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To better assess the potential role of pyroxenites in basalt generation at mid-ocean ridges, we performed partial
melting experiments on two natural websterites and one clinopyroxenite representative of worldwide
pyroxenites. The experiments were conducted at 1 and 1.5 GPa in a piston-cylinder apparatus; the microdike
technique was used to separate the liquid from the solid phases and to obtain reliable glass analyses even at low
degrees of melting. Contrasted melting behaviors were observed depending on the phase proportions at the
solidus, especially the abundance of orthopyroxene. (1) If orthopyroxene is abundant, themainmelting reaction
is similar to themelting reaction in peridotites (clinopyroxene+orthopyroxene±spinel=liquid+olivine), and
the liquids are similar to peridotite-derivedmelts for most major elements. (2) In the absence of orthopyroxene,
themainmelting reaction is clinopyroxene+spinel=liquid+olivine, yielding liquids that are strongly depleted
in SiO2 in comparison to peridotite-derived melts. This low-SiO2 content can be associated with a high FeO
content, a combination usually ascribed to a high average pressure of melting (of a peridotitic source).
Because of their higher melt productivities and lower solidus temperatures, 5wt.% of pyroxenites in a
heterogeneous mantle may contribute up to 40wt.% of the total melt production. (1) In some cases, pyroxenite-
derived melts differ strongly from peridotite partial melts, leading to a distinct pyroxenite signature in the
average melt (lower alkali and TiO2 contents, lower SiO2, higher FeO and/or lower Mg#). The classical criteria
used to select primitive mantle-derivedmagmas (melt inclusions hosted into highMg# olivine or MORB glasses
with Mg# ≥67) or to track down enriched mantle sources (MORB glasses with high incompatible element
contents) must be considered with caution, otherwise melts carrying a pyroxenite signature may be eliminated.
(2) In general, however, the major-element signature of pyroxenites should be hardly detectable in the average
melt because of the similarity ofmost pyroxenite-derivedmelts with peridotite partialmelts. This similaritymay
explain why MORB have relatively uniform major-element compositions, but may have variable trace element
and/or isotopic compositions.
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1. Introduction

The main mechanism involved in the generation of Mid-Ocean
Ridge Basalt (MORB), the most voluminous rock type on the Earth's
surface, is polybaric partial melting of the lherzolitic mantle ascending
beneath mid-ocean spreading centers. Assuming a homogeneous
mantle, the major-element variability of MORB is generally explained
in terms of variations of the potential temperature of the ascending
mantle (Klein and Langmuir, 1987; McKenzie and Bickle, 1988;
Langmuir et al., 1992) and low-pressure fractionation (Grove et al.,
1992). There are, however, several aspects of MORB composition,
including variations in abundance of trace elements (e.g., Allègre
et al., 1995; Niu and Batiza, 1997), in volatile and halogen contents
(e.g., Michael and Schilling, 1989; Michael, 1995) and in isotope ratios
(e.g., Dupré and Allègre, 1983; Blichert-Toft et al., 1999; Eiler et al.,
2000) that cannot easily be explained in the case of a homogeneous
source. Moreover several lines of evidence indicate that the mantle
contains a significant fraction of pyroxenites (Schulze, 1989), which
present a large spectrum of bulk-rock composition (Fig. 1) and modal
proportions, and which may play an important role in controlling the
chemical variability of mantle-derivedmelts (Sleep, 1984; Allègre and
Turcotte, 1986; Sobolev et al., 2007). At last models based on trace
elements and isotopic systematics (e.g., Hirschmann and Stolper,
1996) have emphasized the role of pyroxenites in MORB generation.
Accordingly, onemaywonderwhy pyroxenites would control isotopic
and trace element systematics of MORBwithout significantly affecting
their major-element compositions.

High-pressure experiments on a range of pyroxenite bulk
compositions have allowed us to better constrain the melting
relations of these rocks at pressure P higher than 2 GPa, and their
role in the generation of oceanic island basalts (e.g., Yasuda et al.,
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Fig. 1. Plots of MgO and SiO2 vs. FeO for natural pyroxenites (small squares; pyroxenites
fromtheBeniBousera ultramaficmassif are shownby the small grey squares); the stars are
startingmaterialsM5–103,M5–40 andM7–16. The grey area is themantle peridotite field
from GEOROC database (http://georoc.mpch-mainz.gwdg.de). The pyroxenite data come
fromcompilation ofHirschmannand Stolper (1996) completedwith analyses fromBecker
(1996), Bodinier et al. (2008), Dessai et al. (2004), Dickey (1970), Ducea (2002), Garrido
and Bodinier (1999), Ghent et al. (1980), Jahn et al. (2003), Kornprobst (1970), Kumar et
al. (1996), Kuno and Aoki (1970), Lee et al. (2006), Liu et al. (2005), Melcher et al. (2002),
Porreca et al. (2006), Santos et al. (2002), Schmickler et al. (2004), Tang et al. (2007),
Volkova et al. (2004), and Xu (2002).
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1994; Kogiso et al., 1998; Hirschmann et al., 2003; Pertermann and
Hirschmann, 2003b; Keshav et al., 2004; Kogiso and Hirschmann,
2006). Assuming a normal oceanic crust thickness (7±1 km), most
petrologic models (e.g., Langmuir et al., 1992; Kinzler and Grove,
1992) predict a mean pressure of melting less than 1.5 GPa (for
peridotitic mantle). To constrain the role of pyroxenites on the major-
element compositions of primitive MORB, it is therefore necessary to
compare melt compositions and degrees of melting in peridotites and
pyroxenites at Pb2 GPa. At present, very little is known about the
melting behavior of pyroxenites at Pb2 GPa. Ito and Kennedy (1974)
realized melting experiments on a pyroxenite between 1 atm and
2.5 GPa. However, they used Pt capsules without inner graphite
container and so their chargesmay have suffered iron loss. Adam et al.
(1992) investigated partial melting of two garnet pyroxenites at 1.3–
2 GPa, but the presence of some water in their experiments led to the
crystallization of amphibole.

We have selected three natural pyroxenites that cover the
composition ranges of natural pyroxenites (Fig. 1), and we have
determined experimentally their melting relations and phase com-
positions at 1 and 1.5 GPa. Although this contribution is primarily
focused on intermediate to large degrees of melting, we also analysed
liquid compositions at low degrees of melting, down to 2.6%.
Comparing our data with previous studies on the peridotitic system
(Hirose and Kushiro, 1993; Baker and Stolper, 1994; Baker et al., 1995;
Kushiro, 1996; Robinson et al., 1998; Falloon and Danyushevsky,
2000; Wasylenki et al., 2003; Laporte et al., 2004), (1) we try to find
discriminating features between pyroxenite-derived and peridotite-
derived melts, and (2) we discuss the relative contributions of
pyroxenites and peridotites to basalt generation and the influence of
pyroxenite-derived melts on the major-element composition
of MORB. This work provides the first experimental study of the
influence of pyroxenite on the major-element compositions of MORB.
Moreover, it extends the database of pyroxenite partial melts from the
literature, in which compositions at low degrees of melting were
almost completely lacking up to now.

2. Experimental and analytical procedure

2.1. Selection of starting materials

In order to select representative compositions of pyroxenites, a
principal component analysiswasfirst performedonnormalizedmajor-
element compositions of a worldwide pyroxenite dataset from
the literature (see references in Fig. 1 caption). This technique gives
the principal directions of the data cloud, expressed mathematically by
the eigenvectors of the variance–covariance matrix of the data, and the
associated principal variances, which are the corresponding eigenva-
lues. Three natural pyroxenites from the Beni Bousera ultramafic massif
were selected to account for the dispersion of the data (Fig. 1). Sample
M5–40 is a garnet websterite, which plots very close to themean of the
pyroxenite population. It contains 16.6wt.% MgO, and its Mg# [that is,
the molar ratio 100×Mg2+/(Mg2++Fe2+)] is equal to 76.7 (Table 1).
The two other samples plot on the opposite sides of the first principal
component axis, which expresses the largest linear dispersion of the
data. Sample M5–103 is an olivine websterite with 24.6wt.% MgO and
Mg#=89.8; comparedwithM5–40, it is enriched in SiO2, and depleted
in Al2O3, FeO, TiO2, and Na2O. Sample M7–16 is a garnet–olivine
clinopyroxenite, with 12.5wt.% MgO and a low Mg# (60.6); compared
with M5–40, it is depleted in SiO2 and Na2O, and enriched in FeO, CaO,
and TiO2. The three pyroxenites are olivine (Ol) normative, but show
different degrees of silica undersaturation: M7–16 is nepheline (Ne)
normative (2.3%),M5–40 is hyperstene (Hy)normative (8.3%), andM5–
103 is strongly Hy-normative (31.3%).

