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The Oman ophiolite consists of several massifs cropping out along

a 500 km long band trending NW^SE along the coast of Oman;

it is one of the best exposed sections of oceanic crust and mantle in

the world.There is a gradient in igneous processes and composition

in the ophiolite, with the northern massifs recording a polygenetic

igneous history involving an increasingly important subduction

component, whereas the southern massifs were formed primarily via

a mid-ocean ridge basalt (MORB)-like, single-stage process at a

submarine spreading ridge. In this study we use geochemical data

fromWadiTayin, which is one of the southern massifs of the Oman

ophiolite, to constrain the composition and genesis of oceanic crust

and upper mantle. The Wadi Tayin harzburgites are residues of

partial melting that are as depleted as the most depleted mid-ocean

ridge peridotites.They have low middle- to heavy rare earth element

ratios, most probably reflecting melting close to and beyond the

exhaustion of clinopyroxene. Like many abyssal peridotites, the

Wadi Tayin samples show enrichment in highly incompatible

elements, giving rise to U-shaped MORB-normalized trace element

patterns. We favor the idea that this is caused by enrichment of

highly incompatible elements along grain boundaries in peridotite,

which may be the result of near-equilibrium partitioning between

grain boundaries and grain interiors, rather than disequilibrium

processes. Equilibrium partitioning between crystals and grain

boundaries during melting and melt extraction is also our preferred

explanation for ubiquitous high Pb contents relative to Ce and La

in our samples as well as in most abyssal peridotites. The Wadi

Tayin samples record substantial variability in terms of osmium iso-

topic composition and platinum group element (PGE) concentra-

tions. The more radiogenic nature of the dunites and impregnated

peridotites compared with the residual harzburgites may be due to

relatively high 187Os/ 188Os in melt transported through the dunites.

The presence of residual peridotites with whole-rock osmium isotopic

compositions less radiogenic than MORB may be explained by melt-

ing of a veined (upwelling) mantle forming mixed melts in which

much of the Os derives from veins with high Re/Os in a matrix of

previously depleted peridotite. An important result of this study is

that the shallowest samples are refertilized (i.e. anomalously

enriched in incompatible elements), and record relatively high meta-

morphic closure temperatures.These observations suggest that migrat-

ing melt underwent crystallization during rapid cooling in the

uppermost mantle during and immediately after ridge magmatism.

A variety of geothermometers all yield the result that the stratigraphi-

cally highest harzburgites equilibrated at higher temperature than

the deeper ones.The systematic decrease in closure temperature with

increasing depth below the Moho transition zone probably reflects

systematic variation in cooling rate as a function of depth in the
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mantle section. We hypothesize that the refertilization and higher

closure temperatures recorded by the uppermost mantle samples are

linked. More rapid cooling led to higher closure temperatures, and to

partial crystallization of migrating melts in the shallowest part of

the mantle section, yielding slightly elevated abundances of elements

such as Ca and Na, and incompatible trace elements.

KEY WORDS: mantle peridotites; Oman ophiolite; geothermometry;

osmium isotopes

I NTRODUCTION
The Oman ophiolite (Fig. 1) provides complete sections
through the igneous crust and the uppermost mantle
formed at an oceanic spreading center. The presence of
pillow basalts underlain by a continuous layer of sheeted
dikes demonstrates that the crust formed at a submarine
spreading center. The Oman ophiolite has long been a
focus of study because of its excellent exposures over a
large area, and the geochemical similarity between
Oman samples and mid-ocean ridge samples. The compo-
sitional similarities between residual peridotite, gabbro
and lavas from Oman and from mid-ocean ridges indicate
that magmatic processes are similar in both settings (e.g.
Pallister, 1981; Pallister & Knight, 1981). Major and trace
element equilibrium between primitive lavas, sheeted
dikes, primitive lower crustal gabbros and dunite melt con-
duits in the residual mantle section show that all are part
of a co-genetic package formed at the spreading ridge
(e.g. Kelemen & Dick, 1995; Kelemen et al., 1997), as con-
firmed by Nd isotope data (McCulloch et al., 1981;
Sharma & Wasserburg, 1996).
This study focuses on samples from the mantle section of

the southernmost massif of the Oman ophiolite, the Wadi
Tayin massif. This massif consists of an extensive mantle
section overlain by a 5^7 km thick crustal gabbro section
and a nearly continuous layer of dikes and pillow lavas
(Fig. 1) (e.g. Boudier & Coleman, 1981; Pallister &
Hopson, 1981). The crust^mantle boundary in the Wadi
Tayin massif dips 20^308 to the south (Boudier &
Coleman, 1981; Pallister & Hopson, 1981; Nicolas &
Boudier, 2001) and the underlying mantle section extends
for 20^30 km north of this contact. Thus, it is inferred that
the mantle section of the Wadi Tayin massif has a struc-
tural thickness of more than 10 km.
The Samail massif, just to the west, has a generally

flat-lying crust^mantle transition (Nicolas et al., 2000),
and so the depth extent of the mantle exposures is limited;
the structural thickness of mantle peridotites is largest in
the NE corner of the Samail massif, where it may reach 3
or 4 km.We have made detailed studies of mantle perido-
tites in this NE corner of the Samail massif (Wadi Lufti),
just 10 km from the NW corner of the Wadi Tayin massif

(Braun & Kelemen, 2002; Braun, 2004) and some data
from those studies are incorporated into this work.
The mantle section of both the Wadi Tayin and Samail

massifs is composed of residual harzburgite and minor
lherzolite that host 5^15% discordant dunite (Boudier &
Coleman, 1981). The dunites occur as tabular veins and
sheets with sharp contacts, ranging in width from51cm
to 100m or more (Kelemen et al., 1997; Braun & Kelemen,
2002). The harzburgites are residues of partial melting
and melt extraction, and are geochemically similar to the
more depleted end of the abyssal peridotite compositional
spectrum (Boudier & Coleman, 1981; Gregory, 1984;
Kelemen et al., 1995; Godard et al., 2000). The dunites
represent chemically isolated channels of focused melt
transport through the harzburgites and were formed by
melt^rock reaction between mid-ocean ridge basalt
(MORB)-like melts and harzburgite (e.g. Kelemen et al.,
1995, 1997; Braun & Kelemen, 2001, 2002; Braun, 2004).
This study presents major and trace element, mineral

and Os isotope analyses for a set of samples of dunite and
harzburgite from the Wadi Tayin massif, spanning an
estimated stratigraphic thickness of more than 10 km, with
the objective of investigating spatial variability in the
mantle section and of constraining upper mantle processes
of melting and melt transport.

THE OMAN OPH IOL ITE
The Oman ophiolite consists of several massifs cropping
out along a 500 km long band trending NW^SE along
the coast of Oman. It is one of the best exposed sections
of oceanic crust and mantle in the world (Fig. 1). On the
basis of radiometric age data, crustal thickness, a general
lack of paleo-fracture zones, a nearly continuous layer
of gabbro between volcanic and mantle rocks, and other
geological observations, it is probable that it formed at a
medium- to fast-spreading ridge like the East Pacific Rise
(EPR) or the Juan de Fuca Ridge (e.g. Tilton et al., 1981;
Nicolas, 1989). For summaries of previous work on the
Oman ophiolite, the reader is referred to Pallister &
Knight (1981), Pearce et al. (1981), Alabaster et al. (1982),
Lippard et al. (1986), Lorand & Ceuleneer (1989),
Ildefonse et al. (1993), Nicolas et al. (1994, 1996, 2000),
Kelemen et al. (1995, 1997), Nicolas & Boudier (1995),
Hacker et al. (1996), Holtzman et al. (2000), Braun &
Kelemen (2002), Takazawa et al. (2003), Arai et al. (2004)
and Monnier et al. (2006).
Volcanic rocks are best exposed in the northern massifs

of the ophiolite; there the main lava series, the Geotimes
and Lasail volcanics, are tholeiitic basalts and andesites.
The lower Geotimes series lavas have rare earth element
(REE) and trace element contents similar to MORB
(e.g. Alabaster et al., 1982; Godard et al., 2003). However,
they also include andesites and dacites, which are rare
among mid-ocean ridge lavas (e.g. Pearce et al., 1981).
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Fig. 1. Geological map of the Samail andWadi Tayin massifs, Oman ophiolite, from Nicolas et al. (2000) showing the study area in theWadi
Tayin mantle section (red rectangle); sample locations are shown by green circles. Schematic cross-section of same sample transect is also
shown with inferred sample depths; harzburgite samples are shown as green circles, dunite samples as red circles. The green line dissecting the
sample area is the location of the Makhibiyah shear zone from Nicolas & Boudier (2008).
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The younger Lasail lavas, which overlie the Geotimes
series in the northern massifs, are depleted in REE relative
to MORB and are geochemically similar to lavas found
above some subduction zones (Pearce et al., 1981; Alabaster
et al., 1982; Lippard et al., 1986; Ernewein et al., 1988;
Ishikawa et al., 2002), although isotopically the Lasail
lavas are indistinguishable from the Geotimes lavas
(Godard et al, 2003). Also in the northern massifs, primi-
tive, orthopyroxene-rich gabbronorites and pyroxenites
are abundant in the lower crust and as intrusions into
shallow mantle peridotites (Smewing, 1981; Juteau et al.,
1988a, 1988b; Reuber, 1988; Reuber et al., 1991; Lachize
et al., 1996; Boudier et al., 2000), consistent with the pres-
ence of depleted, primitive andesite magmas. Such primi-
tive, orthopyroxene-rich cumulates are rare among
oceanic samples. ‘Wehrlitic’ intrusions and pyroxenites are
also present in the mantle and lower crustal gabbros and
their genesis has been extensively discussed (Juteau, 1988;
Juteau et al., 1988; Reuber, 1988, 1991). True wehrlites and
pyroxenites are rare or absent among samples of crust
formed at mid-ocean ridges.
Finally, spinel in mantle harzburgite and dunite in

the northern massifs has molar Cr-number
[100� (Cr/(CrþAl)] greater than 75 (e.g. Lippard et al.,
1986; Auge¤ , 1987; Ahmed & Arai, 2002; Araihich et al., 2004),
unlike that in oceanic peridotite samples, in which spinel con-
sistently has a Cr-number less than 70 (Dick & Bullen,1984).
The southern massifs of the Oman ophiolite, commonly

known as the Samail and Wadi Tayin (or Ibra) massifs,
lack many of the features listed above, which distinguish
the northern massifs from crust and residual mantle
formed at mid-ocean ridges. In the southern massifs, some
lavas have trace element characteristics that are identical
to MORB, whereas others lie just outside the MORB
field on discriminant plots (e.g. Pallister & Knight, 1981;
Braun, 2004). Primitive gabbroic rocks in the lower crust
of the two massifs do not contain orthopyroxene (e.g.
Pallister & Hopson, 1981; Korenaga & Kelemen, 1997;
Kelemen et al., 1997; Garrido et al., 2001; Koga et al., 2001).
Peridotites have spinel Cr-numbers that generally overlap
the more depleted end of the range for dredged oceanic
mantle samples (e.g. Braun, 2004). Residual harzburgites
record ‘near fractional’ partial melt extraction and are
geochemically similar to abyssal peridotites (Kelemen
et al., 1995; Godard et al., 2000; Le Me¤ e et al., 2004;
Monnier et al., 2006). Dunites within the mantle section
represent channels of focused melt transport through the
harzburgites, and were formed by melt^rock reaction
between MORB-like melts and harzburgite (Kelemen
et al., 1995; Braun & Kelemen, 2002; Braun, 2004).
In the Samail and Wadi Tayin massifs small, late-stage

websterite and gabbronorite intrusions are rare and con-
fined to the mantle section (e.g. Boudier & Coleman, 1981;
Amri et al., 1996; Benoit et al., 1996; Kelemen et al., 1997;

