinopyroxenites like M7-16. These clinopyroxenites
produce liquids strongly depleted in SiO2 and enriched in FeO in com-
parison with peridotite-derived melts.

Two casesmust be distinguished depending onwhether the neigh-
boring peridotites are above or below their solidus (Lambart et al.,

image of Fig.�15
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2012). If the surrounding mantle is partially molten, the pyroxenite-
derived melts can be extracted from their source but, if melt transport
is by porous flow, they will undergo significant chemical changes dur-
ing their transport, in particular a strong silica enrichment and an iron
depletion, and lose their specific signature. If the surrounding mantle
is subsolidus, the melts will react with Opx and be consumed to pro-
duce Ol+Cpx+Gt (see below). The situation is different, however,
if melt transport is by focused flow in dunite channels (Kelemen
et al., 1995). In this situation, pyroxenite melts may preserve a part
of their specific signature: the liquid should equilibrate with the sur-
rounding dunite (Mg#≈91; Braun and Kelemen, 2002) and loses its
low Mg# signature (partly or totally depending on the magma/rock
ratio) whereas other chemical features, such a low-SiO2 or high CaO/
Al2O3, should remain unchanged. There is a consensus that such con-
duits exist at low pressure but it is less clear whether they exist at
greater depths. On the other hand, Opx may be absent from
near-solidus peridotite above 3 GPa (Walter, 1998), so partial melts
of Gt-pyroxenites produced at P>3 GPa may not be significantly
affected by melt–rock reactions. Finally, all compositional sig-
natures (low Mg#, low-SiO2, high CaO/Al2O3) may be preserved if
pyroxenite-derived liquids are transported in dikes, but such a mech-
anism would presumably require that pyroxenites occur as large iso-
lated bodies in the heterogeneous mantle (Kogiso et al., 2004b).

Except in the cases of melt transport in dunite channels or in
dikes, pyroxenite-derived melts should not escape significant interac-
tion with the surrounding peridotites. The importance of such inter-
actions for the production of oceanic basalts and the possibility that
the pyroxenite signal survives these interactions are discussed in
the next section.

3.4. Importance of pyroxenite–peridotite interactions in the genesis of
oceanic basalts

Melt–rock interactions, particularly those between pyroxenite-
derived melts and peridotites, play an important role in the chemical
transformation of upper mantle rocks and in basalt genesis. For in-
stance, such interactions have been invoked to explain isotopic
systematics and major and trace element compositions of abyssal pe-
ridotites (e.g., Brunelli and Seyler, 2010; Seyler et al., 2003, 2004;
Suhr et al., 2008; Warren and Shimizu, 2010) and the formation of
new compositional and lithological heterogeneities in ultramafic
massifs and in xenoliths (e.g., Ackerman et al., 2009; Garrido and
Bodinier, 1999; Marchesi et al., 2011; Mazzucchelli et al., 2009;
Porreca et al., 2006; Sen et al., 2011). Two main types of models
have been proposed to evaluate the role of pyroxenite–peridotite in-
teractions in basalt genesis: (1) a “direct interaction model” in which
the composition of the pyroxenite-derived melt progressively
changes by reaction with the surrounding peridotite. For instance,
Pilet et al. (2008) and Mallik and Dasgupta (2012) suggested that
the compositional range of OIBs is produced by interaction between
peridotites and melts coming from either a hydrous SD pyroxenite
or a stage 1 SE pyroxenite, respectively. (2) An “indirect interaction
model” which initially requires the formation of a stage 2 pyroxenite
by reaction between the initial pyroxenitic melt and the peridotite,
followed by partial melting of this stage 2 pyroxenite. For instance,
on the basis of the high Ni content of olivines and melts, Sobolev
et al. (2005, 2007) proposed that the Hawaiian shield basalts were
produced by partial melting of Ol-free, stage 2 pyroxenites resulting
from the interactions between eclogite-derived melts (stage 1 SE
pyroxenites) and peridotites. Below, we discuss these two melt–
rock interaction models from the literature.