2.2. Experimental and analytical techniques

Pyroxenites were crushed in an agate mortar, and ground under
ethanol to 2–4 µm using an agate micronizing mill. They were then
fired for 6 h at 900 °C in a CO2/H2 atmosphere with an oxygen fugacity
between the magnetite–wüstite and the iron–wüstite buffers
(fO2=10−15.91bar). All powders were stored under vacuum to
minimize the adsorption of water. The experiments were made in a
non-end-loaded, 3/4-inch piston-cylinder apparatus, using double
containers made of graphite and platinum; containers, assemblages,
and experimental techniques are similar to those described in
Lambart et al. (2009).

To analyse the composition of liquids in equilibrium with mineral
phases, we used the “microdike” technique (Laporte et al., 2004). In all
the experiments, we observed a fewmicrodikes (Fig. 2), both at the top
and at the bottomof thegraphite sample chamber,whichvary fromtens
to hundreds ofmicrons in length and from a fewmicrons to hundreds of
microns in width. Degrees of melting (from 2.6 to 95.0wt.%) and run
durations in our study (Table 2) are such that the liquid in the
microdikes is in equilibrium with neighboring mineral phases (Laporte
et al., 2004). Moreover, Lambart et al. (2009) showed that the average
glass compositionsmeasured at the top and at the bottom of the sample
chamber are equal within error in a given experiment, indicating thus a
small temperature gradient (∼5 °C) in the sample chamber.

At the end of an experiment, the capsule was enclosed in epoxy,
sectioned lengthwise, polished and carbon-coated. Textures, phase
assemblages (Table 2) and compositions (Table 1) were characterized
using a JEOL JSM-5910 LV scanning electronmicroscope and a Cameca
SX100 electron microprobe. A 15-kV accelerating voltage, a 15-nA
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able 1
ompositions (wt.%) of starting materials M5–103, M5–40 and M7–16, and average compositions of liquid in partial melting experiments.a

Run no. Ph SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Mg#b Ne/Ol/Hy/Di/Fdsc

M5–103 51.64 0.09 7.17 0.60 4.97 0.10 24.57 10.13 0.71 0.02 89.8 0/18/31/27/22
M5–40 48.53 0.52 12.37 0.12 9.02 0.20 16.64 10.89 1.65 0.06 76.7 0/28/8/22./41
M7–16 43.58 0.75 13.73 0.07 14.51 0.30 12.52 13.77 0.75 0.03 60.6 2/32/0/28/36
103-C1 gl (5) 52.57 (28) 0.21 (10) 19.71 (62) 0.04 (6) 5.48 (14) 0.07 (8) 7.92 (48) 8.90 (40) 4.70 (32) 0.37 (10) 95.4 (26) 72.0 (11) 2/18/0/10./69
103-B1 gl (3) 51.62 (59) 0.17 (9) 17.99 (32) 0.16 (9) 6.43 (30) 0.11 (8) 9.79 (25) 10.42 (34) 3.16 (20) 0.16 (5) 96.1 (19) 73.1 (23) 0/16/8/14/62
103-A1d gl (5) 51.4 (11) 0.14 (6) 15.05 (78) 0.25 (6) 6.04 (32) 0.13 (14) 12.72 (86) 12.61 (60) 1.63 (30) 0.04 (6) 97.7 (29) 79.0 (12) 0/8/21/23/48

cpx (8) 54.01 (38) 0.05 (4) 4.40 (52) 0.82 (14) 3.53 (34) 0.10 (4) 22.2 (16) 14.6 (21) 0.27 (6) bd.l 100.5 (5) 91.8 (2)
opx (8) 55.76 (62) 0.03 (4) 3.8 (13) 0.70 (20) 4.72 (24) 0.09 (4) 31.98 (76) 2.65 (22) – – 100.2 (3) 92.4 (2)
ol (5) 41.57 (22) 0.01 (4) 0.08 (2) 0.21 (6) 7.76 (20) 0.10 (2) 50.04 (40) 0.37 (6) – – 99.9 (3) 92.0 (1)

103-D1 gl (14) 52.56 (60) 0.12 (4) 10.28 (58) 0.47 (6) 4.37 (88) 0.11 (10) 17.2 (11) 13.96 (48) 0.91 (32) 0.02 (4) 97.4 (10) 87.5 (27) 0/6/26./36/32
103-H2b gl (7) 48.8 (83) 0.36 (11) 18.31 (41) 0.05 (9) 7.12 (31) 0.11 (10) 10.79 (27) 10.06 (38) 3.83 (22) 0.48 (9) 98.4 (11) 73.0 (5) 7/23/0/15/54
103-B2a gl (8) 49.77 (72) 0.33 (4) 17.21 (42) 0.07 (6) 7.23 (22) 0.11 (4) 11.34 (32) 10.21 (38) 3.37 (14) 0.38 (6) 98.2 (20) 73.7 (8) 3/24/0/16/56
103-B2b gl (9) 51.0 (16) 0.31 (6) 17.45 (48) 0.02 (6) 6.91 (36) 0.12 (6) 10.3 (11) 9.62 (56) 3.83 (28) 0.47 (14) 99.8 (2) 73.3 (16) 3/22/0/15/60
103-C2 gl (6) 49.4 (12) 0.27 (14) 17.0 (13) 0.09 (4) 7.48 (70) 0.06 (14) 12.6 (12) 10.16 (98) 2.74 (6) 0.19 (10) 96.1 (34) 75.0 (10) 0/27/1/14/58
103-E2 gl (3) 49.5 (12) 0.30 (2) 15.91 (32) 0.08 (0) 7.23 (2) 0.10 (2) 13.59 (62) 11.12 (8) 2.00 (76) 0.12 (2) 97.7 (22) 76.7 (7) 0/21/10/17/52
103-D2 gl (6) 50.0 (12) 0.21 (18) 13.47 (54) 0.20 (18) 7.29 (64) 0.15 (16) 14.60 (60) 12.28 (72) 1.80 (24) 0.08 (14) 100.1 (12) 78.1 (47) 0/20/9/26/44
103-F2 gl (8) 50.98 (36) 0.11 (4) 10.16 (24) 0.50 (6) 5.78 (20) 0.13 (10) 18.47 (30) 12.85 (34) 1.00 (12) 0.03 (6) 98.7 (11) 85.1 (6) 0/15/20/32/32
40-C1 gl (2) 48.03 (70) 1.65 (2) 16.6 (13) 0.04 (10) 13.20 (80) 0.25 (14) 7.18 (42) 8.2 (10) 4.49 (52) 0.40 (2) 96.2 (38) 49.2 (3) 7/24/0/14/52
40-D1 gl (8) 48.80 (54) 1.64 (32) 17.8 (19) 0.02 (10) 11.0 (29) 0.32 (16) 7.36 (146) 9.2 (13) 3.56 (90) 0.25 (16) 98.1 (21) 52.3 (66) 1/23/0/11/62
40-E1 gl (10) 49.36 (34) 0.80 (10) 18.87 (30) 0.03 (4) 9.40 (24) 0.13 (12) 7.98 (36) 9.99 (28) 3.23 (22) 0.21 (6) 98.9 (1) 60.2 (10) 0/22/1/11/65
40-B1n d gl (5) 49.43 (80) 0.64 (8) 15.28 (76) 0.10 (4) 8.71 (42) 0.19 (12) 11.17 (48) 12.40 (66) 1.99 (14) 0.09 (8) 99.5 (12) 69.6 (9) 0/17/8/24/50

cpx (7) 53.25 (40) 0.15 (8) 4.32 (62) 0.45 (6) 5.16 (54) 0.17 (8) 20.8 (11) 15.4 (17) 0.33 (6) 0.00 (2) 100.0 (7) 87.8 (5)
ol (13) 40.67 (20) 0.02 (4) 0.08 (2) 0.07 (4) 11.62 (14) 0.20 (6) 46.95 (20) 0.39 (8) – – 100.3 (4) 87.2 (1)

40-A1 d gl (8) 49.76 (40) 0.61 (12) 14.91 (34) 0.11 (4) 8.31 (32) 0.19 (8) 11.58 (34) 12.47 (40) 1.98 (14) 0.08 (4) 99.0 (5) 71.3 (12) 0/16/9/25/49
cpx (14) 53.46 (56) 0.18 (4) 3.91 (78) 0.31 (6) 5.08 (42) 0.18 (6) 21.15 (70) 15.43 (92) 0.30 (4) 0.01 (2) 99.9 (8) 88.1 (4)
ol (10) 40.41 (64) 0.02 (4) 0.07 (4) 0.11 (6) 11.48 (50) 0.20 (4) 47.30 (28) 0.41 (8) – – 100.5 (6) 88.0 (2)
sp (4) 0.32 (6) 0.42 (4) 61.75 (40) 0.53 (4) 23.51 (24) 0.18 (8) 13.07 (22) 0.22 (6) 0.01 (2) 0.00 (0) 99.1 (7) 49.8 (3)

