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Abstract

Ultramafic xenoliths from a veined mantle wedge beneath the Kamchatka arc have non-chondritic, fractionated chondrite-
normalized platinum-group element (PGE) patterns. Depleted (e.g., low bulk-rock Al,O; and CaO contents) mantle
harzburgites show clear enrichment in the Pd group relative to the Ir group PGEs and, in most samples, Pt relative to Rh and Pd.
These PGE signatures most likely reflect multi-stage melting which selectively concentrates Pt in Pt—Fe alloys while strongly
depleting the sub-arc mantle wedge in incompatible elements. Elevated gold concentrations and enrichment of strongly
incompatible enrichment (e.g., Ba and Th) in some harzburgites suggest a late-stage metasomatism by slab-derived, saline
hydrous fluids. Positive Pt, Pd, and Au anomalies coupled with Ir depletions in heavily metasomatized pyroxenite xenoliths
probably reflect the relative mobility of the Pd and Ir groups (especially Os) during sub-arc metasomatism which is consistent
with Os systematics in arc mantle nodules. Positive correlations between Pt, Pd, and Au and various incompatible elements (Hf,
U, Ta, and Sr) also suggest that both slab-derived hydrous fluids and siliceous melts were involved in the sub-arc mantle

metasomatism beneath the Kamchatka arc. © 2002 Published by Elsevier Science B.V.
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1. Introduction

The island-arc mantle remains one of the least doc-
umented mantle reservoirs due to the lack of mantle-
wedge xenoliths brought up by arc lavas. Mantle
xenoliths that may be representative of the sub arc
mantle are most frequently brought to the surface by
back-arc alkaline basaltic magmas (Takahashi, 1978;
Brandon et al., 1996; Umino and Yoshizawa, 1996).
However, mantle xenoliths also have been collected
from a few arc-front localities including the Kam-
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chatka arc, Russia (Kepezhinskas et al., 1995, 1996;
Kepezhinskas and Defant, 1996), the Luzon arc, Phil-
ippines (Maury et al., 1992), and the Tabar—Lihir—
Tanga—Feni (TLTF) arc, Papua New Guinea (McInnes
et al.,, 1999). All of the mantle xenoliths from these
localities display extensive modal (amphibole, phlo-
gopite, and aluminous spinel) and cryptic (incompat-
ible trace-element enrichments) metasomatic features
which have been interpreted to be the result of reaction
between a variably depleted mantle wedge and slab-
derived fluids and melts (Maury et al., 1992; Kepez-
hinskas and Defant, 1996; Mclnnes et al., 1999).
Recently, Re—Os isotope systematics have been
applied to address the nature of arc mantle metasoma-
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tism and the origin of arc magma geochemistry.
Unlike other radiogenic isotopic systems, Re and Os
behave differently during mantle melting. Re is mod-
erately incompatible, while Os is compatible during
mantle melting (Martin, 1991). Brandon et al. (1996)
analyzed back-arc mantle xenoliths from Simcoe
(Cascades) and Ichinomegata (Japan) for Os isotopes
to show that their Os isotopic characteristics are
consistent with the addition of a 5—15% slab-derived
component to a depleted sub-arc mantle. They further
suggested that Os, along with other platinum-group
elements (PGEs), can be partitioned into chlorine-rich
slab fluids or melts and transported into the overlying
mantle wedge (Brandon et al., 1996).

Mclnnes et al. (1999) showed that gold ores over-
lying the mantle wedge in the Tabar—Lihir—Tanga—
Feni arc have Os-isotope compositions similar to those
of the underlying subduction-metasomatized mantle
source. Their data required the addition of a gold,
copper, and PGE-enriched component to the depleted
island-arc mantle to accommodate the elemental and
isotopic characteristics of arc-related precious metal
deposits within the arc (Mclnnes et al., 1999).

In addition, Widom and Kepezhinskas (1999) ana-
lyzed mantle-wedge peridotites from arc-front lavas in
Kamchatka associated with the subduction of both
young (northern arc segment) and old (southern arc
segment) oceanic crust. They found that the Kamchatka
island-arc mantle exhibits radiogenic Os signatures that
are inconsistent with in-situ growth of '®’Os. These
radiogenic Os isotopic signatures were interpreted to be
the result of extensive slab melt—mantle interaction
(Widom and Kepezhinskas, 1999). Although, the Os-
isotope studies make a strong case for the mobility of
Os during sub-arc metasomatism, the behavior of the
entire suite of PGEs is still poorly understood.