3.4.1. Direct interaction model
The wide range of SiO2 contents in OIBs cannot be reproduced by

partial melting of a homogeneous mantle and seems to require the
involvement of various types of pyroxenite lithologies in addition to
peridotites in the source-regions (Fig. 14). Mallik and Dasgupta
(2012) proposed a model in which partial melts from a single stage
1 SE pyroxenite (a MORB-eclogite) interact with a fertile peridotite:
variations of the melt–rock ratio yields a range of reacted melts that
can explain the transition from alkalic to tholeiitic compositions ob-
served in OIBs; liquids matching the composition of near-primary
OIBs (MgO-rich, high TiO2 and Na2O) are produced at 3 GPa and
temperatures between 1375° and 1440 °C. These temperatures are
below those expected beneath oceanic islands at this pressure
(1481–1567 °C; Herzberg and Asimow, 2008). On the basis of the
good agreement between the compositions of their experimental
melts at 3 GPa and 1375 to 1440 °C and near-primary OIBs, Mallik
and Dasgupta (2012) suggested that current estimates of mantle TP
beneath oceanic islands may be overestimated: a TP of ~1350 °C,
close to the mean TP of MORB, would be sufficient. If such low TP
may hold in the case of some weak plumes or at the edges of strong
plumes, the absence of thermal anomaly is hardly consistent with
geophysical observations at many oceanic islands, especially in the
case of Hawaii where an excess temperature of the asthenosphere
of 200° to 300 °C is generally accepted (Constable and Heinson,
2004; Laske et al., 1999; Sleep, 1990).

A major unknown in the direct interaction model, whatever the
kind of pyroxenite involved, is the ability of the initial melt to infil-
trate deeply into and react with the adjacent peridotite and then to
be extracted from the peridotite, in particular when the latter is
subsolidus. The reaction between stage 1 SE pyroxenite melt and pe-
ridotite precipitates Opx at the expense of Ol, as observed in the prod-
ucts of the layered experiments of Mallik and Dasgupta (2012), in
which the melt layer is separated from the lherzolitic residual mineral
assemblage by a reaction zone comprising Opx+Cpx+Gt. The reac-
tion between a SD pyroxenite melt and a subsolidus peridotite has
not been investigated experimentally at high pressure (≥2 GPa).
However, Lambart et al. (2012) performed thermodynamical calcula-
tions of the interaction between two different SD pyroxenite melts
(from runs #P16-25 and #P40-25 in Table 1) and a subsolidus perido-
tite at 2.5 GPa.

The reaction of these melts with the subsolidus mantle results in
strong melt consumption and substantial Cpx production. Consider-
ing a pyroxenite body surrounded by peridotite, the interaction reac-
tion is thus likely to occur only at a small scale along the interface
between the two rock-types, leading to the development of a low per-
meability barrier around the pyroxenite body and favoring a (near)
closed-system evolution of the partially molten pyroxenite. Mechan-
ical destabilization of this melt-rich body could allow rapid melt
transport to the surface (Kogiso et al., 2004b) thus providing an effi-
cient mechanism for extracting the liquid without interaction with
the surrounding mantle. Considering the limited extent of pyroxe-
nite–peridotite interactions expected in natural systems, the mecha-
nisms that can produce and extract a full range of liquids by varying
the ratio of pyroxenitic melt to peridotite, as suggested by Mallik
and Dasgupta (2012), remain unclear.