Python & Ceuleneer, 2003). Such orthopyroxene-rich
cumulates may be correlative with small gabbronorite
intrusions into peridotite dredged and drilled at
mid-ocean ridges (Ross & Elthon, 1993; Benoit et al., 1999;
Nonnotte et al., 2005). Lower crustal ‘wehrlites’ in the south-
ern Oman massifs are all, or almost all, melanocratic
(plagioclase-poor) olivine gabbros. Pallister & Hopson
(1981) did show a photomicrograph of a plagioclase-free
wehrlite, but despite extensive sampling from the same out-
crop, and elsewhere in the Samail andWadi Tayin massifs,
we have been unable to recover any plagioclase-free wehr-
lites. Pallister & Hopson (1981) emphasized that true wehr-
lites are rare in the southern Oman ophiolite and
estimated that melanocratic gabbro intrusions make up
about 5% of the crustal section in theWadi Tayin massif.
In summary, the southern massifs of the Oman ophiolite

are relatively similar to mid-ocean ridges, unlike the north-
ern massifs. Thus, we hypothesize that there is a gradient
in igneous processes and composition of the Oman ophiolite
as previously suggested by Godard et al. (2003), with the
northern massifs recording a polygenetic igneous history
involving an increasingly important subduction compo-
nent, whereas the southern massifs were formed primarily
via a MORB-like, single-stage process at a submarine
spreading ridge. Thus, we use geochemical data from the
southern massifs of the Oman ophiolite to constrain the
composition and genesis of oceanic crust and mantle.
There remain some differences between the southern

massifs and normal spreading ridges, particularly the
slightly high Th/Nb and SiO2 in some Wadi Tayin lavas,
and slightly high spinel Cr-number in some Wadi Tayin
peridotites compared with mid-ocean ridge samples.
Whether or not the southern massifs of the Oman ophiolite
were formed at a ‘normal’ mid-ocean ridge (Braun, 2004),
in a suprasubduction-zone setting, or via the unique
processes of ophiolite obduction is still uncertain, but we
believe resolving this question is not of great importance
in applying observations from the southern Oman massifs
to constraining igneous processes at oceanic spreading
centres.

SAMPLES AND ANALYT ICAL
METHODS
The mantle section of theWadi Tayin massif was sampled
along a NNE^SSW transect covering its entire structural
thickness, which is more than 10·5 km. For this study,
27 samples of harzburgite and dunite were analyzed for
major and trace element concentrations, Os isotopic com-
position and platinum group element (PGE) concentra-
tions. Most samples have also been analyzed for their
constituent mineral compositions. Depth below the Moho
is estimated from the strike and dip of the Moho and the
distance to the Moho, and is listed in Table 1 along with
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Table 1: Bulk-rock major and trace element compositions of harzburgites and dunites

Sample: OM94-52h OM94-53 OM94-54 OM94-61 OM94-67 OM94-74h OM94-79 OM94-81 OM94-98 OM94-100 OM94-101

Lithology: harzburgite harzburgite harzburgite harzburgite harzburgite harzburgite harzburgite harzburgite harzburgite harzburgite harzburgite

Mineralogy: ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp,

�cpx

ol, opx, sp ol, opx, sp ol, opx, sp

UTM E: 642454 641962 641962 641722 640273 640617 638436 639361 641651 639879 640053

UTM N: 2556170 2555850 2555850 2554460 2551773 2548967 2546829 2546074 2539355 2539328 2539043

Depth below

Moho (m): 10550 10325 10325 9595 7860 6430 4895 4910 2880 2200 2150

wt %

SiO2 38·77 39·01 37·85 38·90 40·43 40·63 40·12 39·03 41·30 39·60 41·12

TiO2 0·017 0·016 0·018 0·018 0·017 0·018 0·017 0·014 0·012 0·011 0·010

Al2O3 0·86 0·63 0·67 0·70 1·01 0·90 0·94 0·56 0·76 0·59 0·68

FeO� 6·99 7·10 7·78 6·65 7·32 7·11 7·52 7·74 7·74 7·38 7·70

MnO 0·114 0·115 0·120 0·103 0·116 0·117 0·120 0·122 0·122 0·121 0·125

MgO 39·21 40·85 41·73 40·73 40·93 40·08 40·34 41·16 41·38 41·23 40·63

CaO 0·99 0·80 0·81 0·40 1·14 1·27 1·07 0·68 0·72 0·78 0·96

Na2O 0·09 0·11 0·11 0·10 0·08 0·09 0·08 0·09 0·09 0·09 0·09

K2O 0·00 0·01 0·00 0·01 0·00 0·00 0·00 0·00 0·00 0·00 0·00

P2O5 0·010 0·012 0·010 0·010 0·010 0·009 0·010 0·010 0·009 0·009 0·009

Cr2O3 0·357 0·374 0·470 0·362 0·352 0·371 0·398 0·393 0·330 0·272 0·354

LOI 11·67 9·85 9·81 11·26 8·03 8·83 8·44 9·84 7·56 8·49 7·85

Total 99·08 98·87 99·37 99·24 99·45 99·43 99·06 99·64 100·03 98·58 99·53

Mg-no. 90·92 91·12 90·54 91·61 90·88 90·95 90·54 90·46 90·51 90·88 90·40

ppm

Li 0·64 0·8 0·8 1·07 0·8 1 0·67 0·62 0·7 0·63 0·52

Sc 10·8 8·9 7·4 6·0 9·9 10·9 9·9 9·0 9·7 10·8 11·1

Ti 69·9 39·3 56·8 59·9 69·2 76·3 64·2 53·0 39·2 41·3 24·6

Co 112 110 117 100 109 106 103 109 109 121 110

Ni 2241 2234 2255 20·88 2196 2122 2036 2222 2166 2516 2234

Cu 10·2 18·0 24·1 8·6 11·2 18·7 16·4 25·6 11·0 7·0 23·9

ppb

Rb 12·1 9·7 9·0 33·8 16·3 26·9 15·4 14·1 32·7 7·4 6·8

Sr 212 256 412 701 149 43 491 4582 317 1780

Y 183·2 122·9 177·9 111·3 271·6 249·4 193·0 111·7 93·4 108·9 72·2

Zr 8·4 25·5 50·5 16·6 19·3 24·9 32·6 42·8 38·7 75·9 46·8

Nb 12·6 14·0 16·6 8·5 14·0 16·4 13·8 13·3 20·5 10·1 9·8

Cs 2·1 1·9 1·9 8·1 5·7 11·3 4·6 3·4 1·4 2·4 1·7

Ba 18·6 241·9 226·2 73·8 17·8 77·7 147·9 133·5

La 0·7 2·2 2·8 1·2 3·2 3·3

Ce 0·9 2·0 4·6 1·6 1·3 3·1 1·6 2·7 3·2 4·0 3·0

Pr 0·4 0·7 1·3 0·6 0·7 0·8 0·5 0·7 0·6 1·1 0·4

Nd 2·8 4·9 9·1 4·7 5·4 5·6 4·0 5·0 6·4 3·2

Sm 2·3

Eu 1·3 2·6 2·2 1·4 0·9 1·7

Gd 7·9 8·1 15·1 6·0 15·1 14·1 8·8 6·4 4·4 7·5 2·9

Tb 2·4 2·0 3·7 1·6 4·5 3·8 2·8 1·6 1·1 1·7 0·7

Dy 27·2 18·9 29·7 16·2 40·8 39·7 27·7 18·0 12·7 16·3 8·8

Ho 8·8 5·9 8·5 5·4 12·7 11·8 8·8 5·4 4·5 5·1 3·5

Er 34·1 23·4 30·8 21·9 48·2 42·9 35·3 21·6 20·4 20·0 15·5

Tm 6·8 4·5 5·1 4·2 9·4 8·0 6·8 4·1 4·4 4·3 3·6

Yb 53·4 36·2 41·6 33·4 70·2 63·2 55·4 35·4 39·3 35·9 33·8

Lu 11·1 7·8 8·5 6·8 14·3 12·9 11·4 7·5 9·2 7·7 7·0

Hf 2·0 2·6 4·9 3·3 3·7 3·4 2·1 2·4 0·9 3·4 2·1

Ta 1·0 1·8 1·1 0·7 0·9 0·6 0·7 0·7 0·4

Pb 18·6 18·3 14·4 15·4 17·8 20·3 20·0 14·4

Th 1·1 0·9 1·2 1·6 1·4 0·9 0·8 0·9 1·1 0·7 0·8

U 1·9 2·3 2·0 1·6 1·0 1·0 0·8 1·3 0·9

(continued)
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Table 1: Continued

Sample: OM94-1031 OM94-104 OM94-106 OM94-1141 OM94-1151 OM94-52d1 OM94-55 OM94-57 OM94-69 OM94-74d

Lithology: harzburgite harzburgite harzburgite harzburgite harzburgite dunite dunite dunite dunite dunite

Mineralogy: ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp ol, opx, sp ol, sp ol, sp ol, sp, �cpx ol, sp, �cpx ol, sp