40-B1 d gl (13) 49.00 (34) 0.56 (10) 14.00 (18) 0.12 (8) 8.83 (22) 0.11 (10) 13.26 (26) 12.30 (56) 1.75 (12) 0.07 (2) 98.5 (9) 72.8 (3) 0/21/8/25/45
ol (7) 40.91 (18) 0.01 (4) 0.06 (4) 0.10 (6) 9.70 (28) 0.19 (6) 48.70 (18) 0.33 (4) – – 100.1 (8) 91.1 (1)

40-H2 gl (5) 52.66 (66) 1.09 (8) 20.19 (42) 0.02 (4) 7.51 (22) 0.13 (8) 4.29 (30) 5.73 (16) 6.74 (54) 1.63 (10) 95.1 (41) 50.5 (21) 12/14/0/7/65
40-F2 gl (28) 52.63 (52) 1.06 (8) 19.79 (32) 0.02 (6) 8.15 (26) 0.14 (8) 4.68 (20) 5.78 (30) 6.43 (32) 1.32 (14) 98.5 (12) 50.6 (15) 9/16/0/6/66
40-E2 gl (9) 50.62 (54) 1.08 (4) 19.67 (44) 0.00 (4) 10.01 (36) 0.15 (14) 5.78 (18) 6.74 (38) 5.40 (22) 0.53 (10) 98.0 (8) 50.7 (11) 6/21/0/5/66
40-A2 gl (2) 47.37 (48) 1.08 (24) 17.78 (34) 0.03 (0) 11.3 (14) 0.20 (10) 9.2 (10) 9.10 (30) 3.68 (12) 0.26 (4) 97.8 (15) 59.1 (56) 5/27/0/12/55
40-C2 gl (7) 48.21 (34) 0.93 (12) 16.77 (10) 0.01 (4) 11.53 (24) 0.30 (8) 9.38 (24) 9.33 (18) 3.37 (20) 0.16 (4) 99.2 (9) 60.1 (9) 2/27./0/13/56
40-B2 gl (7) 47.86 (34) 0.81 (12) 16.46 (36) 0.00 (6) 10.89 (44) 0.21 (10) 10.61 (18) 10.08 (8) 2.93 (16) 0.15 (6) 99.0 (13) 63.5 (8) 2/28/0/15/54
40-G2 gl (8) 48.49 (62) 0.65 (10) 14.62 (26) 0.10 (6) 9.34 (18) 0.20 (12) 12.89 (28) 11.66 (32) 1.96 (14) 0.10 (4) 99.6 (9) 71.1 (3) 0/24/5/22/48
40-D2a gl (10) 48.82 (56) 0.52 (12) 12.77 (27) 0.13 (9) 8.50 (33) 0.19 (8) 15.65 (32) 11.72 (38) 1.62 (14) 0.07 (6) 99.0 (8) 76.64 (80) 0/25/8/25/42
16-F1 gl (7) 44.71 (36) 1.46 (8) 15.78 (22) 0.04 (4) 19.85 (26) 0.33 (10) 5.45 (18) 9.71 (44) 2.52 (22) 0.17 (4) 98.2 (10) 32.9 (8) 2/31/0/14/50
16-E1 gl (4) 44.04 (38) 1.33 (12) 15.32 (16) 0.01 (4) 18.40 (56) 0.37 (4) 7.43 (52) 11.58 (32) 1.46 (12) 0.08 (4) 98.8 (9) 41.8 (22) 0/31/0/20/48
16-B1 gl (8) 43.58 (62) 1.05 (8) 15.24 (34) 0.03 (6) 17.34 (54) 0.36 (6) 8.29 (56) 12.74 (28) 1.31 (22) 0.06 (4) 98.5 (12) 45.7 (19) 2/30/0/23/43
16-C1 d gl (8) 44.25 (40) 0.81 (8) 14.19 (28) 0.07 (8) 13.81 (36) 0.29 (6) 10.91 (24) 14.79 (40) 0.82 (16) 0.06 (4) 99.4 (13) 58.5 (10) 2/27/0/32/38

ol (26) 39.56 (38) 0.01 (2) 0.09 (2) 0.06 (2) 16.85 (26) 0.29 (6) 42.41 (30) 0.59 (8) – – 100.1 (6) 81.8 (3)
16-D2 gl (9) 42.43 (56) 2.28 (10) 13.68 (14) 0.01 (4) 23.23 (24) 0.37 (12) 5.55 (42) 8.49 (38) 2.83 (52) 1.13 (12) 97.6 (11) 29.9 (14) 9/33/0/18/36
16A2 gl (9) 41.55 (54) 1.59 (16) 14.63 (29) 0.01 (8) 21.78 (49) 0.36 (12) 7.48 (22) 9.81 (35) 2.46 (19) 0.32 (10) 99.0 (13) 37.98 (56) 8/36/0/18/35
16-B2 gl (6) 43.0 (11) 1.19 (14) 13.68 (92) 0.01 (6) 21.21 (86) 0.37 (24) 8.4 (18) 10.7 (11) 1.29 (74) 0.09 (12) 90.5 (38) 41.5 (52) 0/37/0/18/42
16-E2 gl (14) 42.86 (38) 1.18 (8) 13.67 (30) 0.03 (4) 19.94 (26) 0.36 (12) 9.13 (14) 11.58 (40) 1.22 (10) 0.05 (4) 99.0 (12) 44.9 (4) 2/35/0/22/40
16-C2 gl (10) 43.08 (32) 1.02 (8) 13.99 (24) 0.03 (6) 17.86 (32) 0.34 (6) 10.04 (18) 12.59 (30) 1.02 (10) 0.04 (6) 99.3 (10) 50.1 (7) 2/33/0/24/39

a Compositions of starting pyroxenites are given in lines 2 to 4, and phase compositions in partialmelting experiments are given in the following lines (runnumbers beginningwith 103, 40, and 16 correspond to startingmaterialsM5–103,M5–40,
ndM7–16, respectively). All compositions arenormalized to a sumof100% (theaverage original totals of electronprobe analyses are reported in thecolumn “Total”).Glass compositionswereanalysed inmicrodikes; the lowanalytical totals aredue to
eam overlap onto graphite. For a given phase in a given sample, we calculated the statistical dispersion of the dataset (asmeasured by 2σ, whereσ is the standard deviation) and the analytical error (following Ancey et al., 1978), andwe selected the
argest of these two values as an estimation of the error. The errors (in parentheses) are given in terms of least unit cited: e.g., 52.57 (28) and 14.63 (206) represent 52.57±0.28 and 14.63±2.06, respectively. The number of analyses is given in
arentheses in the second column.
b Mg# is the molar ratio 100 Mg2+/(Mg2++Fe2+); we considered that all iron was as Fe2+.
c CIPW norms: nepheline (Ne)/olivine (Ol)/hypersthene (Hy)/diopside (Di)/anorthite+albite+orthose (Fds).
d Compositions of solid phases are given for 5 selected experiments (103-A1, 40-B1n, 40-A1, 40-B1 and 16 C1).
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Fig. 2. Backscattered electron micrographs illustrating the melt extraction technique.
(a) An overall view of the lower part of sample 40-F2, showing the graphite container
(black), the partially molten pyroxenite (grey), and a basaltic microdike showing a
large pool of glass. (b) Close-up view of the partially molten pyroxenite showing a small
fraction of interstitial melt (3.4wt.%) in equilibrium with Cpx, Opx, Plg, Sp and Gt.
Scales: 100 µm in (a); 10 µm in (b).
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beam current, counting times of 20 s for Ni, Cr and Ti, and of 10 s for
other elements, and a focused beam were used for crystalline phases.
For glass analyses, the beam current was lowered to 8 nA and a beam
size of 5 µm was used whenever possible, otherwise 2 µm. Sodium
loss was negligible, even for glass analyses with a 2 µm beam size
(Laporte et al., 2004). In most cases, the analytical totals were good
(98–100wt.%), typical of basaltic glasses in nominally-anhydrous
piston-cylinder experiments. Relatively low analytical totals (be-
tween 90 and 96wt.%) were obtained in the case of very thin
microdikes, due to beam overlap onto graphite. The proportions of
liquid and solid phases best fitting the bulk composition of the starting
material were calculated using amass balance programmodified from
Albarède and Provost (1977).