3.4.2. Indirect interaction model: formation of stage 2 pyroxenites from
SE and SD pyroxenite-derived melts

Primary magmas of the Hawaiian tholeiites (shield stage) have
been estimated by a variety of different methods: in most cases,
they show high SiO2 contents (e.g., Hauri, 1996; Herzberg, 2011;
Stolper et al., 2004). As underlined in Section 3.2.1, the direct partic-
ipation of melts derived from stage 1 SE pyroxenites could explain the
high silica content of Hawaiian tholeiitic lavas, but these melts are too
poor in MgO to represent their parental magmas. Sobolev et al.
(2005) suggested that the Hawaiian tholeiites were produced by the
partial melting of stage 2 pyroxenites. Sobolev et al. (2007)
performed experiments at 3.5 GPa on a model stage 2 Ol-free pyrox-
enite (Px-1) produced by the reaction between 55% stage 1 SE
pyroxenite-derived melt and 45% peridotite.
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In Fig. 14, we report the average melt produced by Px-1 at 3.5 GPa
along an adiabatic path with TP=1520–1600 °C (the range of TP
suggested by Herzberg and Asimow, 2008). The average melt is
MgO-rich (14.7 wt.%) and we observe that low pressure differentiation
of the stage 2 Ol-free SE pyroxenite melt (black curve) can explain the
lowCaO content (Herzberg, 2006) and theNa2O content of the tholeiitic
lavas. The silica content of the differentiated melt is, however, too high,
and the FeO and TiO2 contents are too low, in comparison to natural
lavas.We note that these discrepanciesmay be due to the lack of exper-
imental data on stage 2 SE pyroxenites as the only available data are
those from Sobolev et al. (2007) on composition Px-1 at 3.5 GPa.
Herzberg (2006) estimated the composition of a model primary
magma of high SiO2 Hawaiian lavas. This primary magma is poorer in
SiO2 (48.6–49.5 wt.%) and richer in TiO2 (1.8–2%) than the melts de-
rived from Px-1, and may be formed by a stage 2 SE pyroxenite
(Opx+Cpx+Gt) produced by reacting low degree melts of stage 1 SE
pyroxenite with peridotite. Hence Hawaii is likely to be a good example
for the participation of stage 2 SE pyroxenites in basalt generation.

There are no experimental data on the formation of stage 2 SD py-
roxenites but calculations performed by Lambart et al. (2012) on the
interaction between two different SD pyroxenite melts (from runs
#P16-25 and #P40-25 in Table 1) and a subsolidus peridotite at
2.5 GPa illustrate the types of stage 2 SD pyroxenites that could be
produced. The #P16-25 melt has a low SiO2 and a high FeO content
with a high CaO/Al2O3 ratio (≈1.2). These are the three main compo-
sitional characteristics for the presence of pyroxenite in the
source-regions (see above). For a 1:1 melt–rock ratio, the mineralog-
ical mode obtained at the end of the reaction is wehrlitic, with 49.5%
Ol, 44.6% Cpx and 5.9% Gt.

The composition of the #P40-25 pyroxenite melt is richer in silica
(but still on the SD side of the thermal divide; Fig. 7) and very rich in
alkalis. Interaction between this melt and the subsolidus peridotite at
2.5 GPa produce Cpx, Opx and Gt and dissolve Ol; the resulting min-
eral assemblage for a 1:1 ratio is an Ol-websterite composed of
16.8 wt.% Ol, 40.3% Cpx, 17.9% Opx and 10.8% Gt. Although their
phase proportions are very different, hybrid Ol-websterites produced
in the case of melt P40-25 and peridotites have the same phase as-
semblage (Ol+Opx+Cpx+Gt or Sp depending on pressure). Conse-
quently, the melting reactions will be similar (Lambart et al., 2009).
With decreasing pressure, the melting reaction is expected to change
from Ol+Cpx+Gt=Opx+Liq to Opx+Cpx+Sp=Ol+Liq (Walter,
1998). Therefore, the silica content of the partial melt should strongly
increase with decreasing pressure in response both to increasing de-
gree of melting (Walter, 1998) and to the change of melting reaction
that causes the consumption of Opx.