UTM E: 641233 641147 640868 640995 640737 642454 641962 642065 640480 640617

UTM N: 2536790 2536242 2535461 253518 2532768 2556170 2555850 2555575 2551773 2548967

Depth below

Moho (m): 1652 1390 970 520 45 10550 10325 10220 7795 6430

wt %

SiO2 42·22 42·06 42·18 39·46 39·63 32·92 36·39 36·04 36·35 36·77

TiO2 0·011 0·012 0·014 0·025 0·008 0·013 0·007 0·008 0·009 0·009

Al2O3 0·76 0·87 0·83 1·38 0·48 0·96 0·23 0·18 0·19 0·29

FeO� 7·96 7·45 6·92 8·34 7·66 7·67 7·71 7·91 7·13 8·43

MnO 0·129 0·124 0·123 0·129 0·123 0·119 0·114 0·120 0·115 0·127

MgO 41·39 40·24 40·07 41·25 42·06 39·84 44·38 43·79 44·76 44·41

CaO 0·92 0·94 2·28 1·03 0·66 0·10 0·25 0·18 0·19 0·20

Na2O 0·09 0·09 0·09 0·09 0·10 0·13 0·10 0·10 0·10 0·09

K2O 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00

P2O5 0·010 0·009 0·010 0·011 0·010 0·012 0·010 0·010 0·009 0·010

Cr2O3 0·393 0·409 0·398 0·301 0·393 1·477 0·199 0·299 0·343 0·444

LOI 6·48 7·21 6·48 7·43 8·49 15·46 10·54 11·66 10·45 9·04

Total 100·36 99·42 99·40 99·45 99·62 98·71 99·93 100·30 99·64 99·82

Mg-no. 90·27 90·59 91·17 89·82 90·73 90·26 91·12 90·81 91·80 90·38

ppm

Li 0·59 0·4 0·54 2·20 0·80 0·08 0·60 0·40 0·58 0·46

Sc 11·0 11·6 13·6 8·2 9·4 4·2 4 4·4 4·5 4·8

Ti 32·2 40·4 39·3 105·9 18·3 53·6 10·3 20·3 23·8 26·9

Co 107 103 95 111·00 118·00 114 122 122 119 129

Ni 2202 2052 2022 2085 2359 2230 2521 2375 2586 2452

Cu 27·7 15·0 10·8 15·9 9·4 7·8 1·4 3·6 2·3 24·1

ppb

Rb 6·25 11·63 7·33 17·35 6·61 28·3 4·4 6·5 7·6 6·5

Sr 3071 543 656 4705 9949 91 16 41

Y 88·56 86·71 218·82 475·61 57·40 10·0 42·9 43·5 45·1 40·7

Zr 61·4 17·06 32·08 229·95 57·54 11·0 10·1 26·0 24·4 17·7

Nb 9·95 9·26 8·74 9·88 8·43 13·6 15·6 14·5 10·8 15·2

Cs 3·47 9·26 2·55 9·66 1·50 1·8 1·6 1·7 1·5 1·8

Ba 122·22 47·82 46·41 354·23 111 177 39

La 4·03 12·85 1·55 0·8 0·4 1·0

Ce 10·31 0·44 1·05 24·97 5·62 2·2 1·7 3·0 2·9 2·0

Pr 1·63 0·16 0·35 4·28 1·08 0·4 0·6 0·9 1·1 0·5

Nd 8·19 21·85 6·29 2·6 4·4 6·2 8·1 3·3

Sm

Eu 1·32 2·02 5·66 1·2 1·4 0·6

Gd 4·93 3·14 11·6 33·42 5·0 5·1 5·2 2·8

Tb 1·2 0·76 3·43 9·32 1·17 1·1 1·0 1·0 0·6

Dy 11·62 9·45 34·16 75·61 9·53 2·0 8·6 8·1 8·3 6·3

Ho 4·1 3·97 10·92 21·79 2·76 0·6 2·4 2·4 2·6 2·0

Er 18·25 18·19 41·57 73·47 11·18 2·3 9·2 10·4 9·7 9·3

Tm 3·93 4·28 6·97 12·52 2·30 0·7 2·0 2·4 2·4 1·9

Yb 33 39·32 54·64 91·11 19·29 7·5 16·5 18·9 19·0 18·0

Lu 7·54 8·97 10·67 17·29 4·75 2·2 3·8 4·3 4·5 4·2

Hf 2·28 1·97 3·68 11·46 3·05 1·5 2·6 3·4 3·4 1·8

Ta 0·94 0·8 0·62 0·58 1·1 1·7 1·3 1·7 1·0

Pb 10·04 15·45 18·09 38·45 30·93 23·4 14·5 22·8

Th 1·12 0·78 0·94 1·91 0·9 1·8 1·4 0·7

U 1·23 1·31 1·33 3·32 1·11 1·3 2·5 2·6 0·6

(continued)
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UTM coordinates for each sample. Our sample transect
is intersected by the Makhibiyah shear zone (Fig. 1),
which is described as having no or little relative motion
between the two adjacent blocks (Nicolas & Boudier,
2008). Harzburgites are coarse grained (1^5mm) and
have 10^15% orthopyroxene, �5% spinel and �85% oli-
vine, which is about 50% serpentinized. Trace (�1%)
amounts of clinopyroxene are found in one of the samples
from this study, but may be present everywhere in very
small abundances and perhaps not seen in thin section.
Dunites are also coarse grained (1^5mm) and consist of
more than 90% olivine (about 50% serpentinized) and
5^10% spinel. Orthopyroxene has not been observed in
any of the samples; clinopyroxene has been observed
(�1%) in two samples and, as for the harzburgites, may
be ubiquitous in trace amounts.
Whole-rock major elements and Ni, Sc, Ti, Co were

analyzed by X-ray fluorescence (XRF) at the WSU
Geoanalytical Laboratory; a description of the analytical
procedures as well as analytical uncertainty has been
given byJohnson et al. (1999).Trace elements were analyzed
by inductively coupled plasma mass spectrometry
(ICP-MS) at the University of Montpellier (see Godard
et al., 2000, for analytical details). Major and trace element
analyses are given inTable 1.
Olivine, orthopyroxene, clinopyroxene and spinel

were analyzed for their major element compositions by
wavelength-dispersive spectrometry using a JEOL
JXA-733 Superprobe at the Massachusetts Institute of

Table 1: Continued

Sample: OM94-78 OM94-80 OM94-99 OM94-1101 OM94-1111 OM94-1121

Lithology: dunite dunite dunite dunite dunite dunite

Mineralogy: ol, sp ol, sp ol, sp ol, sp ol, sp ol, sp

UTM E: 638436 639361 640230 640746 640914 640914

UTM N: 2546829 2546074 2539436 2533708 2533637 2533637

Depth below

Moho (m): 4895 4910 2325 510 550 550

wt %

SiO2 35·60 35·74 35·50 37·79 36·33 37·71

TiO2 0·007 0·011 0·012 0·012 0·018 0·016

Al2O3 0·34 0·20 0·14 0·25 0·48 1·91

FeO� 8·10 8·14 8·98 8·98 9·21 9·25

MnO 0·117 0·128 0·138 0·126 0·143 0·144

MgO 43·16 43·12 42·76 41·70 43·60 42·75

CaO 0·15 0·11 0·09 0·50 0·22 0·78

Na2O 0·09 0·09 0·09 0·09 0·10 0·09

K2O 0·00 0·00 0·00 0·00 0·00 0·00

P2O5 0·010 0·011 0·011 0·013 0·011 0·011

Cr2O3 0·421 0·419 0·446 0·351 0·626 0·430

LOI 11·05 11·53 11·60 9·81 9·53 7·52

Total 99·03 99·50 99·77 99·63 100·26 100·63

Mg-no. 90·48 90·43 89·46 89·22 89·41 89·17

ppm

Li 0·36 0·60 0·40 0·64 0·60 1·90

Sc 3·8 4·9 4 4·6 4·4 4·5

Ti 11·9 31·3 42·6 40·7 76·4 61·3

Co 121 127 130 117 116 117

Ni 2636 2344 2451 2358 2195 2145

Cu 112·0 7·8 4·2 3·8 2·8 19·4

ppb

Rb 4·5 30·4 26·0 14·4 12·9

Sr 30 148 35978 323 1329

Y 23·6 36·2 74·3 142·1 123·2

Zr 13·7 33·6 87·2 192·0 132·7

Nb 16·1 24·4 14·0 17·3 17·4

Cs 1·5 2·6 2·6 4·6

Ba 74 2119 55 82

La 0·6 7·9 10·6 12·1

Ce 1·7 2·5 15·8 19·0 25·8

Pr 0·7 2·0 3·4 4·5

Nd 5·1 4·6 7·3 19·0 24·4

Sm 8·9

Eu 1·8 3·2 10·5

Gd 3·0 5·7 12·5 13·4

Tb 0·5 1·1 2·8 2·2

Dy 4·8 5·8 11·1 21·8 18·5

Ho 1·3 1·8 3·2 6·3 5·2

Er 6·2 8·3 14·8 22·0 18·6

Tm 1·4 1·7 3·1 4·4 4·3

Yb 12·7 14·7 26·3 35·2 32·6

Lu 3·2 3·5 6·3 7·7 7·2

(continued)

Table 1: Continued

Sample: OM94-78 OM94-80 OM94-99 OM94-1101 OM94-1111 OM94-1121

Lithology: dunite dunite dunite dunite dunite dunite

Mineralogy: ol, sp ol, sp ol, sp ol, sp ol, sp ol, sp

UTM E: 638436 639361 640230 640746 640914 640914

UTM N: 2546829 2546074 2539436 2533708 2533637 2533637

Depth below

Moho (m): 4895 4910 2325 510 550 550

Hf 1·6 3·3 6·7 5·8

Ta 1·1 0·7 0·9 1·0

Pb 39·1 17·1 25·1

Th 1·0 1·3 2·5 1·1 1·0

U 1·5 16·2 2·2 2·1

1Denotes re-enriched sample. (See text for details.)
�Total Fe given as FeO.
When samples have the same numbers ending with h or d,
this denotes immediately adjacent samples of harzburgite and
dunite, respectively. Generally, samples with higher numbers
are higher in the section, so that samples with numbers above
100 are located close to the base of gabbroic crust. UTM
(Universal Transverse Mercator coordinate system) coordinates
are zone 40N.
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Technology. The accelerating voltage and beam current
used were 15 kV and 10 nA, respectively. Typical counting
times were 20^40 s and 1s standard deviations of the
counts were 0·5^1% (see Chatterjee et al., 2005, for analyt-
ical details). Mineral analyses are given inTables 2^5.