Island-arc mantle xenoliths from the Kamchatka arc
provide a unique opportunity to investigate metasoma-
tism of the sub-arc mantle wedge using PGEs along
with other trace-element data because of the abundance
of xenoliths collected from several volcanoes and the
range of metasomatic features documented. Our pre-

vious studies suggested that the southern section of the
Kamchatka arc mantle undergoes a more typical meta-
somatism via primarily hydrous fluids whereas the
subduction of relatively young crust below the north-
ern section of the arc causes the mantle to be meta-
somatized via primarily siliceous melts (Kepezhinskas
et al.,, 1995, 1996; Kepezhinskas and Defant, 1996;
Widom and Kepezhinskas, 1999).

We present PGE and Au data obtained from 24
peridotitic and pyroxenitic xenoliths collected from
seven volcanoes in the Kamchatka arc in order to: (1)
document abundances and distribution of PGEs in a
range of xenolith compositions derived from various
sections of the sub-arc mantle wedge; (2) determine
PGE and other trace-element signatures in island-arc
mantle xenoliths related to metasomatism associated
with young and hot versus old and cold slabs; (3)
evaluate PGE behavior during transport from sub-
ducted crust to mantle and during subsequent slab—
mantle interactions; (4) use geochemical and petro-
logic data from island-arc xenoliths to constrain the
composition and extent of crust—mantle interactions
and mantle evolution in subduction zones.

2. Geologic setting and samples
2.1. Geologic setting

The Kamchatka arc (Fig. 1) is located at the
junction of the North American, Eurasian, and Pacific
plates, and records a protracted history of subduction,
terrane accretion, and arc volcanism. The arc can be
divided into northern, central, and southern segments
separated by major trunscurrent faults (Fig. 1). The
southern arc segment is built upon Mesozoic—Tertiary
accreted terranes, which include low-grade (greens-
chist) to high-grade (blueschist, amphibolite, eclogite,
and granulite) metamorphic rocks of lower arc crust
and subduction-zone origin. Crustal thickness beneath
the southern segment of the Kamchatka arc ranges
between 30 and 45 km (Kepezhinskas et al., 1997).

Fig. 1. Tectonic setting of Kamchatka arc along with major mantle xenolith locations, position of active and fossil subduction zones and
trenches. Ages for the Komandorsky Basin crust and Pacific lithosphere are adopted from Bogdanov (1988). Boundary between northern and
southern segments is indicated by major trunscurrent faults and crustal discontinuities (Kepezhinskas et al., 1997). The Central Kamchatka
Depression marks position of an active intra-arc rift (Kepezhinskas et al., 1997).
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The northern segment of the Kamchatka arc is
underlain by thickened (up to 25 km) oceanic crust
composed of amphibolites, hornblende gabbros, cor-
tlandites, and hornblende pyroxenites (Kepezhinskas
et al., 1997). The segment formed in response to west-
ward subduction of young (<25 Ma) and hot oceanic
crust of the Komandorsky basin—a back-transform
spreading setting (Bogdanov, 1988).

The tectonic setting of the Kamchatka arc is further
complicated by active intra-arc rifting within the Cen-
tral Kamchatka Depression (Fig. 1). This rift is bor-
dered by systems of listric faults and is characterized
by voluminous mafic to intermediate volcanism which
includes Kluchevskoy Volcano—the largest basaltic
volcanic center in Eurasia (Kepezhinskas et al., 1997).

2.2. Ultramafic xenolith suites in the Kamchatka arc

Mantle xenoliths were collected from seven vol-
canic centers throughout the Kamchatka arc. A total
of 24 xenoliths were selected for this study based on
their relatively large size, unaltered nature, and petro-
logical variability (Kepezhinskas et al., 1995, 1996;
Kepezhinskas and Defant, 1996). This xenolith suite
represents along-arc and across-arc compositional
variations in the sub-arc mantle wedge, which also
allows us to assess potential lateral PGE heterogeneity
in the island-arc mantle beneath Kamchatka.