Conversely, the melting reaction of the Opx-free wehrlite pro-
duced in the case of melt P16-25 is expected to be Cpx+Gt+Ol=
Liq (see Appendix 1 in the supplementary material; Fig. S4). This re-
action will produce very SiO2-poor melts due to the absence of Opx
(Lambart et al., 2009). Moreover, due to the Ol buffering effect, the
FeO content should not vary a lot (e.g., Médard et al., 2006) and re-
mains relatively high. Finally, the presence of Gt in the residual as-
semblage results in a compatible behavior of Al2O3 and therefore
this hybrid lithology should produce liquids with relatively high
CaO/Al2O3 ratios. Consequently, partial melting of these secondary
wehrlites is likely to produce melts with the same major-element
characteristics than the initial pyroxenitic melt (#P16-25), thus pre-
serving the original pyroxenite signature despite important melt–
rock interactions. We note that with a lower ratio of melt P16-25 to
peridotite, Opx is present in the residual assemblage (Lambart et al.,
2012). In this case, the melting behavior is similar to Ol-websterites
(or peridotites). The silica enrichment should remain very limited,
however, because (1) the initial silica content of the hybrid pyroxe-
nite is low, and (2), in the presence of Gt, the amount of Opx pro-
duced at high pressure during melting is small (Walter, 1998). Thus,
during decompression, when Opx switches from the product side to
the reactant side of the melting reaction, it is consumed, and the
melting reaction reverts to Cpx+Ol±Gt=Liq. Consequently, the
transfer of the major-element pyroxenite signature to the basalt com-
position via a secondary, hybrid pyroxenite seems possible even at
low melt–rock ratios in the case of SD pyroxenite, whereas it requires
the complete suppression of Ol in the hybrid assemblage in the case
of SE pyroxenites, and thus high melt–rock ratios.

The interaction between a pyroxenite liquid and a peridotite can
give rise to a large variety of stage 2 pyroxenites that can produce
MgO-rich liquids carrying, at least in some cases, themajor-element sig-
nature of the initial pyroxenitic liquid. Sobolev et al. (2005, 2007) has
emphasized the importance of stage 1 SE pyroxenites (as eclogites
from recycled oceanic crust) as the source of the interacting liquid.
We propose that this model can be extended to all pyroxenites (SD
and SE). Depending on the initialmelt, melt–rock interactions yield var-
ious types of stage 2 pyroxenites, which generate upon decompression
a range of liquids that reproduces the compositional variability of OIBs.

3.5. Nature of pyroxenites in the source of oceanic basalts and the origin
of SD pyroxenites

In experimental studies, two approaches have been used to estimate
the composition of “mantle heterogeneities”: the analogmethod and the
forward method (Kogiso et al., 2004a). These two methods differ on
many points and have been widely debated. Although some models
favor a single mafic composition (namely MORB-eclogite) in mantle
sources, both the analog and forward approaches point to a wide range
of pyroxenite compositions potentially present in the source-regions of
basalts, reflecting various origins and various degrees of interaction
with peridotites.

In the analog approach, the composition of pyroxenites in mantle
sources is estimated from studies of natural, mafic rock-types sampled
as xenoliths in lavas or as layers and lenses in tectonically exhumed ul-
tramaficmassifs and ophiolites. Themain limitationwith thismethod is
that most of these samples (Figs. 1, 2) come from the lithosphere and
not from the convective mantle, the predominant source of oceanic
magmas. Accordingly, these natural pyroxenites may have been modi-
fied by lithospheric processes such as metasomatism or partial melting
at low pressures, and therefore may not be representative of pyroxe-
nites in the convectingmantle (e.g., Kelemen et al., 1997). Nevertheless,
they can be introduced into the deeper mantle when lithospheric re-
gions are subducted or delaminated (Pilet et al., 2005, 2008, 2011).

The forward method aims at estimating what are the likely com-
positions of pyroxenites in the mantle sources of basalts on the
basis of models of mantle pyroxenite formation and evolution. As-
sumptions must be made on how pyroxenitic rocks are incorporated
into the convecting mantle, what are their initial compositions, what
kind of chemical and mineralogical changes they undergo during
their transport, etc. In this approach, subduction of the oceanic crust
is often chosen as the major process of pyroxenite formation, and
the composition of the subducted crust is equated to that of modern
MORB modified by alteration on the sea floor and by mass transport
processes in subduction zones (e.g., Pertermann and Hirschmann,
2003; Spandler et al., 2008; Yasuda et al., 1994). The resulting pyrox-
enites are silica-excess eclogites at upper mantle conditions.