Os isotopic analyses were carried out at the University
of Maryland using Carius tube digestion (Shirey &
Walker, 1995) and negative thermal ionization mass spec-
trometry (N-TIMS), and at Woods Hole Oceanographic
Institution (WHOI) using NiS flux fusion digestions

Table 2: Orthopyroxene analyses (sample numbers are prefixed OM94-)

Sample: 52h 53 61 67 74h 79 81 98 100 101 103 104 106 114 115

Lithology: Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb

wt %

SiO2 55·47 56·88 56·02 55·37 56·45 56·03 56·36 55·77 55·72 56·06 55·25 56·17 56·01 55·66 56·48

TiO2 0·03 0·02 0·04 0·04 0·03 0·03 0·02 0·02 0·01 0·00 0·05 0·02 0·01 0·07 0·01

Al2O3 2·74 1·89 2·41 2·93 2·37 2·28 1·95 2·57 2·40 1·98 2·70 2·18 2·01 2·32 1·80

Cr2O3 0·71 0·58 0·70 0·61 0·55 0·51 0·60 0·77 0·74 0·60 0·90 0·75 0·73 0·81 0·74

FeO 6·02 5·86 5·41 6·02 6·03 6·27 6·19 6·16 6·12 6·35 5·87 6·00 5·81 6·18 5·78

MnO 0·14 0·14 0·12 0·13 0·13 0·14 0·13 0·13 0·13 0·14 0·13 0·14 0·14 0·15 0·13

MgO 33·74 34·44 34·34 33·80 33·83 33·96 34·11 33·70 33·47 33·54 31·39 32·98 34·14 32·46 33·19

CaO 0·92 0·67 0·74 0·67 0·67 0·49 0·64 0·84 0·98 1·16 3·08 1·90 1·30 2·45 2·48

Na2O 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·00 0·00 0·19 0·01 0·02 0·01 0·03

Total 99·79 100·48 99·77 99·58 100·07 99·72 100·00 99·96 99·59 99·85 99·55 100·14 100·18 100·10 100·66

Molar

Mg-no. 90·91 91·29 91·88 90·92 90·91 90·61 90·76 90·70 90·69 90·40 90·64 90·74 91·28 90·35 91·10

Wo 1·74 1·25 1·40 1·28 1·27 0·94 1·21 1·58 1·86 2·19 6·58 3·62 2·43 4·68 4·66

En 89·13 89·95 90·42 89·57 89·57 89·58 89·49 89·09 88·82 88·23 84·42 87·26 88·87 85·93 86·67

Fs 9·13 8·80 8·17 9·15 9·16 9·48 9·30 9·33 9·32 9·58 9·01 9·12 8·69 9·40 8·67

n 5 8 3 6 5 5 1 10 3 5 6 9 5 2 5

n, number of analyses.

Table 3: Olivine analyses (sample numbers are prefixed OM94-)

Sample: 52h 53 61 67 74h 79 81 98 100 101 103 104 106 114 115

Lithology: Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb

wt %

SiO2 40·14 40·70 40·48 40·17 40·52 40·32 40·08 40·14 40·20 40·22 40·37 40·44 40·54 40·51 40·54

TiO2 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·01 0·00 0·01 0·00 0·00 0·01 0·00

Al2O3 0·02 0·01 0·01 0·01 0·04 0·02 0·02 0·01 0·01 0·02 0·01 0·01 0·01 0·01 0·03

Cr2O3 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·01 0·02

FeO 9·13 8·77 7·90 8·74 8·99 8·97 9·20 9·13 9·02 9·41 10·03 9·09 8·73 9·79 9·11

MnO 0·12 0·12 0·10 0·12 0·14 0·12 0·13 0·13 0·14 0·14 0·14 0·12 0·13 0·15 0·12

MgO 51·16 50·13 51·78 51·25 50·88 50·54 51·12 50·82 50·60 50·34 50·64 49·91 51·86 50·82 51·30

CaO 0·02 0·02 0·02 0·02 0·03 0·02 0·02 0·02 0·04 0·02 0·02 0·02 0·03 0·04 0·08

NiO 0·39 0·40 0·40 0·41 0·40 0·40 0·40 0·40 0·39 0·40 0·40 0·42 0·42 0·36 0·39

Total 100·99 100·14 100·69 100·73 101·00 100·39 100·96 100·67 100·41 100·54 101·62 100·00 101·72 101·68 101·61

Fo 90·90 91·06 92·12 91·26 90·98 90·94 90·83 90·84 90·91 90·51 90·00 90·73 91·37 90·25 90·93

n 3 8 3 3 3 3 3 7 3 3 5 4 2 2 3

(continued)
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(Ravizza & Pyle, 1997) followed by ICP-MS sparging
(Hassler et al., 2000). For Carius tube digestion, 1g of
sample powder was placed in a thick-walled borosilicate
glass vessel. Reverse aqua regia (two parts concentrated
HNO3 and one part concentrated HCl) and a tracer solu-
tion enriched in 185Re and 190Os were added to the vessel,
which was then sealed and held at 2408C for 3 days.
The closed-system nature of this method ensures no vola-
tile loss of Os, and the high temperatures and highly
oxidizing nature of aqua regia ensure that the mixed Os
and Re tracer equilibrates with the Os and Re in the
sample. Re was extracted by anion exchange chemistry;
Os was extracted by carbon tetrachloride solvent extrac-
tion, followed by stabilization in 9N HBr, and finally puri-
fied by microdistillation. Os was analyzed by N-TIMS,
and Re by ICP-MS. Osmium was measured on Pt fila-
ments using the MAT 262 thermal ionization mass spec-
trometer at the University of Maryland, with a typical
precision (2s) of 50·3% (Creaser et al., 1991; Volkening
et al., 1991). Osmium and Re processing blanks are53 pg
and510 pg, respectively (see Lee et al., 2000, for complete
analytical details). Ravizza & Pyle (1997) described the
low-blank method for analyzing Os isotope ratios and
complementary PGE concentrations on the same sample
split using NiS fire assay, and a brief summary is given
below. A mixed tracer enriched in 99Ru, 105Pd, 190Os, 191Ir,
and 198Pt is added to the sample prior to the NiS fire
assay. After the fusion, the NiS bead is dissolved in 6·2N
HCl and the remaining particulates are filtered through
a 0·45 mm cellulose filter. The filter paper is dissolved in
1^2 ml concentrated HNO3 and Os is oxidized to OsO
at high temperature. After complete dissolution of the

filter paper and oxidation of Os to OsO4, the sample is
chilled in ice water in a sealed beaker. The acidic solution
is then diluted 10-fold with ultrapure water and analyzed
by sparging it into a single-collector, magnetic sector
ICP-MS system (Finnigan ELEMENT) at WHOI (see
Hassler et al., 2000, for a detailed description of the spar-
ging method).Whole-rock PGE concentrations were deter-
mined by isotope dilution using the same NiS fusions as
for the Os isotope composition analyses, and were
analyzed by conventional ICP_MS using an APEX
desolvating nebulizer on a single-collector ICP_MS
(ThemoFisher Element2) at WHOI. Re was analyzed by
isotope dilution (also by ICP-MS atWHOI) on a separate
aliquot following an HF^HNO3 acid digestion and ion
exchange separation procedure (Reisberg et al., 1991, 1993;
Hauri & Hart, 1993). Estimated NiS fusion blanks are 1 pg
(0.5 to 2 pg) Os and Ir and 20^30 pg Pd and Pt. Os data
analyses, PGE and Re concentrations are given inTable 6.
Sulfur concentrations were measured at the University

of Leicester (UK), by Saunders and coworkers, on a
LECO CS 125 determinator. Samples along with iron and
tungsten chip accelerants were loaded into a radio fre-
quency induction furnace. The system was initially purged
with oxygen, which then continued to stream throughout
the combustion process. Power was applied until the accel-
erants were molten, and the sulfur was given off as SO2.
The combustion gases were then passed through a drying
tube of magnesium perchlorate and then to the SO2 IR
cell. The IR absorption cells used a tungsten filament as
the source, heated to �8508C. The IR signal was then
chopped at �85Hz and filtered to achieve a monochro-
matic IR wavelength corresponding to the energy of the
SO2 absorption wavelength. The output from the cells was
monitored at 4Hz, converted from an analogue signal to
a digital signal, and the areas of the peaks were integrated.
These values were then corrected for sample weight,
blank value and calibration factors to give the final result.
The calibration used geological reference materials and
synthetic standards. The lower limit of detection for S is
10 ppm with a precision of �8%.

RESULTS
Major and trace elements
The Wadi Tayin peridotites are generally as depleted in
major and incompatible trace elements as the most
depleted abyssal peridotites, or more depleted than them
(Fig. 2). However, there are exceptions. Of the 16 harzbur-
gites and 11 dunites analyzed for this study, three harzbur-
gites and four dunites are relatively enriched in
incompatible trace elements and are interpreted (see dis-
cussion below) as having been re-enriched, probably via
igneous processes. Although intergranular plagioclase,
whose presence in highly depleted peridotites is almost cer-
tainly due to partial crystallization of cooling melt

Table 3: Continued

Sample: 55 57 69 78 80 99 110 111 112

Lithology: Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite

wt %

SiO2 40·85 40·85 41·27 40·73 39·94 40·35 40·32 40·08 40·32

TiO2 0·00 0·00 0·00 0·00 0·00 0·00 0·02 0·02 0·02

Al2O3 0·01 0·01 0·01 0·02 0·03 0·00 0·07 0·02 0·01

Cr2O3 0·00 0·00 0·00 0·00 0·00 0·00 0·02 0·02 0·01

FeO 8·73 8·75 7·93 9·15 9·05 9·86 9·15 9·72 9·94

MnO 0·12 0·13 0·13 0·16 0·15 0·15 0·14 0·15 0·15

MgO 49·16 49·70 50·71 50·23 51·16 48·79 49·44 49·37 49·08

CaO 0·06 0·07 0·19 0·07 0·06 0·09 0·20 0·14 0·12

NiO 0·38 0·36 0·40 0·36 0·35 0·34 0·34 0·33 0·32

Total 99·31 99·87 100·64 100·73 100·73 99·58 99·69 99·85 99·98

Fo 90·94 91·01 91·93 90·73 90·97 89·82 90·60 90·06 89·80

n 5 10 3 3 3 2 8 8 9

n, number of analyses.
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migrating along grain boundaries in a depleted residue, is
sometimes reported in Oman peridotites the samples
in this study show no macroscopic evidence for enrich-
ment or impregnation. The re-enriched samples are
clearly distinguished on a plot of chondrite normalized

[denoted (N)] Ce/Yb against Al2O3 (Fig. 2e). Most of the
Wadi Tayin samples have low Ce/Yb (N) compared with
abyssal peridotites. The re-enriched samples have elevated
Ce/Yb (N) and/or Al2O3. These re-enriched samples are
shown using blue symbols in this and subsequent figures

Table 4: Spinel analyses (sample numbers are prefixed OM94-)

