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Constraints on the highly siderophile element (HSE: including Os, Ir, Ru, Pt, Pd and Re) budget of the upper
mantle upwelling beneath mid-ocean ridges have until now been based on samples that have experienced
varying degrees of alteration, partial melting and secondary igneous processes. Here we present results from
a set of abyssal peridotites that have been relatively unaffected by these phenomena. Eighteen abyssal
peridotites from two localities along the ultra-slow spreading Gakkel Ridge (Arctic Ocean) were selected for
this study. Samples from one locality (PS66-238) are extremely fresh, while those from HLY0102-D70 are
typical abyssal serpentinites. Comparison of HSE data between fresh peridotites and weathering products
supports the contention that HSE are stable during serpentinization, but that Pd and Re are mobile during
subsequent weathering. HSE budgets of spinel lherzolites suggest that all platinum group elements (PGEs:
including Os, Ir, Ru, Pt and Pd) are compatible during very low degree of partial melting (5–8%), whereas Re
behaves as an incompatible element. Harzburgites from each locality were subjected to ~12% fractional
partial melting, which is lower than that expected for total consumption of sulfides in mantle peridotites
(ca. 16%). The harzburgites are depleted in PPGE (Pt, Pd) and Re relative to IPGE (Os, Ir, Ru), which reflects the
extraction of sulfide melt along with the silicate melt.
Low bulk-rock contents of both Na2O and TiO2 in the fresh PS66-238 lherzolites indicate that they were not
transformed from harzburgites through melt refertilization, but represent pristine fertile mantle rocks. Their
systematic suprachondritic Ru/Ir and Pd/Ir ratios, but chondritic Pt/Ir ratios, cannot be ascribed to partial
melting or secondary igneous processes. This signature may reflect the primary HSE signature of the Earth's
upper mantle. Non-chondritic HSE patterns discovered in PS66-238 lherzolites are consistent with the
primitive upper mantle (PUM) inferred from the study of orogenic peridotites and mantle xenoliths.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

It is well known that the iron-loving highly siderophile elements
(HSE) in mantle rocks are capable of providing important information
about the characteristics of materials and processes of early Earth
accretion and core formation. Due to their high metal/silicate partition
coefficients (DM/S), HSE in the silicate Earth were almost completely
stripped from the mantle during core–mantle separation in the early
Earth. For this reason, vanishingly small levels of the HSE (by a factor of
about 10−6) are expected to have remained in the modern mantle.
However, HSE in mantle peridotites from many different tectonic
settings are only approximately 150 times less abundant relative to
spheric Evolution, Institute of
s, Beijing, 100029, China. Tel.:
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chondritic meteorites (Jagoutz et al., 1979; Morgan, 1986; Morgan et al.,
2001), a much higher concentration than would be expected from
metal-silicate equilibrium partitioning. The excess HSE contents,
together with their broadly chondritic abundance ratios, have been
generally explained by the ‘late-veneer’ hypothesis (Chou,1978; Jagoutz
et al., 1979; Morgan, 1986; O'Neill, 1991; Schmidt et al., 2000; Holzheid
et al., 2000; Meisel et al., 2001; Morgan et al., 2001), inwhich nearly all
HSE in the early Earth have been stripped into the core and the HSE
budget in the modern mantle is dominated by late-accreted materials.
Other hypotheses, e.g., inefficient core formation (Jones and Drake,
1986) and high-pressure core formation (Murthy, 1991; Righter and
Drake, 1997), have also been proposed. Due to the divergent chemical
behaviors of the HSE during planetary partitioning processes between
metal and silicates, and between solid metals and liquid metals, it is
difficult for these models to account for both high abundances of HSE
and chondritic HSE ratios in Earth's mantle (Becker et al., 2006). For
example, the high-pressure core formation model requires the bulk-
earthHSE to have concentrationsproportional tometal-silicate partition
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coefficients for the appropriate pressure range of core formation to
account for chondritic HSE ratios in the derivedmantle. This is unlikely,
owing to the different low-temperature geochemical behaviors of the
different HSE on one hand (Lorand et al., 2008), and the current
controversy on HSE partitioning at high pressures on the other hand
(Cottrell and Walker, 2006; Ertel et al., 2006).

Non-chondritic HSE patterns were first reported in orogenic
lherzolites (Pattou et al., 1996) and then in mantle peridotites from
different settings (Snow and Schmidt, 1998; Rehkämper et al., 1999;
Becker et al., 2006). The models proposed to account for the non-
chondriticHSE features remain highly controversial (Snowand Schmidt,
1998; Rehkämper et al.,1999; Luguet et al., 2003). For example, addition
of outer-core materials back into the mantle has been proposed to
account for the non-chondritic HSE signatures in mantle peridotites
Fig. 1. Backscattered Electron (BSE) image of base metal sulfides (BMS) in fresh Gakkel abys
included in olivine. (c) small-sized sulfides droplet as little trails of the sulfide inclusions, loca
in alignment with the lamellae of clinopyroxene. (e) interstitial sulfides, euhedral to anhedra
together with assemblage of little spinel (Sp2) and cpx (Cpx2), distributing along the bo
Opx=orthopyroxene; Cpx=clinopyroxene; Sp=spinel; Sulf=sulfide.
(Snow and Schmidt, 1998). Alternatively, Rehkämper et al. (1999)
suggested that supra-chondritic Pd/Ir and Re/Ir ratios observed in some
mantle peridotites are the result of universal secondary magmatic
processes and that the ‘late-veneer’ hypothesis is thus still viable.
Secondarymagmatic processes, such asmelt percolation, have also been
commonly invoked as the causeof thenon-chondritic HSE compositions
observed inmantle xenoliths andmassif peridotites (Lorand et al.,1999;
Lorand and Alard, 2001; Lorand et al., 2003; Lorand et al., 2004; Pearson
et al., 2004; Ionov et al., 2006).

To circumvent the potential effects of secondary processes, the
composition of the primitive upper mantle (PUM), which represents a
hypothetical composition for the silicate Earth before any mantle–crust
differentiation or mantle-melting event, has been used to discuss the
processes occurring in the early Earth. Based on globalmantle xenoliths,
sal peridotites (a–f). (a) blocky pentlandite intergrownwith pyrrhotite. (b) sulfide (Pn)
ting within the fracture planes radiating from these inclusions. (d) tiny sulfides droplets
l, disseminating among the silicate and spinel matrix. (f) tiny Cu–Ni-rich sulfides (Sulf2),
undary of the opx and/or olivine. Py=pyrrhotite; Pent=pentlandite; Ol=olivine;
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the 187Os/188Os ratios of the modern PUM have been inferred to be
similar to those of some ordinary and enstatite chondrites but are
distinctly higher than the ratios in carbonaceous chondrites. This
suggests that the late accreted materials had nebular histories most like
those of ordinary and enstatite chondrites, rather than carbonaceous
chondrites (Meisel et al., 1996; Meisel et al., 2001). By the use of massif
peridotites and mantle xenoliths, Becker et al. (2006) inferred that the
PUM has a non-chondritic HSE pattern, which is different from those of
the known chondrites. The reliability of including the composition of
massif-type lherzolites to estimate the PUM, however, has been recently
questioned (Lorand et al., 2008), because many orogenic lherzolites are
secondary rocks resulting from melt refertilization rather than pristine
mantle rocks (Le Roux et al., 2007).