In addition to MORB, however, the oceanic crust also consists of
cumulates of dunites, troctolites and Ol-gabbros, most of which are
MgO-rich and will produce Ol-bearing, SD pyroxenites after recycling
into the upper mantle (Herzberg et al., 2007). Evidence for the partic-
ipation of such materials in the Hawaiian mantle sources was given
by Sobolev et al. (2000). In the same vein, Herzberg (2011) suggested
that a very wide range of whole-rock pyroxenite compositions can be
formed by solid-state reaction between a MORB and a peridotite
depending on depth: while this reaction produces SE pyroxenites in
the upper mantle, it produces silica-deficient assemblages in the
lower mantle, with Mg- and Ca-perovskite (MgPv and CaPv) and a
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silica-poor, sodium-rich aluminous phase (NaAlSiO4) with a calcium
ferrite structure (CF; Fig. 2). Such assemblages can be incorporated
into a rising mantle plume, return to the upper mantle, and form
Ol-bearing pyroxenites (MgPv+CaPv+CF=Ol+Cpx+Gt).

As discussed above, the contribution of iron-rich and silica-poor
SD pyroxenites could explain a large part of the oceanic basalt vari-
ability not reproduced by the partial melting of peridotites. The origin
of these rocks remains controversial, however, and their role in the
source-regions of basalts is debated (e.g., Warren and Shimizu,
2010). We have already mentioned two mechanisms able to generate
SD pyroxenites: recycling of MORB into the lower mantle (or the
boundary layer) and then back into the upper mantle, and delamina-
tion of troctolite and gabbro cumulates into the upper mantle. A third
mechanism, especially suited to generate iron-rich and silica-poor SD
pyroxenites, comes from the work of Pilet et al. (2005, 2008, 2010,
2011). They suggested that dehydrated equivalents of amphibole-
rich, metasomatic veins, interpreted as cumulates produced by crys-
tallization of low-degree melts of the underlying asthenosphere, can
play a major role in the genesis of alkaline OIBs. This assumption,
which is consistent with the isotopic heterogeneity observed in the
source of oceanic basalts (Pilet et al., 2005), allowed the authors to
explain the very silica depleted compositions of OIBs. Pilet et al.
(2008) performed experiments at 1.5 GPa on a hornblendite (AG4;
Table S1 in the supplementary material) and its dehydrated equiva-
lent, and showed that these compositions produce melts with very
low silica (b40 wt.%) and high FeO contents (up to ~16 wt.%). Com-
positions of hornblendites from ultramafic massifs and xenoliths
collections are reported in Fig. 1: pyroxenite M7-16 falls in the field
of hornblendites but presents lower TiO2 and alkali contents. Thus
compositions like M7-16 may represent metasomatic veins formed
by crystallization of low-degree, hydrous peridotite melts, and subse-
quently depleted in incompatible elements by a melt extraction
event. Further experimental investigations are needed to support
this assumption, but metasomatism of the oceanic lithosphere
followed by dehydration during subduction may therefore be a likely
scenario for the formation of a silica-poor and iron-rich pyroxenitic
component in the source-regions of oceanic basalts.

4. Summary points

1. The pressure, at which the thermal divide, defined by the alumi-
nous pyroxene plane in the CMAS system becomes effective, de-
pends on the bulk composition. It is slightly lower than 3 GPa in
the CMAS system and decreases with increasing FeO and TiO2 con-
tents. For most natural pyroxenites, the thermal divide appears to
be effective at 2 GPa. The thermal divide separates pyroxenites in
two classes with contrasting high pressure melting phase relations
(Fig. 2): silica-deficient pyroxenites, which plot and produce liq-
uids on the SiO2-poor side of the thermal divide, and silica-excess
pyroxenites, which plot and produce liquids on the SiO2-rich side
of the divide. As a result, liquids from SD pyroxenites tend to be
richer in MgO and to a lesser extent in FeO, and poorer in SiO2