3. Results

P–T conditions, run durations and phase proportions are summa-
rized in Table 2.Melt compositions are reported in Table 1, aswell as the
compositions of mineral phases in selected experiments. Grain sizes in
the run products range from1 to 10 µm in subsolidus experiments up to
∼150 µm near the liquidus. When present, Ol is homogeneous, both
from core to rim of individual grains and throughout the capsule. In
contrast, small relict cores are observed in some pyroxenes and garnets
and reflect very lowdiffusional equilibration rates;microprobe analyses
were carefully sorted to exclude residual core compositions. The low
sums of squared residuals in mass balance calculations (Table 2)
indicate that relict cores only represent a small fraction of the total of
phase compositions and the bulk compositionwas preserved during the
experiments. The differences between the values of the partition
coefficients of Fe2+ and Mg between Ol and liquid measured in Ol-
bearing experiments and those computed using the thermodynamical
model of Toplis (2005) are lower than 0.02: according to Toplis (2005),
such a good agreement implies that equilibrium was attained in our
experiments. At last, we used the cpx-liquid thermometer of Putirka
(2008a) in Cpx-bearing experiments as a test for equilibrium. The
difference between the experimental temperature and the calculated
one is 13.6 °C in average, with a range from 0.2 to 33 °C: this is well
within the uncertainty of the geothermometer. Therefore, we can
conclude that chemical equilibrium was closely approached owing to
the long run durations (76 to 164 h; Table 2) and the fine grain size of
starting materials.

3.1. Phase relations and melting reactions

3.1.1. Parageneses at or close to the solidus
In all cases, clinopyroxene [Cpx] is the major phase near the

solidus, with proportions ranging from 49 to 84wt.% (Table 2). The
nature and abundance of the other solid phases (orthopyroxene
[Opx], Ol, plagioclase [Plg], garnet [Gt], and spinel [Sp]) vary strongly
with bulk composition and to a lesser extent with pressure. Opx is the
second major phase after Cpx in the silica-rich composition M5–103,
and in M5–40 at 1.5 GPa, whereas it is absent in the Ne-normative
composition M7–16. At 1 GPa, Ol is present in the three compositions,
with mass fractions ranging from 10 to 23%; at 1.5 GPa, it is less
abundant than at 1 GPa, and even absent in M5–40. Plagioclase is
present at 1 GPa in the three compositions, reaching 31% in M5–40; at
1.5 GPa, it is only present in M5–40. Garnet occurs in compositions
M5–40 andM7–16 at 1.5 GPa. Spinel is present as traces in M5–103 at
1 and 1.5 GPa and in M5–40 at 1 GPa; it is more abundant in M5–40 at
1.5 GPa and in M7–16. Note that, unlike peridotites, pyroxenites with
compositions close to M7–16 and M5–40 may contain the three
aluminous phases, Plg, Sp and Gt, at equilibrium (Fig. 2b). The phase
relations show that the proportions of Ol and Plg decrease with
increasing pressure, whereas those of pyroxenes and Sp (±Gt)
increase (Table 2). This is consistent with previous experiments in
the CMAS system (Presnall et al., 1978).

3.1.2. Solidus and liquidus temperatures; melt productivities
The solidi of M5–103, M5–40 and M7–16 are ∼1220 °C, ∼1190 °C

and ∼1160 °C at 1 GPa and ∼1270 °C, ∼1190 °C and ∼1230 °C at
1.5 GPa, respectively. The liquidus temperature was not reached in all
our run series. It is higher than 1350 °C and 1450 °C for M5–103 at 1
and 1.5 GPa, respectively. The liquidus of M5–40 is close to 1320 °C at
1 GPa and to 1375 °C at 1.5 GPa, and that of M7–16 close to 1270 °C at
1 GPa and higher than 1310 °C at 1.5 GPa. The mean isobaric
productivities are 0.5%/°C at 1 GPa and 0.3%/°C at 1.5 GPa for M5–
103, 0.9%/°C at 1 GPa and 0.5–0.6%/°C at 1.5 GPa for M5–40, and 1%/°C
at 1 GPa and 0.7%/°C at 1.5 GPa for M7–16. For comparison, the
isobaric productivity of peridotites at 1 GPa is close to 0.2%/°C below
the Cpx-out temperature (e.g., Baker and Stolper, 1994), and even
lower after Cpx exhaustion. Overall, pyroxenites have lower solidus
temperatures, higher melt productivities, and smaller melting inter-
vals than peridotites (Fig. 3).

3.1.3. Melting reactions
The evolution of proportions of solid phases with increasing degree

of melting allows to identify the main phases consumed and produced
in themelting reaction. In detail, themelting reactions change from one
composition to the other (Fig. 4) or as a function of pressure, but the
general trend is as follows: (1) Plg and/or Gt are the first phases
exhausted with increasing temperature; (2) after the disappearance of
Plg and/or Gt, Opx (when present) is rapidly consumed in a reaction of



Table 2
A summary of run information: pressure, temperature, duration t, phase assemblages and modes.

Series P Run T t Phases assemblages and modes
(wt.%)a

∑rb

(GPa) (°C) (h) Cpx Opx Ol Plg Sp Gt Liquid

M5–103 1 103-E1 1200 123 48.9 (36) 36.6 (53) 10.0 (32) 3.9 (15) 0.7 (4) 0 0 0.280
103-C1 1230 140 53.2 (33) 34.8 (50) 7.2 (27) 0 0.1 (9) 0 4.6 (17) 0.473
103-B1 1250 88 52.4 (36) 28.0 (49) 7.6 (24) 0 0 0 12.0 (18) 0.446
103-A1 1290 86 39.5 (36) 16.8 (44) 12.6 (18) 0 0 0 31.1 (15) 0.303
103-D1 1350 89 17.7 (46) 0 13.7 (28) 0 0 0 68.6 (29) 0.488

1.5 103-H2a 1270 144 63.1 (40) 29.2 (55) 7.2 (24) 0 0.5 (4) 0 0 0.392
103-H2b 1280 92 66.7 (50) 25.2 (60) 5.5 (24) 0 0 0 2.6 (14) 0.400
103-B2a 1290 114 62.2 (37) 27.8 (45) 6.4 (19) 0 0 0 3.6 (13) 0.353
103-B2b 1290 91 57.7 (40) 34.6 (56) 5.4 (28) 0 0 0 2.4 (18) 0.527
103-C2 1330 164 60.5 (36) 27.0 (49) 5.7 (23) 0 0 0 6.8 (18) 0.473
103-E2 1360 124 72.2 (78) 6.8 (90) 9.1 (34) 0 0 0 11.9 (27) 0.477
103-D2 1390 92 60.2 (67) 5.0 (70) 6.2 (25) 0 0 0 28.6 (28) 0.251
103-F2 1450 119 29.6 (20) 0 7.1 (10) 0 0 0 63.1 (12) 0.326

M5–40 1 40-F1 1175 96 46.4 (37) 0.0 (22) 22.7 (24) 30.9 (11) 0 0 0 0.315
40-C1 1200 113 44.2 (21) 3.6 (35) 20.6 (23) 27.8 (17) 0 0 3.8 (13) 0.313
40-D1 1225 101 44.1 (15) 2.1 (21) 19.6 (13) 23.0 (9) 0 0 11.2 (12) 0.207
40-E1 1240 96 41.6 (32) 2.9 (43) 12.3 (33) 4.1 (32) 0.3 (7) 0 38.8 (28) 0.325
40-B1n 1275 96 5.0 (11) 0 14.1 (4) 0 0 0 80.9 (9) 0.191
40-A1 1290 76 0.6 (38) 0 14.4 (12) 0 0.4 (7) 0 84.6 (36) 0.392
40-B1 1300 111 0 0 9.9 (5) 0 0 0 90.1 (9) 0.469

1.5 40-H2 1200 139 71.3 (86) 14.1 (54) 0 3.8 (29) 4.1 (15) 3.1 (51) 3.0 (4) 0.245
40-F2 1230 105 70.2 (66) 15.7 (41) 0 3.1 (24) 5.8 (19) 1.8 (68) 3.4 (10) 0.379
40-E2 1250 97 72.7 (34) 11.2 (22) 0 0 2.7 (6) 0 13.5 (12) 0.444
40-A2 1310 86 72.2 (26) 0.0 (30) 0 0 1.4 (6) 0 26.4 (24) 0.600
40-C2 1310 89 67.8 (24) 0 0 0 2.0 (5) 0 30.2 (25) 0.518
40-B2 1330 77 59.5 (32) 0 0 0 1.2 (9) 0 39.3 (31) 0.720
40-G2 1360 105 12.9 (11) 0 8.0 (4) 0 0 0 79.1 (8) 0.212
40-D2a 1375 81 0 0 3.1 (7) 0 0 0 96.9 (11) 0.535
40-D2b 1375 121 0 0 0 0 0 0 100