Mantle rocks that have experienced relatively little melt depletion
and melt refertilization are ideal to constrain the HSE compositions of
the PUM. For this reason, we have conducted a study of abyssal
peridotites from Gakkel Ridge, Arctic Ocean, most of which are fertile
lherzolites that experienced little melt extraction or late refertiliza-
tion. Furthermore, samples from one dredge haul are extremely fresh.

2. Sample descriptions

Gakkel Ridge is the slowest-spreading mid-ocean ridge in the
world, with full spreading rates ranging from 1.4 cm/yr at the western
end to 0.7 cm/yr at the eastern end (Michael et al., 2003). Samples in
the present study were selected from two dredge hauls, HLY0102-D70
and PS66-238, fromwhich Os isotopes have previously been reported
(Liu et al., 2008). Dredge haul HLY0102-D70 was recovered in 2001
during the US–German Joint AMORE 2001 cruise, and represents the
easternmost peridotites collected from Gakkel Ridge. Dredge haul
PS66-238 was recovered in 2004 during PFS Polarstern cruise ARK
XVII-2 from the ‘amagmatic’ western end of the Sparsely Magmatic
Zone (3°E–8°E). In this region, no basalt but only mantle peridotites
have been recovered (Snow and Petrology-Group-ARK-XX-2, 2007),
and the seismic crust is inferred to consist entirely of variably
serpentinized peridotite (Jokat et al., 2003).
Table 1
Whole-rock major elements of D70 and PS66-238 samples.

Sample Cruise # Lithology SiO2 TiO2 Al2O3 Cr2O3 FeOt

D70-56 HLY0102 Sp LH 38.41 0.03 1.79 0.40 7.76
D70-58 HLY0102 Sp LH 41.38 0.08 2.90 0.42 8.16
D70-62 HLY0102 Sp HZ 38.81 0.03 1.13 0.30 7.63
D70-64 HLY0102 Sp LH 38.90 0.03 1.47 0.32 7.94
D70-73 HLY0102 Sp LH 38.41 0.06 2.29 0.33 7.79
D70-75 HLY0102 Sp LH 37.43 0.04 2.15 0.34 7.32
D70-91 HLY0102 Sp LH 40.16 0.06 2.75 0.41 8.09
238-2-i PS66 Sp LH 43.68 0.05 1.90 0.38 9.23
238-2-r PS66 43.25 0.05 2.07 0.43 9.95
238-4-i PS66 Sp LH 44.17 0.05 2.15 0.41 9.03
238-4-r PS66 41.76 0.05 2.51 0.48 9.89
238-5-i PS66 Pl LH 44.25 0.09 3.04 0.39 9.09
238-7-i PS66 Sp LH 44.05 0.06 2.54 0.39 9.02
238-7-r PS66 43.87 0.06 2.59 0.40 9.31
238-9-i PS66 Sp LH 44.38 0.06 2.60 0.40 9.17
238-9-r PS66 44.16 0.07 2.82 0.43 9.61
238-11-i PS66 Sp LH 43.65 0.05 2.38 0.40 8.86
238-11-r PS66 43.84 0.05 2.59 0.44 9.22
238-18-i PS66 Sp LH 44.89 0.06 2.51 0.38 8.77
238-18-r PS66 44.36 0.06 2.81 0.42 9.08
238-22-i PS66 Sp HZ 43.13 0.04 1.57 0.47 8.66
238-22-r PS66 42.58 0.04 1.58 0.46 9.48
238-35-i PS66 Sp LH 44.58 0.05 2.25 0.42 8.96
238-35-r PS66 44.05 0.05 2.33 0.45 9.76
238-39-i PS66 Sp LH 44.15 0.05 2.21 0.41 8.97
238-39-r PS66 43.30 0.05 2.30 0.44 9.67
238-49-i PS66 Sp LH 43.28 0.04 2.16 0.38 9.04
238-49-r PS66 42.88 0.05 2.42 0.42 9.13

Sp LH=spinel lherzolite; Pl LH=plagioclase lherzolite; Sp HZ=spinel harzburgite; FeO
r=weathered rim.
Samples selected from dredge PS66-238 comprise nine spinel
lherzolites, one plagioclase lherzolite and one harzburgite. Notably,
they are extremely fresh with little to no detectable serpentine in thin
section. Each sample, however, has a rim of a cm-thick brown-yellow
weathered rock. Most fresh interiors have loss on ignition (LOI) close
to 0, with only two of them around 1%. The altered rims have slightly
higher LOI (b3%) relative to their corresponding interiors, but still
much lower than those of the typical serpentinites (N10%). Samples
from dredge HLY0102-D70, consisting of six lherzolites and one
harzburgite, are typical serpentinites with LOI of 9–14%.

All PS66-238 samples were examined for base-metal sulfides
(BMS) under the microscope. Lherzolites have higher modal contents
of sulfides than the harzburgite. Blocky pentlandite is by far
predominant and compositionally homogeneous, and sometimes
intergrown with pyrrhotite (Fig. 1a). Occurrences of BMS in Gakkel
peridotites are similar to those observed from orogenic peridotites
and mantle xenoliths, i.e., they are either included in silicates or
interstitial among silicate matrix (Griffin et al., 2004; Lorand and
Gregoire, 2006). Sulfides included in silicates or spinels are generally
rounded to euhedral single sulfide blebs, with diameters up to 200 μm
(Fig.1b). Consistent with previous observations (Lorand and Gregoire,
2006), these sulfide inclusions are commonly surrounded by fracture
planes, which may or may not communicate with the grain
boundaries of host silicates. These fracture planes are also preferential
pathways for later serpentinization of abyssal peridotites, and possibly
result from differential contraction of silicates and enclosed sulfides
during cooling (Andersen et al., 1987; Dromgoole and Pasteris, 1987).
Tiny (1–20 μm in diameter) sulfide droplets are located within the
fracture planes radiating from these inclusions (Fig. 1c). In particular,
some are distributed in alignment with the lamellae of pyroxenes
(Fig. 1d). Small sulfides sometimes are also included within the re-
crystallized areas of clinopyroxenes. Sulfides interstitial or dissemi-
nated within the silicate matrix are euhedral to anhedral in shape,
with maximum size up to 200 μm (Fig. 1e). Small sulfides, together
with secondary spinels (sp2) and cpx (cpx2), can be observed to be
interstitial along the boundary of pyroxene and olivine (Fig. 1f), which
MnO MgO NiO CaO Na2O K2O LOI Total Mg#