Sample: 52h 53 61 67 79 81 74h 100 101 98 103

Lithology: Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb

wt %

SiO2 0·02 0·02 0·02 0·00 0·00 0·01 0·03 0·02 0·03 0·04 0·02

TiO2 0·08 0·08 0·10 0·01 0·03 0·09 0·06 0·06 0·05 0·05 0·06

Al2O3 32·39 26·09 29·44 37·40 32·75 26·05 32·82 27·29 25·02 30·08 24·35

Cr2O3 36·27 43·09 40·05 30·62 33·92 41·83 35·28 40·78 43·28 38·18 43·19

FeO 14·88 17·02 14·42 14·37 16·58 17·80 15·11 17·46 17·72 16·31 18·97

Fe2O3 2·06 1·99 2·04 2·10 2·03 1·98 2·05 2·00 1·97 2·03 1·95

FeO� 16·73 18·81 16·25 16·26 18·41 19·58 16·96 19·26 19·49 18·13 20·72

MnO 0·22 0·27 0·23 0·15 0·19 0·26 0·21 0·27 0·30 0·22 0·28

MgO 14·63 12·71 14·48 15·55 14·19 12·76 14·50 13·22 12·35 13·78 11·77

CaO 0·01 0·01 0·01 0·00 0·01 0·00 0·01 0·01 0·01 0·00 0·00

NiO 0·14 0·09 0·12 0·12 0·10 0·06 0·12 0·09 0·08 0·12 0·10

Total 100·69 101·37 100·91 100·32 99·80 100·85 100·19 101·20 100·80 100·81 100·68

Molar

Cr-no. 42·89 52·57 47·73 35·46 41·00 51·85 41·90 50·06 53·72 46·00 54·34

Mg-no. 63·80 57·26 64·29 65·99 60·53 56·25 63·23 57·57 55·54 60·22 52·66

n 3 8 3 3 3 3 3 3 3 7 5

Sample: 104 106 114 115 55 69 78 80 99

Lithology: Harzb Harzb Harzb Harzb Dunite Dunite Dunite Dunite Dunite

wt %

SiO2 0·00 0·21 0·04 0·03 0·00 0·00 0·03 0·01 0·00

TiO2 0·03 0·03 0·28 0·04 0·05 0·22 0·30 0·35 0·45

Al2O3 24·55 22·75 24·69 21·10 30·51 20·91 20·52 17·17 12·10

Cr2O3 43·46 43·58 42·15 48·03 37·36 45·33 41·59 46·49 49·67

FeO 17·92 16·28 18·67 17·13 15·45 19·38 24·36 25·26 26·63

Fe2O3 1·96 1·91 1·95 1·95 3·51 1·94 1·88 1·84 1·78

FeO� 19·68 18·00 20·43 18·88 18·61 21·12 26·06 26·92 28·24

MnO 0·26 0·27 0·27 0·28 0·22 0·27 0·33 0·39 0·38

MgO 12·35 12·64 12·00 12·53 14·05 13·09 11·24 8·85 8·99

CaO 0·00 0·01 0·02 0·00 0·00 0·00 0·01 0·00 0·00

NiO 0·08 0·07 0·11 0·10 0·12 0·13 0·17 0·08 0·11

Total 100·62 97·76 100·19 101·18 101·28 101·27 100·44 100·43 100·12

Molar

Cr-no. 54·29 56·33 53·39 60·43 45·10 59·25 57·62 64·48 73·35

Mg-no. 55·27 58·22 53·51 56·75 62·07 54·78 45·30 38·59 37·71

n 4 2 2 3 5 3 3 3 2

n, number of analyses.
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(harzburgites 103, 114 and 115, and dunites 52d, 110, 111 and
112). All but one of these samples are shallow-level perido-
tites, structurally from less than 550m below the crust^
mantle transition. The exception is 52d, a deep dunite
that is anomalously rich in Al, Cr, Ti and Sr, though not
Ca. The samples are typically 30^50% serpentinized, and
there is no correlation between serpentinization [as
observed in thin section and as reflected by loss on ignition
(LOI), Table 1] and major and trace element abundances
or ratios.
Harzburgites have MgO and FeO contents similar to

those of many depleted abyssal peridotites (Fig. 2a and b),
but tend to have low Al2O3, SiO2 and CaO (Fig. 2c^e)
and incompatible trace element abundances as exemplified
by Ce/Yb and Ti in Fig. 2e and f. Dunites have higher
MgO and FeO� contents and lower SiO2, Al2O3 and
CaO than harzburgites, reflecting their higher olivine con-
tents. In addition, dunites tend to be more completely
serpentinized than harzburgites; thus, some of the chemi-
cal differences between dunites and harzburgites could be
produced or enhanced by alteration. Molar Mg-numbers
[100�Mg-number¼MgO/(MgOþFeO)] are between
89·2 and 91·8 for both harzburgites and dunites. The com-
positions of, and differences between harzburgites and
dunites are similar to those reported by Godard et al.
(2000) and Monnier et al. (2006).

Table 5: Clinopyroxene analyses (sample numbers are

prefixed OM94-)

Sample no.: 81 57 69

Lithology: Harzb Dunite Dunite

wt %

SiO2 53·43 54·33 53·72

TiO2 0·08 0·10 0·10

Al2O3 2·09 1·42 2·34

Cr2O3 0·81 0·59 0·96

FeO 1·99 1·57 1·69

MnO 0·07 0·03 0·02

MgO 17·60 17·45 17·06

CaO 24·37 25·44 25·10

Na2O 0·15 0·07 0·24

Total 100·60 100·99 101·24

Molar

Mg-no. 94·04 95·19 94·75

Wo 48·29 49·92 50·04

En 48·52 47·63 47·30

Fs 3·19 2·45 2·66

n 3 2 4

n, number of analyses.

Table 6: Platinum group elements (PGE) and Os isotopic composition

Sample: 52h 52h 53 54 61 67 79 79 81 74h 74h

Lithology: Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harz Harzb Harzb Harzb

PGE (ppt)

Os 3898 3840 4658 4788 4583 4114 5066 4795 4212 4266

Ir 3789 4086 4539 4324 4175 4117 4889 4054 3726 3624

Ru 7863 7357 9065 8946 7769 11172 10200 9753 8746 9758

Pt 9359 7830 8879 23888 5060 9261 12730 11232 8959 8447

Pd 11729 11892 13980 19074 11956 6664 10021 11046 8378 16891

Ir/Os 0·9721 1·0640 0·9744 0·9031 0·9109 1·0007 0·9652 0·8454 0·8846 0·8496

Os (ppt)� 3903 4179 4799 4773 3640 4314 4601 4612 4659 3983 4508

Re (ppt) 826·4 831·5 553·7 123·8 407·8 289·8 648·9 759·4

187Re/188Os 1·02 0·84 0·56 0·16 0·46 0·30 0·67 0·92

187Os/188Os 0·1249 0·1257 0·1241 0·1286 0·1162y 0·1235 0·1246 0·1245y 0·1315 0·1264 0·1267

2s 0·0005 0·001 0·0006 0·001 0·00002 0·0007 0·0005 0·0055 0·001 0·001 0·001

187Os/188Os (t90) 0·1233 0·1241 0·1228 0·1277 0·1159 0·1228 0·1241 0·1241 0·1305 0·1250 0·1253

S (ppm) 29·67 56·00 33·00 18·67 18·67 23·33 29·00 29·00

Cu (ppm) 8·9 18 24·1 8·4 11·2 17·5 26·5 18·7

Cu/S 0·3000 0·3214 0·7303 0·4500 0·6000 0·7500 0·9138 0·6448

(continued)
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MORB-normalized whole-rock trace element abun-
dances are plotted in Fig. 3. Overall, theWadi Tayin peri-
dotites are characterized by having slightly U-shaped
patterns reflecting relative enrichment of the most incom-
patible elements relative to the light rare earth elements
(LREE). Similar patterns were described by Godard et al.
(2000) and Monnier et al. (2006) for other harzburgite and

dunite samples from the southern part of the Oman ophio-
lite, and U-shaped patterns are also common in peridotites
from other areas (e.g. Parkinson & Pearce, 1998; Bodinier
& Godard, 2003; Niu, 2004; Paulick et al., 2006). Apart
from the overall U-shaped patterns, there are some notable
features demonstrated in Fig. 3. (1) Across the entire incom-
patible element spectrum, the Oman peridotite samples

Table 6: Continued

Sample: 100 101 98 98 103 103 104 106 114 114 114 115

Lithology: Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb Harzb

PGE (ppt)

Os 4510 4966 6367 5177 4648 4686 3698 4406 4851

Ir 3857 4251 4362 4753 4022 4186 5236 5732 4099

Ru 8872 8506 9114 8933 8619 9106 8089 7620 8477

Pt 10621 9843 10532 11001 9693 10408 8118 7685 11934

Pd 2029 14033 11552 22533 14095 14535 1583 1557 11526

Ir/Os 0·8552 0·8561 0·6851 0·9181 0·8652 0·8934 1·4162 1·3009 0·8449

Os (ppt)� 4666 5076 3850 5381 5246 4780 4702 2840 4180 4612 3880 5249

Re (ppt) 772·6 732·5 217·4 434·5 3703 221·2 355·6 690·7

187Re/188Os 0·80 0·70 0·27 0·44 3·80 0·38 0·27 0·63

187Os/188Os 0·1251 0·1304 0·1244y 0·1244 0·1323 0·1312y 0·1294 0·1368 0·1225 0·1234 0·1227 0·1302

2s 0·0006 0·0005 0·00002 0·0004 0·0010 0·00004 0·0008 0·00005 0·00002 0·001 0·0013 0·0014

187Os/188Os (t90) 0·1239 0·1293 0·1240 0·1240 0·1316 0·1305 0·1235 0·1362 0·1220 0·1230 0·1223 0·1292

S (ppm) 28·00 5·67 41·00 100·00 20·00 11·50 23·67 24·33

Cu (ppm) 7·7 17·7 11 28·3 17 11·1 15·9 9·4

Cu/S 0·2750 3·1235 0·2683 0·2830 0·8500 0·9652 0·6718 0·3863

Sample: 115 52d 52d 52d 55 55 57 57 69 69 69 69 78 78

Lithology: Harzb Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite

PGE (ppt)

Os 4624 859 787 2046 1858 5141 4592 2748 2718 2852 2790 4986 5030

Ir 4066 1208 1214 3673 4032 7169 7129 1625 1636 554 4762 4790

Ru 8555 2489 2341 4413 9363 8932 6719 6387 7303 7219 13105 13063

Pt 11712 4363 4540 7663 9321 22378 20467 1333 1359 1996 2059 34655 31545

Pd 11266 4642 4470 10275 14058 8154 7981 2804 2766 5734 5635 36641

Ir/Os 0·8793 1·4064 1·5418 1·7956 2·1702 1·3944 1·5525 0·5913 0·6018 0·1941 0·9552 0·9524