M7–16 1 16-D1 1165 119 68.5 (49) 0 12.9 (24) 11.8 (32) 6.6 (12) 0 0 0.616
16-F1 1185 102 73.3 (6) 0 4.6 (3) 0 7.7 (2) 0 14.4 (6) 0.187
16-E1 1225 90 47.0 (9) 0 6.9 (4) 0 4.8 (3) 0 41.4 (10) 0.225
16-B1 1250 115 37.2 (9) 0 6.2 (3) 0 4.0 (2) 0 52.7 (10) 0.197
16-C1 1265 98 0 0 5.0 (5) 0 0 0 95.0 (9) 0.456
16-A1 1290 83 0 0 0 0 0 0 100

1.5 16-D2 1230 125 84.2 (8) 0 2.6 (2) 0 8.6 (3) 1.8 (12) 2.9 (2) 0.138
16-A2 1250 126 80.5 (10) 0 2.6 (5) 0 7.3 (4) 0 9.4 (9) 0.253
16-B2 1270 149 59.6 (7) 0 2.1 (3) 0 6.2 (2) 0 32.2 (8) 0.165
16-E2 1290 100 49.8 (3) 0 2.6 (1) 0 4.9 (1) 0 42.8 (30) 0.229
16-C2 1310 103 33.9 (11) 0 3.1 (3) 0 3.5 (2) 0 59.5 (11) 0.093

a Modes are calculated using a mass balance program modified from Albarède and Provost (1977). The numbers in parentheses are 2σ standard deviations, given in terms of the
least unit cited: e.g., 48.9 (36) and 0.7 (4) represent 48.9±3.6 and 0.7±0.4, respectively.

b ∑r2 is the sum of the squared residuals using the modes obtained from the mass balance program.

339S. Lambart et al. / Earth and Planetary Science Letters 288 (2009) 335–347
the form Cpx+Opx±Sp=liquid+Ol; (3) after the disappearance of
Opx (at 50% maximum of melting), Cpx becomes the main contributor
tomelt production, in a reaction of the form Cpx±Sp=liquid+Ol; and
(4) Ol is generally consumedwith Plg at low F but, after Plg exhaustion,
it is on the product side on the Opx- and Cpx-consuming melting
Fig. 3. Temperature–melt fraction curves for pyroxenites M5–103 (diamonds), M5–40
(triangles) andM7–16 (squares) at 1 GPa; the data for fertile lherzoliteMM3 (circles; Baker
and Stolper, 1994; Baker et al., 1995) are shown for comparison. The uncertainties onmelt
percentages (1σ) are smaller than symbols.
reactions in all series. As a result, Ol is the liquidus phase for the three
compositions at both pressures (Fig. 4).

Contrasted melting behaviors are observed depending on the
presence or absence of Opx at the solidus. If Opx is abundant, such as
in the Ol websteriteM5–103, themainmelting reaction is similar to the
melting reaction in peridotites: for instance, 0.61 Cpx+0.49 Opx=1
liquid+0.10 Ol inM5–103 at 1 GPa (asOl is a product, this reactionmay
also hold in the case of Ol-free websterites) vs. 0.71 Cpx+0.38 Opx+
0.13 Sp=1 liquid+0.22Ol in fertile lherzoliteMM3 (Baker and Stolper,
1994). Accordingly, the chemical trends of melts from websterites
shouldmimic those of peridotitic melts despitemajor differences in the
modal fractions of solid phases, as discussed below. Themain difference
is that Opx disappears before Cpx in websterites such as M5–103,
yielding a wherlitic residue, whereas Cpx disappears first in peridotites.
For the Opx-free pyroxeniteM7–16, the mainmelting reaction at 1 GPa
(after Plg exhaustion) is 0.95 Cpx+0.10 Sp=1 liquid+0.05 Ol, and
should give liquids strongly depleted in SiO2 in comparison to liquids
produced by Opx-bearing rock types.
3.2. Melt compositions

Oxide concentrations in melts are plotted as a function of F in
Fig. 5. The evolutionary trends often show slope breaks or even



Fig. 4. Fractions (wt.%) of solid phases vs. melt fraction F for pyroxenites (a) M5–103, (b) M5–40, and (c) M7–16 at 1 GPa. The straight lines are the best fit lines used to compute the
coefficients of the melting reactions. Symbols are as follows: squares for Cpx, triangles for Opx, circles for Ol, diamonds for Plg and crosses for Sp. The uncertainties on phase
percentages are given in Table 2.
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reversals that reflect exhaustion of a solid phase and change in the
melting reaction. There is a distinct “source effect” for some oxides:
their concentration in melts varies strongly from one pyroxenite to
another in direct relation to variations in bulk composition. The main
aspects of the evolution of melt compositions may be summarized as
follows:

(1) MgO increases with F, ranging from 4–5% in M5–40 and M7–16
at low F to 18.5% in M5–103 at high F.

(2) FeO shows contrasted behaviors as a function of bulk compo-
sition, from large FeO contents that decrease continuously in
FeO-rich composition M7–16, to low and nearly constant
contents in FeO-poor composition M5–103. The combination
of high FeO and low MgO leads to very low Mg# in M7–16
melts: from 30 at low F to 59 at high F, as compared to 49–77 in
M5–40 melts and 72–88 in M5–103 melts (Table 1).

(3) SiO2 varies little in a given pyroxenite at a given pressure, but
strongly from one pyroxenite to the other: in particular, the
liquids produced in silica-poor composition M7–16 are strong-
ly depleted in SiO2 (41.6–44.7%) in comparison to those
produced in silica-rich composition M5–103 (48.8–52.6%).
These contrasted SiO2 contents are due to the fact that the
major contributors to melt production are Opx+Cpx in M5–
103 (Fig. 4a) vs. Cpx+Sp in M7–16 (Fig. 4c).

(4) Al2O3 behaves as a typical incompatible element in M5–103 at
1 and 1.5 GPa, and in M5–40 at 1.5 GPa, decreasing from 18–
20% to ∼10% in M5–103 and 13% in M5–40 with increasing F. In
M5–40 at 1 GPa, Al2O3 first increases during melting due to the
large coefficient of Plg in the melting reaction (Fig. 4), then it
decreases after the exhaustion of Plg. Al2O3 content in liquids
from M7–16 varies little with F (from 15.8 to 14.2% at 1 GPa,
and from 14.6 to 13.7% at 1.5 GPa); this behavior is presumably
due to the high mode of Sp (Table 2), which makes Al2O3 less
incompatible in the residual assemblage and buffers the
alumina content in the liquid at a high level.

(5) CaO systematically increases with increasing F until the
disappearance of Cpx at high degrees of melting (stage that is
only attained in M5–40).

(6) TiO2, Na2O, and K2O behave as typical incompatible elements,
with concentrations increasing with decreasing F. The Na2O
contents of near-solidus M5–103 liquids are higher at 1 GPa
than at 1.5 GPa, indicating a slight decrease of Na incompat-
ibility with increasing pressure; indeed, the bulk partition
coefficient of Na2O increases from 0.08 at 1 GPa to 0.12 at
1.5 GPa. In M5–40 at 1 GPa, Plg is abundant and Na2O becomes
truly incompatible only after Plg exhaustion, at melt fractions
exceeding 40%.

4. Discussion

To explore the effects of source heterogeneity on MORB composi-
tions, we considered a heterogeneous mantle made of pyroxenites
(M5–103, M5–40, and M7–16 compositions) and peridotites, under-
going adiabatic decompression melting. For the peridotite end-
member, we choose a series of fertile and depleted compositions
previously used for experimental melting (see the caption of Fig. 6 for
references). The difference of melting properties (solidus tempera-
tures and melt productivities) of peridotites and pyroxenites renders
difficult to model adiabatic decompression melting of such a
heterogeneous mantle. For instance, assuming thermal equilibrium,
the earlier melting of pyroxenites leads to delayed melting of
peridotites (compared to pure peridotite mantle; e.g., Hirschmann
and Stolper, 1996). In the same way, beginning of melting of more
refractory domains (such as peridotites) may result in a decreased
melt productivity in more fertile domains (such as pyroxenites; e.g.,
Phipps Morgan, 2001). In the following discussion, we assumed that
pyroxenites and peridotites behave as closed systems until melt
extraction, and we neglected thermal interactions between them
during decompression melting. Two cases are discussed:

(1) We suppose that pyroxenite-derived melts may be sampled
directly, without experiencing interactions with neighboring
peridotites or mixing with peridotite-derived melts. We can
thus compare the melt compositions in our experiments with
partial melts from peridotites from the literature to determine
the major-element signature of pyroxenite-derived melts. The
comparison is made at 1 GPa and temperatures of 1245 °C to
1305 °C. This is the range of temperatures expected at 1 GPa in
a mantle undergoing adiabatic decompression melting, assum-
ing a range of potential temperatures (TP) from 1280 to 1400 °C
and using the parameterization of McKenzie and Bickle (1988)
and McKenzie and O'Nions (1991). This range of TP was
recently proposed by Herzberg et al. (2003) on the basis of new
estimates of the parental magma compositions of MORB. It is
consistent with the range proposed by Klein and Langmuir
(1987) and Langmuir et al. (1992) for most MORB (1300–
1400 °C), but competing models favor an ambient mantle
temperature uniformly low (TP≈1260 °C; Shen and Forsyth,
1995; Presnall et al., 2002), uniformly high (TP≈1400 °C in
Putirka, 2008b; TP≈1430 °C in Green et al., 2001), or a range of



Fig. 5. Oxide concentrations in melts plotted as a function of melt fractions F. Symbols are as follows: diamonds for pyroxenite M5–103, triangles for M5–40, and squares for M7–16;
the closed symbols are for the experiments at 1 GPa, the open symbols for the ones at 1.5 GPa. The data plotted at F=100% correspond to the bulk-rock composition. When not
visible, the error bar (1σ) is smaller than the symbol.
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temperatures with a high mean value (TP≈1450±85 °C;
Putirka et al., 2007).