0.11 36.10 0.27 2.14 0.12 0.01 13.53 100.68 0.89
0.12 34.77 0.27 3.24 0.14 0.01 9.40 100.88 0.88
0.12 38.04 0.29 0.35 0.13 0.01 13.77 100.62 0.90
0.09 37.63 0.29 1.29 0.10 0.01 12.71 100.76 0.90
0.12 33.08 0.24 5.29 0.14 0.01 12.46 100.22 0.88
0.11 32.96 0.24 5.41 0.12 0.01 14.89 101.03 0.89
0.12 34.25 0.24 2.45 0.05 0.01 11.45 100.05 0.88
0.13 43.28 0.31 1.83 0.08 0.01 −0.34 100.52 0.89
0.14 41.91 0.31 2.17 0.05 0.00 −0.01 100.33 0.88
0.13 42.21 0.31 2.32 0.05 0.00 −0.27 100.54 0.89
0.14 40.00 0.29 2.56 0.06 0.01 2.95 100.72 0.88
0.13 40.31 0.28 2.91 0.08 0.01 −0.11 100.45 0.89
0.13 41.19 0.28 2.40 0.08 0.00 −0.09 100.05 0.89
0.13 40.81 0.30 2.65 0.07 0.00 0.01 100.20 0.89
0.13 41.16 0.29 2.39 0.06 0.00 −0.11 100.54 0.89
0.14 39.69 0.29 2.96 0.09 0.00 0.28 100.55 0.88
0.13 40.54 0.29 2.22 0.07 0.00 1.18 99.78 0.89
0.14 39.68 0.28 2.16 0.06 0.01 1.74 100.20 0.89
0.13 41.16 0.29 2.07 0.05 0.00 0.01 100.32 0.89
0.13 39.13 0.28 3.00 0.10 0.01 0.85 100.26 0.89
0.12 44.21 0.32 1.19 0.03 0.00 −0.21 99.53 0.90
0.13 43.67 0.32 1.28 0.04 0.00 0.24 99.85 0.89
0.13 42.02 0.30 2.14 0.04 0.00 −0.31 100.57 0.89
0.14 41.50 0.30 2.10 0.05 0.00 −0.08 100.67 0.88
0.13 41.86 0.30 2.08 0.05 0.00 −0.25 99.96 0.89
0.14 40.65 0.30 2.26 0.06 0.00 0.19 99.38 0.88
0.13 41.64 0.30 1.96 0.07 0.01 1.14 100.15 0.89
0.13 39.67 0.28 2.90 0.08 0.01 1.18 99.16 0.89

t=total FeO; LOI=loss on ignition; Mg#=molar Mg/(Mg+Fe); i=fresh interior;
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has been interpreted as secondary sulfides added from percolating
melts (Alard et al., 2000; Seyler et al., 2001; Luguet et al., 2003).

3. Methods

Major element concentrations were determined on glass with a
Phillips PW 1404 X-ray Fluorescence (XRF) spectrometer at the
University of Mainz. Sulfide major element compositions were
analyzed on a JEOL JXA-8200 electron probe microanalyser (EPMA)
at the Max-Planck Institute for Chemistry (MPI), Mainz, using an
acceleration potential of 20 kV, a beam current of 20 nA and a beam
diameter of 3 μm. Only sulfides in fresh PS66-238 samples were
measured for major element compositions, whereas those in D70
serpentinites were not. Whole-rock sulfur abundances were deter-
mined with a carbon-sulfur analyzer CSA (carbon-sulfur analyzer)
50003 (Leybold–Heraeus) at MPI. From each sample (100–200 mg
powder) three or four duplicates were measured, and the relative 2σ
error of the duplicates is on average 25% at S-concentration levels of
50–100 μg/g. The sulfur content of all Gakkel peridotites is far higher
than the detection limit (10 ppm).

HSE were analyzed by isotope dilution at MPI, Mainz. Detailed
analytical procedures have been previously described by Büchl et al.
(2002) and Liu et al. (2008). Up to 2 g powders, together with Re–Os
and HSE isotope tracers (185Re, 190Os, 101Ru, 106Pd, 191Ir and 198Pt) and
mixed acids (3 ml 12N HCl and 7 ml 16N HNO3), were digested in a
high-pressure asher (HPA-S) at 100 bar and 300 °C for 16 h. Then, HSE
were separated from the whole rock matrix using the procedure
described by Brügmann et al. (1999). Os was extracted from the
sample solution by solvent extraction into liquid bromine and further
purified bymicro-distillation used themethod described by Birck et al.
(1997). Afterwards, Ru, Pd, Re, Ir and Pt were sequentially separated
Table 2
Major element compositions of representative sulfides in the PS66-238 samples.

Sample PS66-238-2

Assemblage Pn Po Cp Pn+Po Pn+Cp Pn+Cp

Type inter in inter in inter inter in

Fe 32.27 33.05 62.29 29.10 46.04 36.62 34.49
Ni 33.14 32.84 0.10 0.08 15.08 26.64 28.90
Co 0.47 0.23 0.05 0.03 0.38 0.58 0.58
Cu 0.03 0.01 0.05 33.92 0.29 1.14 1.14
S 32.18 32.07 35.24 33.56 35.86 31.91 31.61
Si 0.36 0.25 0.26 0.39 0.29 0.23 0.35
Total 98.59 98.55 98.09 97.12 97.96 97.24 97.24

Sample PS66-238-7 PS66-238

Assemblage Pn Cu-rich Pn Pn+Cp Po Pn

Type in inter inter inter in in

Fe 37.92 38.48 38.78 24.42 63.08 39.25
Ni 26.24 27.07 24.51 26.87 0.01 26.00
Co 0.52 0.45 0.47 0.31 0.05 0.49
Cu 0.83 0.05 1.27 13.65 0.00 0.00
S 32.16 32.48 32.48 32.46 35.01 32.46
Si 0.41 0.32 0.44 0.34 0.31 0.34
Total 98.23 98.99 98.07 98.15 98.59 98.62

Sample PS66-238-22 PS66-238-35 PS66-2

Assemblage Pn Po Pn Pn+Cp+Po Pn

Type in inter inter in inter in in

Fe 33.67 34.52 60.17 32.55 30.64 47.25 32.52
Ni 31.43 30.54 0.13 33.11 34.43 14.52 32.91
Co 0.34 0.41 0.05 0.39 0.53 0.10 0.54
Cu 0.46 0.18 0.13 0.08 0.60 1.38 0.06
S 32.21 32.14 36.18 32.21 32.25 35.05 32.56
Si 0.32 0.35 0.25 0.25 0.37 0.29 0.33
Total 98.57 98.29 97.01 98.73 98.95 98.75 98.99

1: inter=interstitial; in=inclusion.
2: Pn=Pentlandite; Po=Pyrrhotite; Cp=Chalcopyrite.
from the solution by using anion exchange columns, applying a tech-
nique modified after Rehkämper and Halliday (1997).