Ultramafic xenoliths from the Kamchatka arc exhi-
bit medium- to coarse-grained equigranular, granoblas-
tic, porphyroclastic, and protoclastic mantle textures
due to variable deformation under mantle conditions.
Abundant creep-related deformational features (va-
rious tilt walls, slip bands, and polygonized micro-
structures frequently found in high-Mg olivines—Fo
content=90-91) and mineral defect structures (undu-
lose olivine and kink-banded pyroxene) are consistent
with derivation from the mantle wedge beneath the
Kamchatka arc (Kepezhinskas et al., 1995; Kepezhin-
skas and Defant, 1996). These olivine microstructures
are typically formed through kink nucleation, cross-
slip, or climb nucleation during deformation of the
peridotite xenoliths under mantle pressures and tem-
peratures (Gueguen and Nicolas, 1980). All these mic-
rostructures indicate a residual mantle origin for the
xenoliths in Kamchatka.

Two major groups are identified among Kamchatka
xenoliths based upon textures and mineral composi-

tion: (1) Cr-rich spinel harzburgites, dunites, and minor
lherzolites (observed only in the northern segment—
Valovayam volcanic center—Fig. 1) and (2) Cr-poor
spinel pyroxenites, wehrlites, and websterites with or
without amphibole. Amphibole is also observed in two
Cr-rich harzburgites from Avachinsky volcano. Some
Cr-rich harzburgites are essentially composite nodules
of the two types described above. They contain veins
(1-5 cm wide) of clinopyroxenitic, orthopyroxentitic,
and websteric compositions. The first group (i.e., the
Cr-rich group) exhibits primary depleted mineral com-
positions overprinted to various degrees with cryptic
and modal metasomatism. They are interpreted as
primary mantle from the wedge below the arc (Kepez-
hinskas et al., 1995, 1996).

The second xenolith group (i.e., the Cr-poor group)
is believed to be formed via progressive reaction
between mantle wedge and mafic melt under mantle
P—Tconditions (Kepezhinskas et al., 1996). This con-
clusion is supported by a variety of observations
including the similarity of P—T estimates for Kam-
chatka peridotites (7=887-1018 °C, P=27.4-30.5
kbar) and pyroxenites (T=931-1043 °C, P=27.6—
30 kbar) as well as the occurrence of pyroxenites as
veins in composite harzburgitic xenoliths.

Pressure and temperature estimates for Kamchatka
xenoliths based on mineral and fluid inclusion ther-
mobarometry indicate equilibration at a depth of
approximately 100 km below the arc within a temper-
ature range of 887—1043 °C (Fig. 2). The Kamchatka
mantle geotherm appears to be similar to the mean
oceanic geotherm at 60.4 Ma (Turcotte and Schubert,
1982) and is lower than elevated Cenozoic geotherms
in eastern Australia (Sutherland et al., 1994) and the
back-arc mantle environment of southwest Japan
(Umino and Yoshizawa, 1996). These pressure—tem-
perature estimates suggest that Kamchatka ultramafic
xenoliths were derived from a relatively deep portion
of a thermally unperturbed mantle wedge.

The Cr-rich harzburgite xenoliths are composed
of olivine (75—-83 modal %), orthopyroxene (15—
24 modal %), clinopyroxene (0—3 modal %), and
spinel (0.1—-1.4 modal %). Olivine compositions are
Fogp_924, with NiO and Cr,Os concentrations be-
tween 0.1-0.48 and 0.01-0.37 wt.%, respectively.
All olivines are unzoned and have low CaO contents
(<0.08 wt.%) consistent with their mantle origin.
Orthopyroxene has an enstatite to ferroan enstatite
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Fig. 2. Equilibration pressures and temperatures for Kamchatka
ultramafic xenoliths compared with geotherms of various tectonic
settings. Data sources: Eastern Australia (Sutherland et al., 1994),
SW Japan (Umino and Yoshizawa, 1996). The 40 mW/m? shield
geotherm and mean oceanic geotherm of 60.4 Ma (Turcotte and
Schubert, 1982).