(2) We consider that pyroxenite- and peridotite-derived melts are
mixed somewhere between their source region and the ridge,
and we compute the average melt composition as a function of
the proportion of pyroxenite in the mantle and the composi-
tions of peridotite and pyroxenite. Despite its simplifications,
this scenario provides an insight into the impact of source
heterogeneity on the major-element composition of MORB.
4.1. Pyroxenite- vs. peridotite-derived melts: looking for discrimination
features

The compositions of partial melts of pyroxenites and peridotites at
1 GPa are plotted as a function of temperature in Fig. 6. Despite the
major chemical and lithological contrasts between pyroxenites and
peridotites, these two rock types yield liquids with widely over-
lapping major-element compositions, especially in the temperature
range of interest (1245–1305 °C; Fig. 6). In particular, SiO2, Al2O3, CaO,



Fig. 6. Average melt compositions in pyroxenites M5–103, M5–40, and M7–16 at 1 GPa plotted as a function of temperature. The temperature interval of 1245–1305 °C represented
by shaded boxes corresponds to the range of temperatures (at 1 GPa) of a mantle undergoing adiabatic decompressionmelting (assuming potential temperatures in the range 1280–
1400 °C, McKenzie and Bickle (1988)). Symbols are as follows: diamonds, M5–103; triangles, M5–40; squares, M7–16. Grey fields correspond to liquids produced by peridotites
PHN1611 (Kushiro, 1996), MM3 (Baker and Stolper, 1994; Baker et al., 1995; Hirschmann et al., 1998), DMM1 (Wasylenki et al., 2003) and Depma (Laporte et al., 2004). Error bars
(1σ on oxide concentrations; ±5 °C on temperature) are shown in the bottom right corner of each diagram.
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MgO, FeO, and Na2O in liquids from Ol websterite M5–103 fall in the
field of peridotitic melts at all degrees of melting except the highest;
the same is true for liquids from websterite M5–40 at moderate to
high degrees of melting. Some data plot, however, distinctly out of the
field of peridotites: for instance, SiO2 and FeO in M7–16, TiO2 in M5–
103, etc. As a matter of fact, some major elements have been
considered in the past as markers of a heterogeneous mantle source
for MORB. They include alkali oxides and TiO2, which behave as
incompatible elements (e.g., Niu et al., 1999, 2002), but also FeO (Shen
and Forsyth, 1995). On the basis of our experimental data, we can
evaluate the reliability of these markers in the context of mid-ocean
ridges.

4.1.1. Alkali oxides and TiO2

Pyroxenites contain 2 to 75 times more Na2O than peridotites.
However, partial melts from pyroxenites and peridotites have very
similar Na2O contents (Fig. 6), suggesting that Na2O cannot be used to
discriminate pyroxenite melts from peridotite melts. This result finds
its explanation in two properties of pyroxenites. Firstly, at a given P
and T, pyroxenites are expected to undergo much larger degrees of
partial melting than peridotites (Fig. 3). Accordingly, pyroxenite and
peridotite may yield liquids with similar Na2O concentrations despite
the higher Na2O concentration of the former. Secondly, Na2O is less
incompatible in pyroxenites than in peridotites because of the higher
proportion of Cpx in pyroxenites. This results in an enrichment factor
(the Na2O content in the partial melt divided by the bulk Na2O
content) lower in pyroxenites (at most 6.6 in our experiments) than
in peridotites (for instance, from 10 to 40 in depleted peridotite
DMM1; Wasylenki et al., 2003). The same reasoning can be done
about K2O. The much larger degrees of melting achieved in
pyroxenites (and, to a lesser extent, the abundance of Plg, which
makes potassium slightly less incompatible in pyroxenites than in
peridotites) lead to the counterintuitive result that pyroxenite-
derived melts are poorer in K2O than peridotite-derived melts (Fig. 6).

TiO2 behaves as a mildly incompatible element during partial
melting. Natural pyroxenites show a wide range of TiO2 contents,
from≤0.1% to 2–3%, as compared to 0.1–0.3% in fertile peridotites. For
pyroxenites with intermediate TiO2 contents (such as M5–40 and
M7–16), the large degrees of melting reached at 1 GPa and 1245–
1305 °C yield liquids with TiO2 contents indistinguishable from those



343S. Lambart et al. / Earth and Planetary Science Letters 288 (2009) 335–347
of peridotite-derived melts. Ti-poor pyroxenite M5–103 produced,
however, partial melts depleted in TiO2 compared to peridotite-
derived melts (Fig. 6), and we anticipate that partial melts enriched in
TiO2 may be produced in the case of pyroxenites with 2–3% TiO2.
4.1.2. FeO contents and Mg# of pyroxenite-derived liquids
The trends of MgO content as a function of temperature for melts

from pyroxenites and peridotites are almost perfectly superimposed
(Fig. 6). On the contrary, the behavior of FeO, and therefore of Mg#,
differs markedly between the two rock types, with many pyroxenite-
derived liquids havingmuch higher FeO contents and lowerMg#'s than
peridotite-derived melts. This result is illustrated in Fig. 7 where the
liquid-Mg# is plotted as a function of mass fraction of melt F. Liquid-
Mg# increases linearly with F, reaching the bulk-Mg# at F=1.

Liquid�Mg# ¼ aðF−1Þ þ bulk�Mg# ð1Þ
The slope a is strongly correlated with the bulk-Mg#, decreasing

from 31.9 in M7–16 (Mg#=60.6), to 26.9 in M5–40 (Mg#=76.7), to
19.8 in M5–103 (Mg#=89.8), and to 16.0 in peridotite MM3
(Mg#=90.5; Baker and Stolper, 1994). Therefore, for a given melt
fraction interval, the variations of liquid-Mg# in pyroxenite-derived
melts may be up to twice larger than in peridotite-derived melts. The
small variation of the FeO content in peridotite-derived melts at a
given P is well documented in lherzolite melting experiment (e.g.,
Kinzler and Grove, 1992; Baker and Stolper, 1994; Kushiro, 1996;
Gudfinnsson and Presnall, 2000) and is due to the olivine buffering
effect. Indeed, because the olivine composition in an olivine-rich
system remains nearly unchanged with increasing degree of melting,
the Mg# of the melt evolves within a narrow range (Médard et al.,
2006). Hence, while the FeO content of melt from peridotites evolves
within a narrow band at a given P (≈4 to 10%; Fig. 6), our three
pyroxenites produce liquids with FeO contents ranging from 4.4wt.%
to 19.9wt.%. Pyroxenites such asM7–16 are of special interest because
Fig. 7. Liquid-Mg# vs. melt fraction in pyroxenites M5–103, M5–40, and M7–16 at
1 GPa and in peridotite MM3 (Baker and Stolper, 1994). For each composition, the
regression line is shown by the dashed line, and the correlation coefficient R2 and the
slope a are given. Symbols are as follows: diamonds, M5–103; triangles, M5–40;
squares, M7–16; empty circles, MM3. When not visible, the error bar (1σ) is smaller
than the symbol.
of their relatively low bulk-Mg#: even at high degrees of melting, they
yield liquids strongly enriched in FeO, with Mg#'s clearly out of the
range of peridotite-derived melts. Such pyroxenites are not excep-
tions as compositions with a bulk-Mg# lower than 65 makes about
30% of natural pyroxenites (Fig. 1a).