Osmiumconcentrations and isotopesweremeasured byN-TIMSon a
FinniganMAT-262 instrument. Details are given in Liu et al. (2008). The
concentrations of other HSE weremeasured on a Nu PlasmaMC-ICPMS,
which allows measurements by static multi-collection and has the
advantage that fractionation corrections are done by internal normal-
ization or by external correction using an admixed element of similar
mass. External standards were added for the mass-fractionation
correction, i.e., Ir added for Re, Mo for Ru, Ag for Pd, and Os for Ir+Pt.
Blank contributions are negligible because all samples have at least
20 times higher concentrations compared with the average blank com-
positions. Repeated digestions of fresh aliquots of the ultramafic rock
standard UB-N indicate a reproducibility of 10% for the HSE concentra-
tions (Büchl et al., 2002). The reproducibility of the concentrations,
based on three duplicate analyses of samples from the present study, is
11% for Os, 3% for Ir, 12% for Ru, 5% for Pt, 9% for Pd, 9% for Re. The HSE
patterns themselves were reproduced very well. Thus, the elemental
ratios are less affected, although the analytical uncertainty sometimes is
relatively high. The lattermight reflect theheterogeneousdistributionof
the HSE on a small scale, the so-called ‘nugget effect’.

4. Results

Whole-rock major elements of all samples are shown in Table 1.
The D70 samples have lower MgO contents compared to the PS66-238
fresh peridotites, which reflect the loss of Mg during seawater
alteration of abyssal peridotites on the seafloor (Snow and Dick,
1995). The common slightly lowerMgO contents of the altered rims of
the PS66-238 samples compared to their corresponding fresh cores
are consistent with this hypothesis as well. The D70 samples also have
PS66-238-4 PS66-238-5

Pn Po Pn Po Cu-rich Po

in inter inter in inter in inter inter

33.64 34.62 62.22 38.09 36.93 61.91 62.12 54.20
31.94 30.47 0.07 26.76 28.64 0.29 0.19 0.16
0.29 0.36 0.05 0.51 0.37 0.06 0.06 0.05
0.19 0.25 0.03 0.07 0.08 0.08 0.31 7.98

32.58 32.51 35.98 32.19 32.18 34.98 35.34 36.83
0.31 0.35 0.30 0.42 0.34 0.33 0.26 0.27

99.11 98.66 98.74 98.17 98.67 97.79 98.39 99.64

-9 PS66-238-11 PS66-238-18

Po Pn Cu-rich Pn Pn Cu-rich Pn

inter inter inter in in. inter inter

39.47 61.31 43.85 40.29 37.45 42.20 39.43
25.80 0.05 21.18 20.62 27.51 22.46 22.81
0.55 0.05 0.45 0.43 0.36 0.45 0.39
0.14 0.24 0.07 1.86 0.24 0.24 2.33

32.55 36.57 32.90 31.12 32.44 32.75 32.20
0.28 0.24 0.27 0.91 0.33 0.37 0.63

98.93 98.56 98.85 95.30 98.45 98.58 97.85

38-39 PS66-238-49

Cu-rich Pn Po Pn Cu-rich Pn Cu-rich Pn

inter inter inter in inter inter in

32.26 37.73 61.07 38.94 41.57 38.66 38.35
33.52 22.89 0.03 26.21 23.96 20.51 22.53
0.20 0.13 0.04 0.48 0.45 0.44 0.45
0.00 3.29 0.06 0.06 0.07 5.71 3.95

32.32 33.43 36.76 32.43 32.39 33.38 32.90
0.25 0.42 0.29 0.29 0.26 0.31 0.36

98.65 98.02 98.36 98.49 98.86 99.09 98.61



Table 3
HSE and sulfur contents of Gakkel ridge abyssal peridotites.

Sample Lithology Os
(ppb)

Ir
(ppb)

Ru
(ppb)

Pt
(ppb)

Pd
(ppb)

Re
(ppb)

187Os/188Os S
(ppm)

avg. 1σ

D70-91 Sp LH 2.07 1.72 4.65 5.36 5.17 0.13 0.1292±3 549 191
D70-58 Sp LH 1.72 1.14 4.07 3.78 3.21 0.05 0.1301±3 288 60
Replicate 2.85 1.13 5.34 4.18 3.50 0.05 0.1306±2
D70-56 Sp LH 3.38 3.33 7.37 7.76 3.03 0.25 0.1261±2 766 145
D70-75 Sp LH 3.01 3.11 6.28 6.92 2.30 0.14 0.1277±3 466 42
D70-62 Sp HZ 4.05 3.95 5.28 2.66 0.74 0.16 0.1149±2 478 74
D70-64 Sp LH 2.14 2.42 3.79 3.44 2.87 0.29 0.1226±3 582 75
D70-73 Sp LH 3.30 3.17 6.72 7.47 2.99 0.29 0.1285±4 407 89
238-2-i Sp LH 4.34 4.35 7.94 8.83 8.45 0.22 0.1266±2 72 5
238-4-i Sp LH 4.53 4.55 8.43 7.99 8.59 0.36 0.1286±2 93 16
238-4-r 4.21 4.71 8.41 7.97 7.20 0.30 0.1296±2 102 9
238-5-i Pl LH 3.90 3.77 6.69 6.83 6.22 0.32 0.1271±2 137 12
238-7-i Sp LH 4.66 4.45 8.18 8.75 6.95 0.30 0.1263±3 120 14
238-9-i Sp LH 4.56 4.42 8.30 7.43 7.21 0.31 0.1261±2 127 15
238-11-i Sp LH 3.80 3.47 7.00 6.13 5.10 0.22 0.1240±2 114 6
Replicate 3.97 3.62 6.98 6.04 4.70 0.25 0.1238±3
238-11-r Sp LH 5.57 4.47 9.59 8.95 4.13 0.22 0.1247±3 114 15
Replicate 4.69 4.29 8.64 9.47 4.67 0.24 0.1248±3
238-18-i Sp LH 5.39 5.16 8.47 8.08 5.99 0.34 0.1225±2 163 3
238-22-i Sp HZ 6.71 5.30 10.70 5.56 4.58 0.23 0.1139±2 96 16
238-22-r 6.58 5.46 10.86 7.10 3.55 0.13 0.1165±2 75 9
238-35-i Sp LH 4.71 4.66 7.99 8.50 7.57 0.28 0.1279±2 87 12
238-39-i Sp LH 5.46 5.09 9.34 9.59 7.91 0.29 0.1274±2 77 6
238-39-r 4.30 4.56 8.22 8.06 6.97 0.29 0.1278±2 100 10
238-49-i Sp LH 4.44 3.72 7.85 7.15 6.02 0.22 0.1237±2 104 9
238-49-r 4.36 3.87 7.91 7.70 3.82 0.24 0.1252±2 110 18

-i: fresh interior; -r: weathered rim.
Sp LH=Spinel Lherzolite; Sp HZ=Spinel Harzburgite; Pl LH=Plagioclase Lherzolite.
avg=average; σ=standard deviation.
Re and Os data from Liu et al. (2008).