composition (Wo;Engy_goFs9_15) with Al,O5 contents
ranging from 0.4 to 1.7 wt.% and Cr,O; contents
between 0.2 and 0.7 wt.%. Clinopyroxene in Kam-
chatka xenoliths is typically diopside (Wog4s_47Eng;_
49Fs4_g) with variable Cr,O3 concentrations (0.24—
1.4 wt.%). Spinel has a Cr# (Cr/Cr+Al) of 0.53-0.77
and a Mg# (Mg/Mg+Fe*"Fe’") of 0.48—0.60. Modal
mineralogy (low modal clinopyroxene content) and
refractory mineral chemistry (e.g., high Cr/Cr+Al
ratios in spinels, a high Mg# in olivines and orthopyr-
oxenes, low Al contents in orthopyroxenes, low Ti,
Na, and Al and high Mg and Cr concentrations
coupled with a clear LREE depletion in clinopyrox-
enes) reflect an overall depletion in basaltic compo-
nents (Kepezhinskas et al., 1996; Kepezhinskas and

Defant, 1996). In other words, the spinel harzburgite
xenoliths from central Kamchatka appear to be sys-
tematically more depleted than MORB mantle in both
bulk chemical and mineral compositions (Kepezhin-
skas and Defant, 1996).

2.3. Evidence for mantle wedge metasomatism

Ultramafic xenoliths from the northern segment of
the Kamchatka arc associated with the subduction of
young crust exhibit abundant textural and chemical
signatures, which suggest slab melt—mantle metaso-
matism. These xenoliths contain three generations of
clinopyroxenes with progressive enrichment in Na, Al,
Sr, and light REEs (Kepezhinskas et al., 1995, 1996).
The pyroxene compositional trends in northern Kam-
chatka xenolith suite were interpreted to be a result of
slab-melt (adakite)—mantle interactions. Adakites
(Defant and Drummond, 1990; Martin, 1999) are
spatially and temporally associated with xenolith-bear-
ing basaltic magmas in northern Kamchatka. The
basaltic magmas also bear evidence of being derived
from a source that has undergone prolific slab melt—
mantle interaction (e.g., elevated MgO, Cr, and Ni
contents) (Hochstaedter et al., 1996; Kepezhinskas et
al., 1997). In addition, northern Kamchatka mantle
xenoliths contain dacitic veins that are compositionally
similar to adakites (i.e., silicic partial melts from a
metabasalt) (Kepezhinskas et al., 1996). Trace-element
compositions of these dacitic veins (e.g., high Sr and
low Y contents coupled with high St/Y and La/Yb
ratios) suggest metasomatism of the mantle wedge
beneath northern Kamchatka by adakites (Kepezhin-
skas et al.,1995, 1996).

Xenoliths from the southern segment of the Kam-
chatka arc (produced in response to subduction of old
Pacific lithosphere) contain amphibole pyroxenite,
clinopyroxenite, and websterite veins that, based on
their textures and P—T estimates, precipitated through
melt—peridotite interaction. Cr-series harzburgites
from southern Kamchatka exhibit detectable enrich-
ments in LREE coupled with negative Ta and positive
Ba and U anomalies on chondrite-normalized spider
diagrams, signatures indicative of hydrous metasoma-
tism (Kepezhinskas and Defant, 1996). Cr-poor
wehrlitic and pyroxenitic xenoliths from southern
Kamchatka have elevated Al, Na, Ba, U, and REE
concentrations; all suggesting the addition of lithophile
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elements to the southern Kamchatka mantle wedge by
slab-derived fluids (Hochstaedter et al., 1996; Kepez-
hinskas and Defant, 1996).

3. Results

PGE and Au concentrations in 24 ultramafic xen-
oliths from the Kamchatka arc are presented in Table
1. PGE and Au analyses are by the nickel sulfide fire
assay-induced coupled plasma-mass spectrometry
method at X-RAL Laboratories, Toronto, Canada
(Kepezhinskas and Defant, 2001). NiS fire assay
was done to preconcentrate PGEs. The NiS button
was dissolved in HCI and PGE phases were collected
on a filter paper. Further dissolution of PGE phases
was done following procedures outlined in Plessen
and Erzinger (1998). Analytical errors based on anal-
ysis of standards (UMT-1, WMG-1, WMS-1 and
WPR-1) and duplicates are 25% for Au, 20% for
Os, and 10% for Ru, Rh, Pd, Ir and Pt (Kepezhinskas
and Defant, 2001).