4.1.3. SiO2 as a tracer of pyroxenite-derived melts
Silica content is usually considered as a pressure indicator in basalt

genesis (Klein and Langmuir, 1987). Indeed, the silica content of
peridotite-derived melts increases with decreasing pressure, due to
the expansion of the liquidus phase volume of Ol at the expense of
pyroxenes. In the case of a heterogeneous mantle, our experiments
show, however, that liquids with very different SiO2 contents may be
produced at a single pressure (Fig. 6): Opx-bearing pyroxenites M5–
40 andM5–103 yield liquids with SiO2 contents (51±3%) in the range
of peridotite-derived melts, whereas the Opx-free clinopyroxenite
M7–16 produces liquids strongly depleted in SiO2 (≈44% at 1 GPa). In
fact, the silica content in partial melt is well correlated with the bulk
silica content (51.6, 48.5, and 43.6% in M5–103, M5–40, and M7–16,
respectively) in all our experiments, with a ratio (SiO2 in liquid)/(bulk
SiO2) always close to unity. About 43% of natural pyroxenites have a
bulk SiO2 in the range 45±3% (Fig. 1b); however, they may not all
produce SiO2-poor liquids as melt compositions are controlled by
modal composition and melting reaction. Primary basalts with low
silica contents may be produced if the melting region contains a
significant proportion of low-SiO2 clinopyroxenites.

4.1.4. Summary
Although most pyroxenites produce melts with major-element

compositions that are hardly distinguishable from peridotite-derived
melts (Fig. 6), some pyroxenites yield melts with an identifiable
signature, such as a low-SiO2 content, a high FeO content (and a low
Mg#), a low K2O content or a low TiO2 content. Interestingly,
pyroxenites with low-SiO2 and high FeO contents define a distinct
end-member in the compositional cloud of natural pyroxenites (Fig. 1b).

The basis for the comparison shown in Fig. 6 is that pyroxenites
evolve as closed systems and are equilibrated at the same P–T
conditions as neighboring peridotites, implying thus that melt
extraction from pyroxenites would only proceed at high degrees of
melting. The entrapment of pyroxenite-derived melts into their
parent body is conceivable before the onset of melting of surrounding
peridotites, but not after, when the system is in a regime closer to
polybaric near-fractional melting (e.g., Johnson et al., 1990; Langmuir
et al., 1992). We stress, however, that our main conclusions are not
sensitive to the exact timing of melt extraction, as the SiO2 and the
FeO signals would even be stronger in the case of melt extraction from
pyroxenites at low to moderate degrees of melting (Fig. 6). This is
evenmore true if the extraction occurs at high pressure as, at a given F
and within the range of melting pressures beneath mid-ocean ridges,
the FeO content of pyroxenite-derived melts is expected to increase
and their SiO2 content to decrease with increasing pressure (e.g.,
Hirschmann et al., 2003), as in peridotite-derived melts (e.g., Klein
and Langmuir, 1987).

4.2. The contribution of pyroxenite-derived melts to basalt generation at
mid ocean ridges

On the basis on their proportion in orogenic peridotite massifs,
pyroxenites might constitute 2–5% of the upper mantle (Hirschmann
and Stolper, 1996) and evenmore in hotspot-influenced regions of the
convecting mantle (Spray, 1989). However, using isotopic considera-
tions, Pertermann and Hirschmann (2003a) estimated that the
abundance of pyroxenites in MORB mantle sources might be lower
(b1–2%) than previously anticipated. As pyroxenites have higher melt
productivities than peridotites, the proportion of pyroxenite melts in
MORB must be higher than the proportion of pyroxenites in their



Fig. 8. SiO2 and FeO contents in melt produced by peridotite MM3 at 1275 °C and 1 GPa
(solid line; Baker and Stolper, 1994), and in the average melt of a heterogeneous mantle
made of peridotiteMM3 and 1 to 8% of pyroxeniteM5–103,M5–40, orM7–16. The ranges
of SiO2 and FeO in MORBs with either MgO ≥9wt.% (grey boxes) or Mg# ≥67 (hatched
boxes) are shown for comparison. MORB data sources: Smithsonian Institution catalogue
(Melson and O'Hearn, 2003: http://www.petdb.org/petdbWeb/index.jsp).
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sources: the enrichment factor (i.e., the proportion of melt derived
from pyroxenites divided by the proportion of pyroxenites in the
source) would vary from 3–4 (Hirschmann and Stolper, 1996) to 10
(Pertermann and Hirschmann, 2003a).

Current models of dynamic melting at mid-ocean ridges have
shown that MORB are mixes of melts from all depths in the melting
column (e.g., McKenzie and O'Nions, 1991; Langmuir et al., 1992). Let
us consider a heterogeneous mantle made of a minor pyroxenitic
component into a host peridotite; the mass fraction of pyroxenites in
the heterogeneous source is ΠS. The mass fraction of pyroxenite-
derived liquid in the average liquid, ΠL, is given by:

ΠL = ðΠS × FPyÞ= ½ðΠS × FPyÞ + ð1−ΠSÞ × FPe� ð2Þ

where FPy and FPe are the mean degrees of melting in pyroxenites and
in peridotites, respectively. For a normal crust thickness (7±1 km),
the mean pressure of melting is b1.5 GPa (e.g., Langmuir et al., 1992;
Kinzler and Grove, 1992) and the mean degree of melting is 9–14%
(Kinzler and Grove, 1992; Kinzler, 1997). Using the experimental data
on peridotite MM3 by Baker and Stolper (1994) and our data on
pyroxenites, we can compute ΠL and the composition of the average
liquid as a function of the composition and mass fraction ΠS of
pyroxenites in the source. We chose a mean pressure of melting equal
to 1 GPa, and a temperature of 1275 °C; these P–T conditions
correspond to a potential temperature of 1325 °C beneath mid-
ocean ridges (McKenzie and O'Nions, 1991). Our aim is not to simulate
melting of a heterogeneous mantle at a spreading center (as
previously underlined, this would need a sophisticated model of
decompressionmelting), but rather to discuss the parameters that are
likely to influence the relative contribution of pyroxenite-derived
melts to basalt generation.

4.2.1. Effect of pyroxenite composition on ΠL

We first made a set of calculations with a heterogeneous mantle
made of 98wt.% MM3 and 2wt.% (ΠS=0.02) of M5–103, M5–40, or
M7–16 to evaluate the effect of pyroxenite composition on ΠL. At
1 GPa and 1275 °C, the degree of melting FPy in pyroxenites ranges
from 26.3% in M5–103, to 80.4% in M5–40, and to 100% in M7–16
(Fig. 3), and the degree of melting FPe in lherzolite MM3 is equal to
7.8%. We computed the fraction of pyroxenite-derived liquids in the
average liquid using Eq. (2):ΠL is small (0.064) for M5–103 due to its
small degree of melting, and much larger for M5–40 and M7–16
(ΠL=0.174 and 0.207, respectively) due to their large degrees of
melting. As the fraction of pyroxenites in the source is small, the
degree of melting averaged over the whole mantle is only slightly
sensitive to the choice of pyroxenite composition: 8.2% for M5–103,
9.3% for M5–40, and 9.6% for M7–16.

4.2.2. Effect of ΠS on ΠL

We first consider a heterogeneous mantle made of lherzolite MM3
and a fraction of pyroxenite M5–40 ranging from 1 to 8%. In this case,
the fraction of pyroxenite-derived liquids increases rapidly with
increasing ΠS: from 0.09 at ΠS=0.01 to 0.473 at ΠS=0.08. More
generally, if the upper mantle contains 2–5% of pyroxenites, the
average liquid may contain from ∼6% of pyroxenite melts (for 2%
pyroxenites with a low melt productivity, such as M5–103) up to 35–
40% (for 5% pyroxenites with high melt productivities, such as M5–40
and M7–16); in the latter case, the enrichment factor may reach very
high values: ΠL/ΠS≈7–8. Our values of ΠL are close to that reported
by Sobolev et al. (2007) who used olivine phenocryst compositions in
basalt to estimate the contribution of pyroxenite-derived melts in
MORB (10–30%). If ΠS approaches 10% as it does locally in the Beni
Bousera ultramafic massif (Pearson and Nixon, 1996), then the
contribution of pyroxenites to the total melt production may exceed
the contribution of peridotites. Several authors used a fixed value of
the enhancement factor to estimate the fraction of pyroxenites into
mantle sources from isotopic and trace element compositions of
basalts (e.g., Le Roux et al., 2002; Pertermann and Hirschmann,
2003a). The ratioΠL/ΠS is, however, very variable as a function of the
compositions and the relative abundances of peridotites and
pyroxenites, and the use of a constant ratio may lead to biased
estimates of ΠS.
4.2.3. Composition of average liquids
To evaluate the effect of the abundance and composition of a