Os (ppt)� 1860 910 1280 2450 1991 3910 4901 2830 2892 4380 5111

Re (ppt) 86 211 23 339·7 1410

187Re/188Os 0·22 0·60 0·03 0·58 1·57

187Os/188Os 0·1337y 0·1363 0·1381 0·1239y 0·1260 0·1268y 0·1270 0·1254 0·1253 0·1502y 0·1528

2s 0·00002 0·0013 0·0031 0·00004 0·0012 0·00004 0·0007 0·0007 0·0007 0·00003 0·0010

187Os/188Os (t90) 0·1333 0·1360 0·1378 0·1229 0·1251 0·1268 0·1270 0·1245 0·1244 0·1477 0·1508

S (ppm) 39·00 31·67 34·33 13·67 56·33

Cu (ppm) 8·4 1·4 3·6 2·5 84·3

Cu/S 0·2154 0·0442 0·1049 0·1829 1·4964

(continued)
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have trace element concentrations at and below the lower
limit for mid-ocean ridge peridotite data in the literature
(Niu, 2004; Paulick et al., 2006). (2) Unlike most mid-ocean
ridge peridotites, the Oman samples have low middle to
heavy REE (MREE/HREE) ratios, most probably reflect-
ing fractionation of MREE from HREE during melting
beyond the exhaustion of clinopyroxene. (3) All samples
have a pronounced Pb enrichment relative to Ce and Nd
and a small U enrichment relative to Th. (4) All but two
harzburgites and all re-enriched samples have a pro-
nounced Sr enrichment relative to Nd, whereas dunites
that are not re-enriched either do not have Sr enrichment
or have much less pronounced enrichment.
Overall, dunites have similar or lower abundances of

highly incompatible elements compared with harzburgites,
and lower abundances of the moderately incompatible ele-
ments. This is also seen in Fig. 4 for chondrite-normalized
REE abundances. Harzburgites have consistently steeper
REE patterns, with higher HREE concentrations and sim-
ilar LREE concentrations compared with dunites. The
seven re-enriched samples generally have elevated LREE
abundances and are LREE enriched compared with
the rest of the samples. As noted above, of the seven
re-enriched samples, six are from a high stratigraphic
level, less than 550m below the crust^mantle transition.
The exception, dunite sample 52d, which is the deepest of
all the samples from �10·5 km below the crust^mantle

transition, has a spoon-shaped REE pattern (and very
low abundances) and a markedly jagged trace element
abundance pattern in Fig. 3, suggesting a different origin
from the other re-enriched samples.
Mineral compositions are given in Tables 2^5. Olivine

molar Mg-number [Forsterite content¼100�MgO/
(MgOþFeO)] is similar in dunites and harzburgites
(average of 90·9 for both groups) and slightly higher
than the whole-rock Mg-number. Molar Cr-numbers
[Cr-number¼100�Cr2O3/(Cr2O3þAl2O3)] in spinel
range from 35 to 73 and are on average higher in the
dunites (average of �60 for dunites and �50 for harzbur-
gites; Fig. 5). With just a few exceptions, the Wadi Tayin
samples presented here plot within the array formed by
mid-ocean ridge peridotite samples (Dick & Bullen, 1984;
Arai, 1994) towards the more depleted end, as do most of
our data on spinels in harzburgite from the NE corner of
the nearby Samail massif (Braun, 2004). The exceptions in
the Wadi Tayin data, with higher Cr-number than in
mid-ocean ridge peridotites, are mainly spinels in dunites,
and are similar to our extensive data on spinel in dunites
in the Samail massif (Braun, 2004). These have spinel
Cr-number between 65 and 75, higher than in abyssal
peridotites but lower than many samples from the northern
massifs of the Oman ophiolite. However, it should be
noted that this comparison with mid-ocean ridge samples
is flawed because of the paucity of data on spinels in

Table 6: Continued

Sample: 78 80 74d 74d 99 110 110 111 111 112 112

Lithology: Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite Dunite

PGE (ppt)

Os 4919 3492 5096 5029 2177 4332 4122 3993 2173 3936 3993

Ir 4736 5140 1983 1951 3284 520 519 2209 2230 2419 2453

Ru 14467 8331 10054 11376 3323 7171 7176 5204 4933 5388 4977

Pt 35124 6352 19556 20076 15768 3474 3553 11817 11934 25999 29156

Pd 36953 9473 39490 8713 8657 8541 8528 35070

Ir/Os 0·9629 1·4720 0·3890 0·3880 1·5090 0·1200 0·1260 1·0265 0·6147 0·6144

Os (ppt)� 5217 3435 5237 2197 4439 2200 4001

Re (ppt) 610·2 528·6 247 420·2 210·2 368

187Re/188Os 0·86 0·49 0·54 0·46 0·46 0·44

187Os/188Os 0·1509 0·1298 0·1291 0·1269 0·1292 0·1321 0·1315y 0·1331

2s 0·0012 0·0011 0·0007 0·0009 0·001 0·0010 0·00003 0·0009

187Os/188Os (t90) 0·1485 0·1285 0·1283 0·1261 0·1285 0·1314 0·1308 0·1324

S (ppm) 45·00 20·67 8·67 12·67 8·67 50·00

Cu (ppm) 7·8 27·5 4·2 3·9 2·8 19·4

Cu/S 0·1733 1·3306 0·4846 0·3079 0·3231 0·3880

Samples listed more than once are re-runs of the sample for PGE, Os isotopic composition or both. t90 denotes age
corrected to 90Ma.
�Os concentration measured on isotope run.
yAnalyses by N-TIMS.
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Bodinier & Godard (2003) Ophiolites

Dick abyssal peridotites Bodinier & Godard (2003) abyssal peridotites

Niu (2004) abyssal peridotitesHarzburgites (blue denotes re-enriched)

Dunites (blue denotes re-enriched) Paulick et al. (2006) & Godard et al.
 (2008) abyssal peridotites
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Fig. 2. Plots showing selected major and trace element variations inWadi Tayin harzburgites and dunites compared with orogenic peridotites,
abyssal peridotites and ophiolites. Data are normalized to 100% volatile-free and are from Dick (1989, and unpublished data), Bodinier &
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mid-ocean ridge dunites. Dunites exposed on the seafloor
at mid-ocean ridges are generally very heavily weathered
and thus are commonly destroyed during dredging. Those
dunites that are recovered are often too altered to recover
primary spinel compositions. It could be that Cr-numbers
in dunite spinels from mid-ocean ridges are higher than
in corresponding residual peridotites from ridges, as in
ourWadi Tayin and Samail datasets.
Orthopyroxenes in the harzburgites range from compo-

sitions similar to those in abyssal peridotites (H. J. B.
Dick, 2007, pesonal communication; Dick, 1989) to compo-
sitions with lower CaO and Al2O3 and higher
Mg-number (Fig. 6). Generally, harzburgites are somewhat
less refractory in the upper part of the section compared
with the lower part; that is, they have lower whole-rock
Mg-number and higher whole-rock CaO and Al2O3,
higher Na2O in orthopyroxene and lower Mg-number in
olivine (Figs 6 and 7).
In addition to these geochemical differences, mineral

exchange thermometry yields higher temperatures for the
uppermost mantle samples, compared with those deeper
in the section. The generally high CaO contents of the
orthopyroxene result in relatively high calculated tempera-
tures using the Ca-in-orthopyroxene two-pyroxene solvus
thermometer (Brey & Kohler, 1990; Figs 6 and 7). Because
discrete crystals of clinopyroxene are rare in these rocks,
the use of the two-pyroxene solvus and Ca in olivine^
clinopyroxene thermometer could be problematic. For
example, orthopyroxene undersaturated in clinopyroxene,
as a result of extensive melting after the exhaustion of
residual clinopyroxene, has low Ca contents that could
yield spuriously low temperature estimates (Dick, 1977).
However, orthopyroxene crystals in the Oman harzbur-
gites always include extensive clinopyroxene exsolution
lamellae, and thus were clinopyroxene saturated over
much of their cooling path. The overall temperature range
calculated from Ca-in-orthopyroxene is 800^14008C.
Temperatures calculated from other thermometers are
lower (Figs 6 and 7), as expected when comparing closure
temperatures for net transfer reactions (pyroxene solvus)
with temperatures for cation exchange reactions (Fe^Mg,
Ca^Mg and Cr^Al exchange between olivine, ortho-
pyroxene, clinopyroxene, and spinel). Correlation of the
Ca-in-opx solvus and Ca in olivine^clinopyroxene
exchange temperatures with temperatures from other ther-
mometers suggests that all record closure temperatures
along the same cooling path for each sample, which rein-
forces the hypothesis that the pyroxene solvus and Ca in
olivine^clinopyroxene thermometry is valid.

Os isotopes and PGE concentrations
Osmium isotopic compositions, PGE concentrations and
sulfur concentrations are given in Table 6. In terms of
187Os/188Os, both harzburgites and dunites are within the
range of abyssal peridotite compositions (Fig. 8), but
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dunites, on average, have higher 187Os/188Os, similar to
MORB. Assuming that Re/Os and/or 187Os/188Os have
not been modified by alteration processes postdating
emplacement of the ophiolite, initial (at 90Ma)