Harzburgite xenoliths from the arc front are found
only at Avachinsky volcano and range in total PGE
abundance from 25.5 ppb in sample AVX35 to 79.8
ppb in sample 1/2-91 (Table 1). Spinel lherzolite
(sample 8710p) and pyroxenite (sample 8710u) nod-
ules from the northern segment of the arc have similar
concentrations of total PGEs with the exception of Ir
which is six times lower in the pyroxenite (0.1 ppb)
compared to the lherzolite xenolith (0.6 ppb). Both
xenoliths also show elevated Au concentrations (lher-
zolite, 8 ppb; pyroxenite, 3 ppb) and high Auw/PGE
ratios (e.g., Aw/lr, 13-30; Au/Pt, 3—4; and Au/Pd,
1.5—8; Table 1) relative to most of the mantle xenoliths
collected.

Os concentrations in arc-front pyroxenites are fairly
constant (3—5 ppb), while Ir and Ru concentrations
vary significantly (0.2-5.1 and 1-11 ppb, respec-
tively) (Table 1). Pd-group PGEs (Rh, Pt, and Pd) also
show wide variations in absolute concentrations. Pt in
arc-front pyroxenite xenoliths ranges from 3 to 25 ppb,
and Pd from 3 to 22 ppb. Au is slightly enriched (1—-4
ppb) with the exception of wehrlitic nodule KF-52-73
(14 ppb—it is also rich in modal amphibole—10.8
modal %; Table 1).

Pyroxenite and wehrlite xenoliths from behind the
arc-front volcanoes (i.e., Bakening and Kupol) have a

more restricted range in their total PGEs from 17.1
to 24.4 ppb and appear to have systematically lower
total PGE abundances compared to arc-front xenoliths
(most of which have PGE sums of 25-78 ppb;
Table 1).

Most arc-front harzburgites from Kamchatka (with
the noticeable exception of heavily fractionated sam-
ple AVX35) display relatively flat C1 chondrite-nor-
malized patterns with the exception of Pd-group
metals (Pt and Pd) and Au, which appear to be
fractionated one way or the other in most samples
(Fig. 3A). With the exception of sample 1/2-91 which
has a concave-upward PGE pattern and sample
AVX35 with a sharp negative Ir anomaly (Fig. 3A),
spinel harzburgites from Kamchatka have a narrow
range of absolute abundances for Os, Ir, Ru, and Rh
(0.006—0.015xC1 chondrite) in comparison with the
extreme variations in Pt, Pd, and Au absolute concen-
trations (0.002 to 0.243xC1 chondrite). This argues
against the “nugget effect” control on PGE distribu-
tion in analyzed samples due to heterogeneous dis-
tribution of PGE-carrying minerals in the Kamchatkan
mantle. It suggests the importance of Pt-bearing alloys
for PGE behavior in arc peridotites. This is further
supported by the extreme rarity of sulphides and PGE
alloys among minerals in Kamchatka spinel harzbur-
gites. Our detailed microprobe studies detected only
two pentlandite grains among 168 microprobed opa-
que minerals in 14 arc-front harzburgitic xenoliths
(Kepezhinskas et al., 1996; Kepezhinskas and Defant,
1996; Kepezhinskas and Defant, unpublished data).

Pyroxenitic veins in composite harzburgite xeno-
liths from arc-front lavas have mildly fractionated PGE
patterns (Fig. 3B) with slight but clear increase in
chondrite-normalized concentrations from the Ir group
(Os, Ir, and Ru, 0.002-0.015xC1 chondrite) to Pd
group (Rh, Pt, and Pd, 0.008—-0.038 xC1 chondrite) as
well as positive Pd and Pt anomalies. Discrete pyrox-
enitic nodules from arc-front volcanoes (AVX47 and
KF-52-73 from Avachinsky; KOZ-XM-D from Kozel-
sky; and SH-1 from Sheveluch volcanoes) have
strongly fractionated chondrite-normalized patterns
with significant fractionation between both Ir- and
Pd-group PGEs (Fig. 3C). Pd-group PGEs are also
fractionated: sample SH-1 has a clear positive Pt
anomaly while amphibole pyroxenite (AVX47) and
wehrlite (KF-52-73) samples from Avachinsky vol-
cano exhibit similar chondrite-normalized patterns



Table 1

PGE and Au results. Abundance of platinum-group element (PGE) and Au in mantle xenoliths from the Kamchatka arc