than those of SE pyroxenites. Melt compositions are, however,
strongly influenced by non-CMAS elements (especially FeO, TiO2,
Na2O and K2O) and no sharp barrier exists between melts from SE
and SD pyroxenites. For instance, liquids with up to 52 wt.% SiO2

can be produced at low degrees of melting of SD pyroxenites.
2. The demonstration that pyroxenites are present in the source of oce-

anic basalts on the basis of major-elements is a delicate exercise be-
cause, at identical pressure and temperature conditions, many
pyroxenites produce melts that are similar in many aspects to
peridotite-derived melts. Due to the higher melting degrees experi-
enced by pyroxenites compared to peridotites, pyroxenite-derived
melts are usually not enriched in incompatible elements despite
the higher concentrations of those elements in the bulk rock. Be-
neath oceanic islands, peridotites, SD pyroxenites and SE pyroxenites
producemelts with strongly contrasting MgO contents, but this can-
not be directly used as a marker for the presence of pyroxenites in
the source-regions because it is very sensitive to differentiation by
magma–rock interaction. Finally, the more reliable markers for the
presence of pyroxenites in the source of oceanic basalts are a low
SiO2 content and a high FeO content of the latter; a third marker is
a high CaO/Al2O3 ratio in the case of OIBs. Only the few pyroxenite
types able to impart this signature to the magma can be identified
on the basis of themajor-element compositions of basalts: other py-
roxenite typesmay be present in the heterogeneousmantle, but they
will hardly be detectable in the major-element patterns.

3. Several recent studies have proposed a model of heterogeneous
mantle with only one component (MORB-eclogite) in addition to
peridotite (Dasgupta et al., 2010; Mallik and Dasgupta, 2012;
Sobolev et al., 2005, 2007), leading to very strong constraints on
melt compositions and/or mantle potential temperatures. A wide
range of pyroxenites is however, expected to be present in the
upper mantle. This is supported by: (i) mass-balance calculations
showing that solid-state reaction between MORB and peridotite
can produce almost the whole range of pyroxenite compositions
reported in the literature; and (ii) petrological, geochemical, ther-
modynamical and experimental data that highlight the formation
of new lithological heterogeneities by melt–rock interaction in
various geodynamical contexts.

4. One argument against the participation of pyroxenites in basalt
genesis is the relatively low MgO contents of most pyroxenite
melts (Fig. 7) in comparison to primary magmas of oceanic islands
(10–20 wt.%). Interaction processes could account for this appar-
ent paradox: the reaction between pyroxenite-derived melts and
surrounding peridotites may indeed form new hybrid rock-types,
which are able to produce high MgO magmas and which may pre-
serve, in some cases, the pyroxenite signature of the original melt.
The role of solid state and melt–rock reactions in the mantle could
therefore be crucial in the genesis of oceanic basalts. However, few
studies have been focused on the formation of these pyroxenites of
second generation. A direction for future research is to produce
forward models of possible stage 2 pyroxenite compositions, and
to experimentally determine the composition of melts derived
from these compositions. Further work is also required to deter-
mine the ability of pyroxenite-derived melts to infiltrate deeply
into and react with peridotites, and the conditions under which
the pyroxenitic signature may be transferred to basalts despite im-
portant melt–rock interactions.

5. Partial melting of volatile-free peridotites or pyroxenites cannot
explain the very silica depleted compositions (SiO2b42 wt.%) and
the high TiO2 contents of some OIBs. The protoliths of such
compositions are either carbonated lithologies (pyroxenites or pe-
ridotites) or metasomatic veins (formed in the lithosphere by
crystallization of low-degree, hydrous peridotite melts). The dis-
tinction between these two hypotheses cannot be made only on
the basis of the major-element compositions of basalts.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lithos.2012.11.018.
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