Fig. 2. Diagram of whole-rock sulfur content versus bulk Al2O3 content. Slightly positive
correlation exists among the fresh interiors of PS66-238 samples. The harzburgite
(PS66-238-22) deviates from the correlation to a relatively higher value. One lherzolite
(PS66-238-18) also deviates from the correlation to a higher value. The data of Lesotho
(Pearson et al., 2004) and Vitim (Ionov et al., 1992) mantle xenoliths are shown for
comparison. The PUM data are from McDonough and Sun (1995).
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higher contents of Na2O and CaO than the PS66-238 samples, whereas
the fresh cores of the PS66-238 samples have very low Na2O contents
of (0.03–0.08%). This suggests that both Ca and Nawere added to D70
samples during seawater alteration. Both D70 and PS66-238 samples
have very low TiO2 abundances (0.03–0.09%).

Representative compositions of different sulfides in the fresh PS66-
238 samples are listed in Table 2. Sulfides in all samples are mainly
composed of pentlandite and pyrrhotite. Secondary Cu-rich sulfides
commonly reported in previous studies (Luguet et al., 2003; Alard
et al., 2005) are seldom observed in the “fresh” Gakkel abyssal
peridotites, and chalcopyrite grains have only been discovered in one
sample (PS66-238-2). Previous studies observe sulfides in mantle
peridotites that show differences in their major elements according to
whether they are found on grain boundaries or grain interiors (Alard
et al., 2005; Lorand and Gregoire, 2006). By contrast, no significant
difference among these different types of sulfides is observed in the
PS66-238 samples.

The fresh dredge PS66-238 samples have much lower bulk-rock
sulfur contents relative to the D70 serpentinites (Table 3). Furthermore,
sulfur contents of the PS66-238 samples (72–163 ppm) are also lower
than in the primitive mantle (ca. 250 ppm; (McDonough and Sun,
1995)). The fresh interiors and the altered rims from the same PS66-238
samples do not have distinguishably different sulfur contents. Sulfur
contents of PS66-238 samples display a weak positive correlation with
their bulk Al2O3 contents (Fig. 2). The harzburgite 238-22 and one
lherzolite (238-18) deviate from the correlation to a higher value.
Compared to thePS66-238 samples, D70 serpentinites havemuchhigher
sulfur contents (288–766ppm),probably reflecting the additionof sulfur
from seawater to the serpentinites (Alt and Shanks, 1998). Their sulfur
contents correlate neither with bulk Al2O3 contents nor with HSE ratios.

TheHSE concentrations of both D70 and PS66-238 samples are listed
inTable 3. Notably, theD70 serpentinites have lowerHSE concentrations
than the PS66-238 samples (Fig. 3), even after recalculation by their LOI.
The HSE abundances of the D70 samples are less than 0.01×CI (CI
chondrites) (Fig. 3a). All six D70 lherzolites but D70-58 have chondritic
Os/Ir ratios. Sample D70-58 has the lowest Ir and Re contents and thus
gives suprachondritic PGE/Ir ratios. Replicate analyses of this sample
show that the concentrations of Ir, Re, and Pd are highly reproducible,
whereas both Os and Ru concentrations are variable. Thus, low
concentrations of both Ir and Re in this sample are not likely to be an
analytical artifact. Lherzolite D70-91 also has suprachondritic PGE/Ir
ratios. Ru/Ir ratios in all lherzolites are suprachondritic, whereas Re/Ir
ratios are commonly subchondritic. The harzburgite D70-62 has a
fractionated HSE pattern with higher IPGE but lower PPGE, thus giving
lower (Pt/Ir)n, (Pd/Ir)n and (Re/Ir)n (n: CI-chondrite normalized;
(Horan et al., 2003)) ratios of 0.31, 0.15 and 0.48, respectively.



Fig. 4. Comparison of HSE data between the fresh interiors and theweathered rims. Three
of the five analyzed weathered rims have similar IPGE abundances as their interiors.
Sample 238-11 has higher contents of IPGE in its weathered rim than its fresh interior, but
vice versa in sample 238-39. All weathered rims have higher Pd contents than their
corresponding fresh interiors. Only two samples (PS66-238-4 and PS66-238-22) have
lower Re contents in their fresh interiors than their weathered rims, whereas other three
samples have similar Re contents between interiors and rims.

Fig. 3. Diagrams of HSE patterns of (a) HLY0102-D70 and (b) PS66-238 samples. (a) D70
lherzolites have consistent IPGE patterns but variable PPGE and Re patterns. (b) All PS66-
238 lherzolites have consistent patterns. Both harzburgite (PS66-238-22) and plagioclase
lherzolite (PS66-238-5) have fractionated HSE patterns. The harzburgite has higher
contents of I-PGEs relative to P-PGEs andRe,whereas the plagioclase lherzolite has slightly
higher Pd and Re contents. The HSE pattern of the D70 harzburgite (D70-62) is similar
to that of PS66-238 harzburgite, i.e., higher contents of IPGE and lower PPGE and Re.
CI-chondrite normalizing values are from Horan et al. (2003).
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The PS66-238 fresh peridotites have higher platinum group
elements (PGE: Os, Ir, Ru, Pt and Pd) but lower Re abundances relative
to the primitive mantle (McDonough and Sun, 1995), and their PGE
patterns are consistent than those of D70 samples. All fresh interiors of
lherzolites have chondritic Os/Ir, supra-chondritic (Ru, Pd)/Ir, but sub-
chondritic (Pt, Re)/Ir ratios (Fig. 3b). Theharzburgite (PS66-238-22)has
fractionated HSE patternwith supra-chondritic IPGE (Os, Ir, and Ru) but
sub-chondritic PPGE (Pt and Pd) and Re. Three of the five analyzed
weathered rims have similar IPGE abundances to their interiors. Two
rims have higher (PS66-238-11) and lower (PS66-238-39) contents
than their interiors, respectively. All weathered rims have higher Pd
contents than their corresponding fresh interiors. Only two samples
(PS66-238-4 and PS66-238-22) have lower Re contents in their fresh
interiors than their weathered rims, whereas other three samples have
similar Re contents between interiors and rims.

5. Discussion

5.1. Effects of seawater alteration

Abyssal peridotites are commonly subjected to pervasive alteration
during their exposure to circulating fluids and seawater at or below
the seafloor. Therefore, effects of alteration on the HSE compositions
of abyssal peridotites should be evaluated before using HSE data to
discuss the processes in the oceanic mantle. Seawater alteration of
abyssal peridotites is a complicated process, including both serpenti-
nization (~500 °C–0 °C) and weathering (~0 °C) processes, and could
take place under a range of temperatures and redox conditions at
different stages (Bach et al., 2004; Snow and Dick, 1995). The
behaviors of the HSE during seawater alteration of abyssal peridotites
remain poorly constrained. It has been suggested that platinum-group
elements (PGE) are stable during serpentinization processes because
they are all extremely unreactive in a reducing environment (Snow
and Schmidt, 1998). Serpentinization of peridotites has thus been
thought to be without significant effect on HSE relative abundances
other than diluting total HSE contents (Lorand et al., 1993), owing to a
volume increase caused by serpentinization of silicate phases (Snow
and Schmidt, 1998). Unlike serpentinization, seawater weathering
processes occur under an oxidizing environment, and thus, could
potentially affect the HSE compositions of abyssal peridotites (Snow
and Schmidt, 1998). Decrease of Pd abundance has been observed in
altered abyssal peridotites, indicating its mobile character during
oxidizing seafloor alteration (Luguet et al., 2003).