pyroxenitic component on the composition of average melts, we
considered a peridotitic mantle (of typeMM3) that contains 0 to 8% of
pyroxenite M5–103, M5–40, or M7–16. At 1 GPa and 1275 °C, the
average degree of melting of such a heterogeneous mantle ranges
from 7.8% (for pure MM3) to 15.2% (for 8% of M7–16), in good
agreement with the values (9-14%, Kinzler and Grove, 1992; Kinzler,
1997) expected for a normal oceanic crust. For a given value ofΠS and
for a given pyroxenite, we “mixed” a fraction ΠL of pyroxenite-
derived liquid and a fraction (1−ΠL) of MM3-derived liquid to obtain
the composition of the average liquid. Composition of partial melt in
MM3 at 1 GPa–1275 °C is interpolated from the data of Baker and
Stolper (1994), Baker et al. (1995) and Hirschmann et al. (1998). The
FeO and SiO2 contents in the average melts are compared to those in
MM3 partial melt in Fig. 8. As emphasized above, partial melts from
pyroxenites M5–103 and M5–40 have SiO2 contents (51.5 and 49.4%,
respectively) and FeO contents (6.2 and 8.7%, respectively) close to
peridotite melts (SiO2=50.4% and FeO=6.0% in MM3 at FPe=7.8%).
Accordingly, addition of even a high fraction of these two pyroxenites
has only a marginal effect on the SiO2 and FeO contents of the average

http://www.petdb.org/petdbWeb/index.jsp
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melt (Fig. 8; the same conclusion holds for MgO, CaO, and Al2O3). On
the contrary, addition of pyroxenite M7–16, which yields melts
strongly depleted in SiO2 (43.6%) and enriched in FeO (14.5%), may
change significantly the average melt composition: with the addition
of 5% of M7–16 in the source, the SiO2 content of the average melt
decreases from 50.8 to 47.9%, and the FeO content increases from 6.0
to 9.4%.

4.2.4. Comparison with primitive MORB
Mid-Ocean Ridge Basalts with the highest Mg#'s are often

considered as the most primitive, and therefore the closest to primary
liquids (e.g., Mg# ≥68 in Presnall et al., 2002). The range of SiO2, and
FeO in MORB with Mg# ≥67 is shown in Fig. 8: 48.7 to 50.7% for SiO2,
and 7.5 to 8.5% for FeO. As discussed above, the presence of
pyroxenites in mantle sources can strongly affect the FeO content of
average liquids (Fig. 8), without changing their MgO content (Fig. 6),
thus leading to primary compositions with anomalously low Mg#'s:
selecting primitive MORB on the basis of a high Mg# eliminates such
primary compositions. To circumvent this difficulty, we decided to
make a second selection based on a MgO content ≥9%: the range of
silica contents mainly extends toward lower values (down to 47%)
and the range of iron contents extends toward much higher values
(up to 10.3%). In Melson and O'Hearn's database (2003), 15% of MORB
with aMgO content≥9% have both a FeO content higher than 8.5wt.%
(and aMg# b67) and a SiO2 content lower than 48.7wt.%. Accordingly,
there are distinct compositions of primitive MORB with high MgO
(but Mg# b67), relatively low SiO2, and relatively high FeO. These
compositions are presumably not related to low-pressure fraction-
ation as this process tends to increase the silica content of melts
(Grove et al., 1992). The lower SiO2 contents and the higher FeO
contents are consistent with an increase of the average depth of
melting (Klein and Langmuir, 1987; Langmuir et al., 1992), but not the
lower Mg#'s as the Mg# of primary basalts is expected to increase
with increasing pressure (Ulmer, 1989). Such compositions are
therefore good candidates to be primitiveMORB carrying a pyroxenite
signature (of the type imparted by clinopyroxenites such as M7–16;
Fig. 8) and, as such, deserve careful attention.

4.2.5. On the loss of the pyroxenite signal en route to the ridge
A major unknown is how well the chemical signature of

pyroxenite-derived liquids can survive the interactions with neigh-
boring peridotites during their transport to the surface. The answer is
probably not unique as it will depend on many parameters, such as
the size of pyroxenitic bodies in the heterogeneous mantle (Kogiso
et al., 2004) and the transport mechanism (pervasive porous flow,
focused flow in dunite channels, or magma transport in dikes). We
can, however, distinguish two cases:

(1) In many instances and for most major elements, pyroxenite-
derived melts are similar to peridotite-derived melts (Fig. 6).
They thus probably suffer minor interactions with the
overlying peridotitic mantle and are likely to preserve their
chemical signatures. This provides one possible explanation for
an important result of the melt inclusion studies, namely the
observation that primitive melt inclusions within a single
phenocryst or a single lava sample have relatively uniform
major-element compositions, but their trace element patterns
may be highly variable (see Schiano, 2003, and references
therein). It is generally believed that such a large range of trace-
element abundances is due to a chemical disequilibrium
between the host phase and all trapped melts, which thus
may have their initial melt compositions modified by post-
entrapment diffusion processes. An alternative hypothesis is
that the inclusions isolate instantaneous compositions of
primitive pyroxenite- and peridotite-derived melts in equilib-
rium with the host phase.
(2) Some pyroxenites produce melts that are strongly out of
equilibrium with mantle peridotites. For instance, M7–16 melts
are too poor in silica to be in equilibriumwithOpx, andhave a too
low Mg# to be in equilibrium with a peridotite with a bulk Mg#
equal to ≈90. If magma migration occurs by pervasive porous
flow, these liquids will react with overlying peridotites and
dissolvepyroxene (e.g., Daines andKohlstedt, 1994), so that their
composition will approach that of peridotite-derived melt.
Conversely, if magmamoves by focused flow in dunite channels,
thenM7–16melts and their analoguesmaypreserve part of their
specific signature because they all have Ol as the liquidus phase.
In the case of M7–16, the liquidus Ol has a low Mg# (≈82;
Table 1) compared toOl in dunite channels (≈91; Kelemen et al.,
1995). Accordingly, the liquidwill equilibratewith the surround-
ing dunite and lose its low Mg# signature (partly or totally
depending on the magma/rock ratio) whereas its low-SiO2

signature should remain unchanged. Finally, both the low Mg#
signature and the low-SiO2 signature may be preserved if
pyroxenite-derived liquids are transported in dikes, but such a
mechanism would presumably require that pyroxenites form
large isolated bodies into the heterogeneous mantle.

The persistence of a major-element signature distinctive of
pyroxenite-derived melts up to the ridge seems plausible, at least in
some instances. However, if this signature includes a lowMg-number,
it may get lost “in the laboratory” due to the use of inappropriate
criteria to select primarymagmas. Let us assume, for example, that the
melt from run 16-C1 is directly transported to the surface: it has a bulk
Mg# of 58.5 and is in equilibrium with an Ol with Mg#=81.8
(Table 1), so it will not pass the usual tests made to identify primitive
magmas in MORB studies (a bulk Mg# close to 70) and in melt
inclusion studies (a host Ol with high Mg#). It has, however, a high
MgO content (10.9%), which may be the only criterion to recognize its
primary nature.

5. Conclusions

Using the 1–1.5 GPa phase relations and the melt compositions of
twowebsterites and one clinopyroxenite representative of worldwide
pyroxenite variability, we have compared the compositions of
pyroxenite- and peridotite-derived melts in order to investigate the
role of pyroxenites in basalt generation at mid-ocean ridges. The key
results of our study are as follows:

(1) Contrasted melting behaviors are observed depending on the
abundance of Opx at the solidus. If Opx is abundant, such as in the
Ol websterite M5–103, the main melting reaction is similar to
the melting reaction in peridotites (Cpx+Opx±Sp=liquid+
Ol), and the chemical trends of melts mimic those of peridotitic
melts. In the absence of Opx, the main melting reaction is Cpx+
Sp=liquid+Ol, yielding liquids that are strongly depleted in SiO2

in comparison to liquids produced bywebsterites and peridotites.
(2) Many pyroxenites produce liquids that are similar to perido-

tite-derived melts for most major elements (SiO2, Al2O3, CaO,
MgO, and FeO). This may explain why MORB have relatively
uniform major-element compositions, but may have variable
trace element and isotopic compositions.

(3) Due to the larger degrees of melting of pyroxenites at given P
and T, their melts are not enriched (and may even be depleted)
in incompatible elements (alkali oxides and TiO2) in compar-
ison to peridotite-derived melts. Therefore, the concentrations
of these elements cannot be used as markers of pyroxenites in
MORB mantle sources.

(4) Some pyroxenites yield melts with a distinct signature, such as
a low-SiO2 content and/or a high FeO content, two features
usually ascribed to a high average pressure of melting (of a
peridotitic source).
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(5) Because of their higher melt productivities and lower solidus
temperatures, 5% of pyroxenites in the source region may
contribute up to 40% of the total melt production.

(6) Partial melting of a heterogeneous mantle may produce
primary liquids with anomalously low Mg# (≤60). The usual
tests that aremade to select primitivemagmas (melt inclusions
hosted into highMg# Ol or MORB glasses with aMg#≥67) will
eliminate these anomalous compositions.
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