187Os/188Os compositions of harzburgites range from
0·1159 to 0·1362 (average¼ 0·1257), and of dunites from
0·1245 to 0·1477 (average¼ 0·1307). The Os isotopic compo-
sitions are similar to those reported by
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Fig. 4. Chondrite-normalized REE abundance patterns (Sun & McDonough, 1989). Symbols as in Fig. 3.
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Ahmed et al. (2006) for chromitites from the Oman
ophiolite. There is no systematic relationship between
‘re-enrichment’ in incompatible trace elements and
187Os/188Os; instead, re-enriched samples have isotope
ratios in the middle of the range for all samples. There
is no correlation between Os isotopic composition and
depth (not shown).
Harzburgites have flat PGE patterns and remark-

ably constant concentrations, except for the platinum and

palladium concentrations, which vary by an order of mag-
nitude (Fig. 9). In dunites, PGE abundances are generally
lower and more variable than in harzburgites. This differ-
ence is reflected in the Os/Ir ratios. Harzburgites have Os/
Ir ratios clustering tightly around unity, whereas Os/Ir in
dunite ranges from 0·5 to 8·3 (Fig. 10). Os/Ir ratios do not
correlate with isotopic composition, abundance of any of
the other PGE elements, sulfur concentration, sample
depth, or loss on ignition.
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DISCUSS ION
Highly depleted residues
TheWadi Tayin harzburgites are residues of partial melt-
ing that are as depleted as the most depleted mid-ocean
ridge peridotites (H. J. B. Dick, personal communication;
Dick, 1989; Johnson et al., 1990; Johnson & Dick, 1992;
Dick & Natland, 1996; Niu, 1997, 2004; Bodinier &
Godard, 2003; Harvey et al., 2006; Paulick et al., 2006;
Godard et al., 2008). Across the entire incompatible
element spectrum, the Oman peridotite samples have
trace element concentrations at and below the lower limit
for mid-ocean ridge peridotites. Unlike most mid-ocean
ridge peridotites, the Oman samples have low MREE to
HREE ratios, most probably reflecting melting close to
and beyond the exhaustion of clinopyroxene. Spinel
Cr-numbers in the Oman harzburgites generally lie
within the high end of the field defined by spinels from
mid-ocean ridge peridotites; some spinel Cr-numbers in
Oman dunites are higher than those in mid-ocean ridge
dunites, although there are very few data on mid-ocean
ridge dunites. Our data are consistent with previous work
on Samail and Wadi Tayin peridotite compositions
(Godard et al., 2000; Monnier et al., 2006), and our conclu-
sions are enhanced by the availability of comparable data
for whole-rock compositions of mid-ocean ridge peridotites
(Niu, 2004; Paulick et al., 2006).
The conclusion that Wadi Tayin harzburgites are resi-

dues of higher degrees of melt extraction from a fertile
mantle source, compared with typical mid-ocean ridge
peridotites, raises several questions. (1) Did partial melting
beneath the Oman spreading ridge take place at unusually
high temperature? (2) Or, was the H2O content of the
mantle source beneath the Oman spreading ridge unusu-
ally high? (3) Alternatively, was the Wadi Tayin mantle
source depleted by previous melt extraction, prior to the
partial melting beneath the Oman spreading ridge? Klein
& Langmuir (1987) and Langmuir et al. (1992) have pre-
viously suggested that crustal thickness in mid-ocean
ridge and ophiolite sections is inversely correlated with
Na2O concentration in clinopyroxene in primitive, crustal
gabbros, relating thick crust to high degrees of meltingç
and Na2O depletionçin the mantle source. Humler et al.
(1999) showed that data from the Oman ophiolite lie at
the high crustal thickness, low clinopyroxene Na2O con-
tent end of the spectrum, which suggests that options (1)
and/or (2) are more likely than (3) in this case.

Enrichment in highly incompatible
elements: caused by grain boundary
partitioning?
The U-shaped MORB-normalized trace element pat-
terns, common in these and other peridotites, have been
explained in various ways by different researchers.
Prinzhofer & Alle' gre (1985), Kelemen (1986) and
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Navon & Stolper (1987) emphasized a possible role for
trace element fractionation during reactive porous flow of
melt through residual peridotites; this type of process has
been extensively modeled subsequently (e.g. review by
Bodinier & Godard, 2003).Working specifically to explain
the composition of peridotites from the Samail and Wadi
Tayin massifs, Godard et al. (2000) showed that relative
enrichment of REE in the main harzburgitic sequence
can be successfully modeled with reactive porous flow at
increasing melt mass with small amounts of trapped melt,
and Bodinier & Godard (2003) pursued this line of reason-
ing further. Niu (2004) emphasized that in mid-ocean
ridge peridotite samples, whole-rock REE patterns show
more LREE enrichment, and sometimes even higher
LREE concentrations, than clinopyroxenes in the same
samples, and proposed that enrichment in highly

incompatible elements is ubiquitous beneath spreading
ridges from which peridotites have been sampled, and
occurs via late, disequilibrium melt flow, crystallization
(‘impregnation’) and reaction along crystal grain bound-
aries. Alternatively, Gruau et al. (1998) andTakazawa et al.
(2003) proposed that U-shaped patterns might arise
during alteration of depleted residual peridotites.
The enrichments of highly incompatible elements in our

Oman samples are smaller than in the Niu dataset for
mid-ocean ridge peridotites. Some of our samples record
re-enrichment, consistent with impregnation with inter-
granular plagioclase, whose presence in highly depleted
harzburgites is almost certainly due to partial crystalliza-
tion of cooling melt migrating along grain boundaries in
a depleted residue. However, most of our samples do not
contain any evidence for impregnation, and our harzbur-
gite samples have major element and HREE concentra-
tions that are consistent with a simple origin as residues of
melt extraction. If ‘cryptic’ re-fertilization in the shallow
mantle beneath ridges is the process responsible for the
U-shaped patterns, why would it be ubiquitous in all resid-
ual mantle samples, and of similar extent in the residues
as evidenced by the roughly parallel patterns?
Instead, we favor the relatively new idea that enrichment

of highly incompatible elements along grain boundaries in
peridotite may be the result of near-equilibrium partition-
ing between grain boundaries and grain interiors (Hiraga
et al., 2004; Johnston & Schwab, 2004; Hiraga &
Kohlstedt, 2007a, 2007b), rather than disequilibrium pro-
cesses such as re-fertilization. Because grain boundaries a
few microns wide constitute less than 1% of the volume of

PtRuIrOs Pd

.1

.01

.001

.1

.01

.001

.1

.01

.001

ro
ck

/c
ho

nd
ri

te
ro

ck
/c

ho
nd

ri
te

ro
ck

/c
ho

nd
ri

te

(a)

(b)

(c)

Fig. 9. C1 chondrite normalized (McDonough & Sun, 1995) PGE
abundances compared with abyssal peridotites for (a) harzburgites,
(b) dunites and (c) re-enriched samples. Abyssal peridotite data
from Rehkamper et al. (1997), Snow & Schmidt (1998) and Luguet
et al. (2003).
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Schmidt (1998), and Luguet et al. (2003). Symbols as in Fig. 2.
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a rock with millimeter-sized crystals, this effect becomes
important only when equilibrated grain boundaries have
trace element concentrations that are hundreds to thou-
sands of times higher than in crystal interiors. Although
the picture is undoubtedly complicated by impregnation
in some samples, we think that the grain boundary parti-
tioning hypothesis best explains the fact that the Oman
harzburgites are more depleted in all incompatible trace
elements, from HREE to large ion lithophile elements
such as Cs, Rb and Ba, compared with oceanic peridotites,
whereas both groups show roughly parallel, U-shaped
REE patterns. Detailed work on partitioning between
grain interiors and boundaries, along with very detailed
grain size analyses, would be needed to fully test this
hypothesis.

Distinctive dunite geochemistry: conduits
for focused porous flow of MORB
In general, the lower abundance of incompatible trace
elements in Wadi Tayin dunites relative to harzburgites
reflects the primary modal mineralogy, with relatively
trace element-rich orthopyroxene making up 20% of the
harzburgites, but being essentially absent in dunites. The
harzburgites and dunites all have a few per cent spinel.
There is dramatic outcrop-scale variability in spinel abun-
dance, especially in dunites, which can host ‘chromitite
bands’ composed of almost 100% chromian spinel, varying
in thickness from millimeters to meters. However, spinel
abundance in general may be slightly lower in dunite com-
pared with harzburgite. In our samples, harzburgites are
generally richer in Ti than dunites, suggesting that ortho-
pyroxene rather than spinel is the primary reservoir forTi
in these highly depleted residues. Nb andTa concentrations
are comparable in harzburgite and dunite, and thus these
elements may be primarily hosted in spinel (or on grain
boundaries) in both of these rock types.
In an important exception to the control of trace ele-

ment abundances by the modal proportions of minerals in
our samples, the range of LREE concentrations is the
same in dunites and harzburgites. Thus, the dunites have
high LREE/HREE ratios compared with the harzburgites.
This is seen more clearly in mineral trace element data
(Kelemen et al., 1995; Braun, 2004), in which REE concen-
trations in rare clinopyroxenes in dunites are consistent
with equilibrium with primitive, MORB-like melts like
those that form the Oman crustal section, whereas REE
in harzburgite clinopyroxenes reflect equilibration with a
strongly LREE-depleted melt composition, consistent
with that of late instantaneous liquids formed by high
degrees of near fractional melting. We interpret the con-
trasting characteristics of dunites to be a consequence of
highly focused flow of aggregated, MORB-like melts
within high-porosity, dunite conduits, preserving major
and trace element disequilibrium between these aggre-
gated melts and surrounding harzburgites.

Pb enrichment correlated with Th, Nb, La
and Ce enrichment
In the MORB-normalized trace element diagram (Fig. 3),
all of our samples have striking U and Pb enrichment,
and most samples also show large Sr enrichments. Similar
enrichments are observed in mid-ocean ridge peridotite
samples. The presence of relatively high Sr contents in
harzburgites and re-enriched samples (including some
dunites)çbut not in most Oman dunitesçsuggests that
high Sr is due to the presence of tiny amounts of plagio-
clase, and/or that Sr is retained in residues by orthopyrox-
ene, with an unexpectedly high distribution coefficient
during melting. There is no correlation between Eu and
Sr, however, and more detailed mineralogical work would
be needed to constrain the host phase(s) for Sr. This is
probably complicated by trace amounts of Sr-bearing car-
bonate formed during alteration, although there is no cor-
relation between Sr and LOI.
The presence of high U concentrations, relative to Th,

is probably due to alteration. We base this not on the
Oman dataset, but on the observation that dredged
mid-ocean ridge peridotites have extensive, rusty weather-
ing products including clay minerals and carbonate, and
have extremely high U/Th (Niu, 2004), whereas drilled
mid-ocean ridge peridotites from below the oxidized
weathering horizon are greenish rather than rusty colored,
generally lack carbonate, and have near-chondritic
U/Th (M. Godard et al., 2009, pesonal communication;
Paulick et al., 2006).
The presence of high Pb contents, relative to Ce and La,

in all of our Oman peridotite samples and in all mid-ocean
ridge peridotites (Niu, 2004) is a fascinating enigma.
We initially thought that high Pb might be hosted in
either ‘impregnated’ plagioclase or secondary carbonate.
However, both plagioclase and carbonate in peridotites
have high Sr concentrations, whereas Pb and Pb/Ce in
our Oman dataset, and in mid-ocean ridge peridotites,
do not correlate with Sr or Sr/Nd.
Another option is that Pb is hosted in sulfide minerals.