Fresh peridotites with weathered rinds from Gakkel Ridge provide
an opportunity to evaluate the effects of seawater alteration on the
HSE composition of abyssal peridotites. In the five analyzed PS66-238
samples, Os, Ir, Ru and Pt show no systematic difference between the
weathered rims and the fresh interiors (Fig. 4), which suggests that
these elements are not affected by seawater alteration. Therefore, IPGE
are immobile and preferentially retained in the serpentinites during
alteration, possibly because themagmatic sulfideswere still preserved
through seafloor alteration. Consistent with the previous conclusion
that Pd tends to be mobile during seafloor weathering (Luguet et al.,
2003), the altered rims of the five PS66-238 samples have Pd contents
lower than those of their interiors (Fig. 4). Furthermore, the analyzed
fresh interiors have Re contents either higher than or similar to their
corresponding altered rims. This suggests that Re also tends to be
mobile during seawater alteration of abyssal peridotites. The following
discussionwill be focused only on the HSE data of the fresh interiors of
the PS66-238 samples.

5.2. Fractionation of HSE during partial melting

It has been widely demonstrated that incongruent melting of
sulfides in mantle peridotites produces Cu–Ni-rich sulfide melt, and
leaves residual monosulfide solid solution (Mss) in the peridotite
residues (Alard et al., 2000; Luguet et al., 2003; Bockrath et al., 2004;
Peregoedova et al., 2004; Ballhaus et al., 2006). The refractory Mss
concentrates Os, Ir and Ru, whereas the Cu–Ni-rich sulfides are
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enriched in Pt, Pd and Re (Alard et al., 2000; Bockrath et al., 2004;
Ballhaus et al., 2006). The Cu–Ni-rich sulfide melt could be physically
removed along with the basaltic melt, which would result in the
depletion of Pt, Pd and Re in the peridotite residues (Ballhaus et al.,
2006). In this physical process, fractionation of PGE in mantle
peridotites is not controlled by their sulfide/silicate partition
coefficients but by their Cu–Ni-rich sulfide/Mss partition coefficients.

By the use of the Cr# [=Cr/(Cr+Al)] of spinel (Dick and Bullen,
1984; Hellebrand et al., 2001), the PS66-238 spinel lherzolites can be
estimated to have experienced 5–8% silicate partial melting. As shown
in Fig. 3b, they display consistent HSE patterns. All spinel lherzolites
have uniform ratios of both Os/Ir and Ru/Ir along with the melt
depletion index (e.g., bulk Al2O3 content) (Fig. 5a and b), indicating
the compatible nature of Os, Ir and Ru during partial melting. The
horizontal relationship between Pt/Ir and the degree of partial
melting (F) shown among all lherzolites (Fig. 6a), suggests that Pt
also behaves as a compatible element. Furthermore, all lherzolites
have uniform Pt/Pd values for a wide range of bulk Al2O3 contents,
indicating that Pd did not fractionate from Pt and the IPGE (Fig. 5c).
The lack of fractionation of PGE in the PS66-238 spinel lherzolites
suggests that they were not significantly affected by sulfide melt
removal during partial melting. By contrast, the harzburgite PS66-
238-22 was subjected a higher degree of partial melting (ca. 12%) and
displays a fractionated HSE pattern, with depletion of PPGE and Re
relative to IPGE (Fig. 3b). Modeling results suggest that the sulfides in
mantle peridotites would be totally consumed by about 12% partial
melting (Luguet et al., 2003). Therefore, depletion of Pt and Pd in the
Fig. 5. PGE ratios versus bulk Al2O3 contents. (a–b) Both Os/Ir and Ru/Ir ratios of all PS66
suggests Os, Ir and Ru behave compatibly during low to moderate degree of partial melting
contents, reflecting these two elements were not fractionated during partial melting. (d) A
between Re/Ir ratio and bulk Al2O3 content, which suggests Re is similar to Al during part
Chondrite; EC=Enstatite Chondrite. Sp-LH=spinel lherzolite; Pl-LH=plagioclase lherzolit
harzburgite might reflect the total consumption of sulfide in this
sample.

To illustrate the fractionation of PGE in the peridotites during
melting of mantle sulfides, we modeled the variations of both Pt/Ir
and Pd/Ir ratios (Fig. 6), using the method of previous studies (Lorand
et al., 1999; Luguet et al., 2003). Here we assume that the DMM
contained 150 ppm S before melting and the solubility of S in the
basaltic melts is 1000 ppm. Other details and parameters are given in
Fig. 6. The result indicates that DPt must vary from b2000 to 5000 to
account for the subchondritic Pt/Ir ratios in PS66-238 samples
(Fig. 6a), which is consistent with previous experimental work
(Stone et al., 1990; Fleet et al., 1991). Considering the large variation
of Pd/Ir ratios among the different chondrites (Horan et al., 2003),
both the CI-chondritic Pd/Ir ratio (1.3) and the higher Pd/Ir value
similar to EH4 enstatite chondrites (1.6, e.g., Rehkämper et al. (1999))
were taken for modeling. No matter which Pd/Ir ratio is chosen
(Fig. 6b), a very low DPd (ca. 2000) value is required to reproduce the
Pd content in the harzburgite, which is 5 to 10 times lower than DIr.
This conflicts with previous experimental results (Fleet et al., 1991;
Fleet et al., 1999), in which quite similar values for DIr and DPd were
obtained. Depletion of Pd in the harzburgite thus cannot be explained
by equilibrium partitioning between sulfide and silicate melt, nor by
congruent melting of sulfides along the peridotites solidus. It most
likely reflects instead the incongruent melting of mantle sulfide and
the drainage of the Cu–Ni-rich sulfide melt by the basaltic melt.

Good positive correlations between Re/Os and bulk Al2O3 ratios
shown by all but one lherzolite suggest that Re was incompatible even
-238 samples display horizontal lines along the variation of bulk Al2O3 contents. This
(up to 12%). (c) Pt/Pd ratios of all PS66-238 samples show a flat line with bulk Al2O3

ll PS66-238 samples but one lherzolite (PS66-238-18) show good positive relationship
ial melting and also melt refertilization. CC=Carbonaceous Chondrite; OC=Ordinary
e; HZ=harburgite.



Fig. 6. Modeling the variations of (Pt/Ir)N (a) and (Pd/Ir)N ratios (b) in the Gakkel Ridge
abyssal peridotites during partial melting. N=CI-chondrite normalized (Jochum, 1996).
Two Pd/Ir valueswere chosen for DMMsources, oneCI-chondritic, and the other similar to
EH4 enstatite chondritesHoran et al. (2003). A constant sulfidemelt-silicatemelt partition
coefficient was selected for Ir from Fleet et al. (1999). Different partition coefficients of Pt
and Pd marked along the curves were used for modeling. Note that Pd/Ir ratios in some
lherzolites are even higher than the values of EH4 enstatite chondrites. Other details are
given in the text.
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at low degrees of partial melting (Fig. 5d). This is consistent with
previous inferences that Re behaves as a moderately incompatible
element with a bulk partition coefficient similar to that of aluminum
(Reisberg and Lorand, 1995; Shirey and Walker, 1998). This might be
because the budget of Re in mantle peridotites is mainly controlled by
silicates and spinels (Luguet et al., 2007).

5.3. PS66-238 spinel lherzolites: pristine mantle peridotites or secondary
rocks resulting from refertilization of harzburgite?

Based on the structural and geochemical evidence, Le Roux et al.
(2007) have recently demonstrated that some lherzolites from the
Lherz massif do not represent pristine mantle rocks but instead are
secondary rocks formed by refertilization of harzburgites. The authors
suggested that most lherzolite massifs represent secondary (referti-
lized) rather than pristine mantle. Furthermore, it has been shown
that Re–Os systematics in some massif lherzolites reflect the
refertilization of ancient refractory peridotites with enriched melts
(van Acken et al., 2008). Therefore, application of orogenic lherzolites
to infer the composition of the PUM (Meisel et al., 2001; Becker et al.,
2006) should be approached with caution (Lorand et al., 2008).
Clinopyroxene trace element compositions of lherzolites from PS66-
238 suggest that they have been refertilized by late melts after low
degrees of melt extraction (Liu et al., 2008), which is also supported
by the occurrence of plagioclase lherzolite (PS66-238-5). Therefore, it
is important to assess whether the PS66-238 lherzolites represent
fertile pristine mantle rocks or not.

The following three lines of evidence suggest that the PS66-238
lherzolites were not transformed from harzburgites through melt
refertilization. First, the Gakkel Ridge is the slowest spreading mid-
ocean ridge in the world, beneath which the abyssal peridotites
should be subjected to low degrees of partial melting. Particularly, the
PS66-238 samples were collected from the segment with the weakest
magmatism, around which no basalt but only peridotites have been
recovered (see the Fig. 1 in Liu et al. (2008)). Therefore, the large
amounts of melt required to produce lherzolite through refertilization
of harzburgite are unlikely to be present in this area.

Second, the lherzolites have only slightly higher contents of both
Na2O (0.04–0.08%) and TiO2 (0.05–0.09%) compared to those of the
harzburgite PS66-238-22 with 0.03% and 0.04%, respectively. Assum-
ing the refertilizing melts have N-MORB-like compositions with 2%
Na2O and 1% TiO2, the amount of melts required should be no larger
than 5%. This precludes the formation of lherzolites through
impregnation of large amounts of melt (10%) into harzburgite (Le
Roux et al., 2007).

Third, their Re–Os isotopes argue against the transformation from
harzburgites. The harzburgite PS66-238-22 has higher Os abundance
but lower 187Os/188Os ratio compared to the lherzolites. To increase
the 187Os/188Os ratio, radiogenic Os would have to be added into the
harzburgite along with refertilizing silicate melts, because percolation
of pure sulfide melt has been argued against in the PS66-238 samples
(Liu et al., 2008). The Os content of harzburgite could be reduced
either by addition of large amounts of silicate melt through a dilution
effect or by removing the primitive unradiogenic Os. The former
process is impossible because an unrealistically large volume of melt
(N15%) is required to decrease the Os concentration from 6.71 ppb in
the harzburgite to 5.46 ppb in PS66-238-39, which has the highest Os
concentration among the lherzolites. Removal of primitive unradio-
genic Os along with addition of radiogenic Os, however, commonly
takes place at high melt/rock ratios and open systems, such as during
the formation of dunite (Büchl et al., 2002), rather than during melt
refertilization processes, which take place at lower melt/rock ratios.

5.4. Non-chondritic HSE of spinel lherzolites fromGakkel Ridge: implications
for the HSE composition of the PUM

Notably, both Ru and Pd in all spinel lherzolites from Gakkel ridge
are enriched relative to Ir and Os, that is, they have suprachondritic
Ru/Ir and Pd/Ir ratios. Rhenium and Pt abundances are not enhanced
(Fig. 3b). Suprachondritic Ru/Ir ratios have been widely reported in
mantle peridotites from different tectonic settings (Rehkämper et al.,
1997; Snow and Schmidt, 1998; Schmidt et al., 2000; Pearson et al.,
2004), and has been suggested to be an indigenous characteristic of a
large fraction, if not of the whole of the upper mantle (Palme and
O'Neill, 2004). Many bulk rock samples of fertile lherzolites also show
enrichment of Pd over Ir when normalized to carbonaceous
chondrites or even enstatite chondrites (Pattou et al., 1996; Snow
and Schmidt, 1998; Lorand et al., 1999; Rehkämper et al., 1999;
Schmidt et al., 2000; Lorand et al., 2000; Lee, 2002; Luguet et al., 2003;
Pearson et al., 2004; Becker et al., 2006). However, it has been highly
debated whether this results from secondary processes (Rehkämper
et al., 1999; Schmidt et al., 2000; Morgan et al., 2001; Luguet et al.,
2003; Pearson et al., 2004), or is an indigenous feature of the Earth's
upper mantle (Becker et al., 2006).

Melt refertilization and metasomatism are the two secondary
igneous processes occurring in mantle peridotites ‘en route’ to the
Earth’s surface. New mineral phases would be formed in a metaso-
matic process through the reaction of melt with phases in the
peridotite (Kelemen et al., 1992), whereas a melt refertilization
process would lead the originally refractory peridotite (e.g., harzbur-
gite) to become fertile peridotite (e.g., lherzolite) (Elthon, 1992). Both



Fig. 7. Correlation between the (Pd/Ir)N ratios and the excess sulfur content (ΔS).
ΔS=SM-ST; SM, the measured sulfur content; ST, the theoretical values in the peridotite
residues after different degrees of partial melting from amantle source with 150 ppm S.
Two samples (PS66-238-18 and PS66-238-22) with the maximum excess sulfur
contents have the lowest Pd/Ir ratios. The dash lines show the modeling of addition of
magmatic sulfides with different Pd/Ir ratios into a residual harzburgite, which contain
4 ppb Ir, 2.2 ppb Pd and has a (Pd/Ir)N ratio of 0.5. The black dash line represent the
addition of a magmatic sulfide with 45 ppm Ir, 280 ppm Pd and a (Pd/Ir)N ratio of 5.3.
The grey dash line represent the addition of a magmatic sulfidewith 56 ppm Ir,120 ppm
Pd and a (Pd/Ir)N ratio of 2. Compositions of the magmatic sulfides are selected from
Luguet et al. (2001).
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processes are capable of changing the HSE composition of mantle
peridotites (Rehkämper et al., 1999; Saal et al., 2001; Büchl et al.,
2002; Luguet et al., 2003; Pearson et al., 2004), because secondary
igneous sulfides could be segregated from the melts into mantle
peridotites together with other silicate minerals (Seyler et al., 2001).
Suprachondritic Pd/Ir ratios in the PS66-238 samples cannot be
attributed only to the addition of silicate melts. As discussed above,
addition of large amounts of melt is unlikely in PS66-238 lherzolites
because of their low contents of both Na2O and TiO2. The peridotite-
melt partition coefficient of Re is lower than that of Pd. If melt
refertilizationwere responsible for Pd enhancement in the lherzolites,
Re would be enriched relative to Pd or Pt, which it is not.