Sulfides in ophiolite peridotites can have different origins.
They can be a residual solid phase during mantle melting,
they can crystallize from dense sulfide melt retained in
residual peridotites, they can precipitate during melt^rock
reaction, or they can form during hydrothermal alteration
(e.g. Ahmed & Arai, 2002; Bockrath et al., 2004; Alard et al.,
2005). Both primary and hydrothermal sulfide are known
to be present in Oman peridotite samples (e.g. Ahmed
& Arai, 2002). There is no correlation between Pb concen-
tration and S concentration (not shown). However,
correlations of Pb concentration with other trace elements
cast doubt on the possibility that Pb is hosted primarily in
sulfide.
If Pb were hosted in dense sulfide melt or solid phase sul-

fide retained in residual peridotites during silicate melt
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extraction, one might expect Pb to behave as a compatible
or only moderately incompatible element. Indeed, as one
would expect from this scenario, Pb/Th, Pb/Ce and
Pb/La ratios in our data and in mid-ocean ridge perido-
tites are negatively correlated with almost all incompatible
element concentrations. In other words, the more depleted
the sample, the higher the relative Pb enrichment.
However, if Pb behaved as a compatible or moderately
incompatible element during melt extraction, one would
predict that Pb concentration would correlate best with
Ni, Cr or HREE concentrations in these datasets, and/or
that the least variable trace element ratios would be
Pb/Ni, Pb/Cr, or Pb/HREE. Instead, among all the trace
elements measured in the Oman peridotites and
mid-ocean ridge peridotites, Pb concentrations correlate
best with Th, Ce, La and Pr concentrations. [Correlation
coefficients in the Niu (2004) dataset for mid-ocean ridge
peridotites are Pb/Th 0·98, Pb/Ce 0·97, Pb/La 0·93, Pb/Pr
0·85, Pb/Nb 0·82, Pb/Ta 0·62.] The least variable ratios in
the combined Wadi Tayin and mid-ocean ridge dataset
are Pb/Ba, Pb/Th and Pb/La. These are not the character-
istics that one would predict if Pb were compatible or mod-
erately incompatible during melt extraction. Similarly, the
high correlation coefficients for Pb with Th, Ce, La, Pr,
Nb and Ta are not compatible with Pb enrichment via
hydrothermal alteration. Th, Nb andTa, in particular, are
generally regarded as the trace elements in igneous rocks
that are the least soluble in aqueous fluids, and therefore
are least subject to hydrothermal alteration (Brenan et al.,
1995; Stalder et al., 1998).
In summary, most traditional explanations for Pb

enrichment do not seem to fit the data particularly well.
It is unlikely that Pb is hosted in ‘impregnated’ plagioclase
or hydrothermal carbonate, because Pb enrichment is not
correlated with Sr enrichment. It is also unlikely that Pb
is enriched in a residual sulfide phase, because the Pb
systematics are not those of a compatible to moderately
incompatible element. Finally, it is unlikely that Pb was
enriched via hydrothermal alteration, because Pb concen-
trations correlate most strongly with the concentrations of
trace elements thought to be least mobile during hydro-
thermal alteration. As a result, the origin of the Pb enrich-
ments in these and similar peridotites remains somewhat
enigmatic. One possibility, compatible with all the data, is
that Pb is enriched via equilibrium partitioning between
crystals and grain boundaries during melting and melt
extraction, as proposed for highly incompatible elements
in general by Hiraga et al. (2004) and Niu (2004). This
would explain why Pb concentration is so closely corre-
lated with highly incompatible trace elements, such thatç
although it is enriched relative to La and Ce in all sam-
plesçits concentration is lowest in low La samples and
highest in high La samples. In essence, Pb in our samples
and in mid-ocean ridge peridotites behaves like Th and

Ba, and a similar explanation must be sought for enrich-
ments in all three elements.

Osmium isotopes and PGE geochemistry
The osmium isotopic composition and PGE concentrations
of these depleted mantle peridotites record substantial
variability. An important observation is the more radio-
genic nature of the dunites and impregnated peridotites
compared with the residual harzburgites, and this may
be due to relatively high 187Os/188Os in melt transported
through the dunites. A similar interpretation has been pro-
posed by Becker et al. (2001) for dunites in the Bohemian
Massif, and by Buchl et al. (2002) for dunites in the
Troodos ophiolite. This suggests that melt^rock ratios
were high within the dunites (high enough to reset the iso-
tope ratio for a compatible or moderately incompatible
element), and that a significant proportion of the Os in
the Oman mantle source was derived from a component
with a distinctly more radiogenic Os composition than
the ubiquitous depleted peridotite component represented
by the residual harzburgite.
Data from mid-ocean ridges suggest that MORB glasses

are also more radiogenic in Os than abyssal peridotites
(e.g. Roy-Barman & Alle' gre, 1994; Snow & Reisberg,
1995; Schiano et al., 1997; Alard et al., 2005), although
there is some debate about this. Alard et al. (2005) showed
that igneous sulfides in abyssal peridotites have a wide
range of Os isotopic compositions, including values compa-
rable with MORB. However, radiogenic compositions in
some abyssal peridotites may be a seawater alteration
effect (e.g. Snow & Reisberg, 1995). An isotopic difference
between residual peridotite and MORB, probably not
related to seawater alteration, has also been proposed
on the basis of Nd isotopic compositions (Salters &
Dick, 2002).
The radiogenic sulfides described by Alard et al. (2005)

are exclusively found in late-stage, texturally distinct,
patches of clinopyroxene and spinel. These patches are
interpreted as the result of reaction between residual peri-
dotite and cooling, crystallizing melt entering the thermal
boundary layer, and are therefore not a residual signature.
Pb and Nd isotope data on clinopyroxene from abyssal
peridotite are also consistent with an enriched component
(radiogenic Pb, unradiogenic Nd) hosted in late, impreg-
nated clinopyroxenes, and a depleted component hosted
in older, matrix pyroxenes (Warren et al., 2003, 2009). The
presence of residual peridotites with whole-rock osmium
isotopic compositions less radiogenic than MORB may be
explained by melting of a heterogeneous (upwelling)
mantle. Such a mantle would form mixed melts, in which
much of the Os derives from areas (veins?) with high
Re/Os in a matrix of previously depleted peridotite, thus
giving rise to residual peridotites less radiogenic than the
melts they formed.
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Our Oman harzburgite samples have PGE abundances
comparable with the most PGE-enriched abyssal perido-
tites, which is consistent with the PGE acting as compati-
ble elements that are enriched in residues of relatively
high degrees of melting. PGE abundances are generally
lower and more variable in dunites compared with harz-
burgites, but they are still mostly within the range defined
by abyssal peridotites. However, dunite Os/Ir ratios are
highly variable, ranging from 0·5 to 8·3, whereas harzbur-
gites and abyssal peridotites have Os/Ir ratios clustering
tightly around unity (Fig. 10).
The Os/Ir ratios in dunites do not correlate with Os iso-

topic composition, abundance of any of the PGE or sulfur
concentration. Although we have made several replicate
analyses of PGE in dunites, the variability of the dunite
data might have resulted from incomplete dissolution
during analysis, or a nugget effect reflecting small-scale
inhomogeneous distribution of ultra-trace PGE host
phases. Preliminary mineral analyses indicate that sulfides
in the peridotites have variable Os/Ir ratios, and we specu-
late that Os/Ir fractionation in the dunites is controlled by
igneous sulfides during melt extraction. This may arise
because dunites are not simply just residues of partial melt-
ing, but instead form by reaction between decompressing
melt and residual mantle peridotite.We assume that dense
sulfide melt remains within the solid residue of silicate
melt extraction during mantle melting. Because sulfur con-
centration in sulfide-saturated melt increases with decreas-
ing pressure (Mavrogenes & O’Neill, 1999; Holzheid &
Grove, 2002), decompressing melts will dissolve some of
the residual sulfide as they react with the surrounding
peridotite, lowering residual sulfide concentration in
dunites relative to host harzburgites. Assuming that PGE
in peridotite are mainly hosted in sulfide (e.g. Hart &
Ravizza, 1996; Alard et al., 2005), and that the solubility of
PGE in silicate melt is proportional to the sulfur concen-
tration, this process should yield lower PGE concentra-
tions in dunite compared with harzburgites.
From this point of view, the lack of correlation between

sulfur and PGE concentrations in our samples may be due
to the presence of low-PGE, secondary sulfide minerals
formed during alteration. Alternatively, perhaps a signifi-
cant amount of PGE are hosted in non-sulfide phases such
as metals or alloys. Very detailed work will be required
in the future to determine the relative importance of
igneous and hydrothermal processes in producing the vari-
ability in PGE abundances observed in our Oman dunite
samples.

High cooling rates and enriched
incompatible elements in the
uppermost mantle
Dynamically, probably the most important result of this
study is that the shallowest samples are re-fertilized

(i.e. anomalously enriched in incompatible elements), and
record relatively high metamorphic closure temperatures.
These observations suggest that migrating melt underwent
crystallization during rapid cooling in the uppermost
mantle during and immediately after ridge magmatism.
A similar conclusion was reached by Ceuleneer et al.
(1988) and Takazawa et al. (2003) on the basis of micro-
structural analyses.
Ca-in-orthopyroxene, Ca^Mg exchange between olivine

and clinopyroxene (Kohler & Brey, 1990), Cr^Al exchange
between orthopyroxene and spinel (Witt-Eickschen &
Seck, 1991), and Fe^Mg exchange between olivine and
spinel (Sack & Ghiorso, 1991; M. S. Ghiorso, 2007, pesonal
communication) all confirm that the stratigraphically
highest harzburgites equilibrated at higher temperatures
than the deeper ones (Fig. 7). The correlation of the differ-
ent thermometers involving distinct mineral pairs probably
rules out systematic bias in the thermometry as a result of
variations in bulk composition. Instead, the systematic
decrease in closure temperature with increasing depth
below the Moho transition zone probably reflects system-
atic variation in cooling rate as a function of depth in the
mantle section.
A greater role for convecting fluids in the lower crust,

perhaps extending into the uppermost mantle, compared
with the deeper part of the section could explain these
observations. In this context, perhaps the MohoTransition
Zone acts as a permeability barrier during near-axis
hydrothermal cooling. For example, the solid volume
increase associated with serpentinization at Moho pres-
sures could fill and seal porosity, preventing penetration
of significant fluids to greater depth. In contrast, ther-
mal contraction of plagioclase in cooling lower crustal gab-
bros may facilitate active hydrothermal convection
extending to the Moho (Bosch et al., 2004; Nicolas &
Mainprice, 2005).
We hypothesize that the re-fertilization and higher

closure temperatures recorded in the uppermost mantle
samples are linked. More rapid cooling led to higher
closure temperatures, and to partial crystallization
of migrating melts in the shallowest part of the mantle
section, yielding slightly elevated abundances of ele-
ments such as Ca and Na, and incompatible trace
elements.
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