By comparison, percolation of sulfide melt would be more efficient
than silicate melt in increasing the Pd/Ir ratios of mantle peridotites.
Rehkämper et al. (1999) first proposed the addition of secondary
sulfides to explain suprachondritic Pd/Ir ratios observed in some
mantle peridotites. They implied that the HSE budget of mantle
peridotites reflects the physical mixing of both residual and secondary
sulfides. In-situ study of base-metal sulfides provides further support
to this interpretation. Relative to sulfides enclosed in olivine,
interstitial sulfides in mantle peridotites are generally enriched in
incompatible PGEs (i.e., Pd and Re) on one hand; and also have
suprachondritic 187Os/188Os ratios on the other hand (Alard et al.,
2000; Alard et al., 2005). Modeling results showed that addition of
50–100 ppm sulfur in the form of secondary sulfide is enough to
account for the suprachondritic Pd/Ir observed in some mantle
peridotites (Rehkämper et al., 1999; Luguet et al., 2003).

Some sulfides in Gakkel abyssal peridotites do bear both com-
positional and textural evidence supporting for their magmatic origin.
Chalcopyrite and Cu–Ni-rich sulfides interstitial among silicate
minerals have been observed in some samples. Especially, association
of some small sulfides with tiny cpx (cpx2) and spinel (sp2) occur in
some Gakkel samples (Fig. 1c, f). Such textures have been reported in
abyssal peridotites and ophiolitic peridotites, which were commonly
attributed to crystallization of magmatic sulfides from small refertiliz-
ing melt fractions trapped within the peridotites (Seyler et al., 2001;
Luguet et al., 2003; Luguet et al., 2004). Furthermore, sulfur contents
of both PS66-238-18 and PS66-238-22 deviate from the positive
A12O3–S correlation to higher values, possibly reflecting the late
addition of sulfides in these samples. Therefore, at least some Gakkel
peridotites have been affected by late addition of magmatic sulfides.

However, suprachondritic Pd/Ir ratios in all PS66-238 lherzolites
are unlikely to result from addition of metasomatic sulfides for the
following reasons. The first set of reasons is petrographic: the
refractory Fe–Ni-rich sulfides (i.e., pentlandite and pyrrhotite)
predominate over Cu–Ni-rich sulfides and chalcopyrite in all samples.
Even when they occur, the Cu–Ni-rich sulfides are very tiny in size.
Sample PS66-238-4 has a suprachondritic Pd/Ir, even though no Cu-
rich magmatic sulfide has been discovered in thin section. Secondly,
sulfide addition process cannot account for the significantly different
Pd/Ir ratios in samples with similar histories of partial melting and
melt refertilization. For example, sample PS66-238-2 and PS66-238-
39 have been subjected with similar degrees of melt extraction,
indicated by the similar Cr# of their spinels (0.2 vs. 0.18). They also
contain identical sulfur contents within error (72 vs. 77 ppm). This
suggests that similar amount of sulfides were added into these two
samples after melt extraction, if this process was occurred in both
samples. However, the (Pd/Ir)N value of PS66-238-2 (1.93) is much
higher than that of PS66-238-39 (1.43). Thirdly, addition of magmatic
sulfides does not explain the S-PGE systematics. We have calculated an
excess sulfur content for each sample as the measured sulfur content of
the sample minus the theoretical sulfur content residual in the sample
after partialmelting.Magmatic sulfides have highPd/Ir ratios compared
to mantle rocks, predicting a strong positive correlation of Pd/Ir with
added sulfide. In Fig. 7, models are shown assuming Pd/Ir in magmatic
sulfides of 2 and 5.3, respectively. Instead of a positive correlation, there
is a rough inverse relationship between the Pd/Ir ratio and the excess
sulfur content (except for theharzburgite),whichessentially contradicts
the contention that the suprachondritic Pd/Ir ratios in the Gakkel Ridge
lherzolites result from pervasive addition of secondary magmatic
sulfides (Fig. 7). The two samples (PS66-238-18 and PS66-238-22)
with the maximum excess sulfur contents have the lowest Pd/Ir ratios,
and (again with the exception of the harzburgite) all samples with
low excess sulfur have high Pd/Ir ratios. Therefore, we conclude
that suprachondritic Pd/Ir ratios in Gakkel lherzolites are not due to
addition of metasomatic sulfides. Instead, similar to the suprachondritic
Ru/Ir ratio, they represent an indigenous signature of the Earth's upper
mantle.

The non-chondritic HSE patterns displayed by the fresh PS66-238
lherzolites, i.e., suprachondritic Ru/Ir and Pd/Ir ratios but chondritic
Pt/Ir ratio, are similar to those of the PUM. The estimated composition
of the PUM were inferred based on samples representative of
continental lithospheric mantle, e.g., peridotite massifs and mantle
xenoliths (Becker et al., 2006). This suggests that the oceanicmantle has
a HSE budget similar to that of the continental lithospheric mantle.
Meanwhile, unlike some samples previously used for the estimate of the
PUM composition, the Gakkel lherzolites have experienced little melt
refertilization. Our results thus support the conclusion that the PUMhas
a non-chondritic HSE budget.

6. Conclusions

Abyssal peridotites from the ultra-slow spreading Gakkel Ridge
that experienced little melt extraction and late refertilization provide
an opportunity to study the behaviors of the HSE during seawater
alteration and partial melting, and also provide constraints on the HSE
composition of the primitive upper mantle (PUM). Comparison of HSE
compositions between fresh, weathered and serpentinized abyssal
peridotites suggest that the HSE with the possible exception of Pd and
Re are stable during seafloor alteration (i.e., serpentinization and
weathering). The lherzolites from Gakkel Ridge have very low
contents of both Na2O and TiO2, representing the pristine mantle
rather than secondary refertilization mantle. They have consistent
HSE patterns with suprachondritic Ru/Ir and Pd/Ir ratios. The
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harzburgite has a fractionated HSE patternwith depletion in Pt, Pd and
Re. This might reflect the removal of Cu–Ni-rich sulfide from the
harzburgite during partial melting, perhaps through a physical draining
process. The suprachondritic Pd/Ir ratios of the PS66-238 lherzolites are
not due to the addition of metasomatic sulfides, although these have
been discovered in some samples. Therefore, both the suprachondritic
Pd/Ir ratio and the suprachondritic Ru/Ir ratio are indigenous
characteristics of the upper mantle. Our conclusion is consistent with
the HSE composition of the PUM estimated based on the HSE con-
centrations in rocks from the continental lithospheric mantle.
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