Volcano Sample Lithology Os Ir Ru Rh Pt Pd Au Pt/Pd Pt/Pt* (PtIr)y (PdIny (RuwIny  (Aw/lr)y  (P/Os)n
(ppb)  (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
Arc front xenoliths
Avachinsky ~ AVXS5 Sp-harzburgite 3 3 4 1 12 4 1 3.00 1.92 1.70 1.00 0.86 1.00  2.00
AVX8 Sp-harzburgite 3 2.6 11 1 12 5 1 240 195 2.00 1.52 2.50 1.17 2.00
AVX33 Sp-harzburgite 6 4.5 10 2 10 7 1 1.43  0.86 1.00 1.30 1.40 070  0.83
duplicate 5 4.4 9 2 11 7 1.4 1.57 094 1.10 1.30 1.30 1.00 1.10
AVX35 Sp-harzburgite 3 0.5 2 1 17 2 6.1 8.50 3.84 17.00 4.00 3.00 44.00  2.83
AVXS1 Sp-harzburgite 4 34 7 1 7 10 3 0.70 0.71 1.00 2.57 1.43 3.00 0.88
AVX37 Sp-harzburgite 3 44 5 2 26 3 2.9 8.67 3.40 2.57 0.78 0.70 2.10 433
duplicate 3 43 7 2 23 3 1 7.67 3.00 2.30 0.55 1.00 080  3.83
AVX45 Sp-harzburgite 3 34 8 1 19 3 35 6.30 3.51 2.70 0.78 1.57 3.57 3.14
AVX48 Sp-harzburgite 4 32 7 2 9 16 34 0.56 0.51 1.27 4.16 1.43 34.70 1.13
AVX49 Sp-harzburgite 3 2.3 15 1 7 1 7 7.00 2.24 1.40 0.36 4.20 10.00 1.17
1/2-91 Sp-harzburgite 3 6.8 28 3 29 10 0.8 290 1.69 1.91 1.21 2.60 040  4.79
duplicate 3 5.6 23 2 31 9 1 344 234 2.56 0.46 2.67 0.58 5.12
AVX47 Amph pyroxenite 3 0.3 2 1 3 3 2.5 1.00 0.55 3.00 5.45 2.82 18.00 1.82
KF-52-73 Amph wehrlite 4 0.3 2 2 11 11 14 1.00 0.75 11.00 20.00 2.82 100.00 1.98
AVX36-V Pyroxenite vein 3 1.3 3 1 16 11 2 146 2.41 5.28 6.67 1.41 4.67 2.26
AVX34-V Pyroxenite vein 3 0.9 3 1 12 3 1 4.00 221 5.94 2.73 2.11 3.50 1.70
AVX44-V Pyroxenite vein 3 4.7 11 3 25 21 1 1.19 1.01 2.48 3.82 1.40 0.70  3.54
duplicate 3 5.1 10 3 24 22 1 1.09 0.94 2.16 3.64 1.28 0.64 340
Kozelsky KOZ-XM-D  Pyroxenite 4 0.2 2 1 10 12 3 0.83 0.92 24.75 21.82 3.52 52.50 1.25
Duplicate 5 0.3 4 1 12 14 4 0.86 1.03 11.88 25.45 5.63 32.22 1.20
Sheveluch ~ SH-1 Amph pyroxenite 3 0.4 1 1 16 3 1 533 295 15.84 5.00 1.28 6.36 2.26
Valovayam  8710p Sp-lherzolite 4 0.6 2 1 2 1 8 2.00 0.64 1.98 1.65 2.17 47.50 0.25
8710u Sp-pyroxenite 3 0.1 1 1 1 2 3 0.50 0.23 4.95 18.18 7.04 105.00 0.14
Navarin 30-90 Sp-lherzolite 7 1.3 5 1 4 5 2 0.80 0.57 1.32 3.03 2.35 4.68 0.28
Behind-the-arc-front xenoliths
Bakening 48-54 Sp-pyroxenite 9 0.4 3 1 4 7 12 0.57 0.48 3.96 11.57 3.84 78.18 0.22
duplicate 7 0.3 3 1 2 6 11 033 0.26 2.05 10.91 4.23 79.00 0.14
48-4 Sp-pyroxenite 8 0.1 2 1 3 6 12 0.50 0.39 14.85 54.55 14.09 428.57 0.19
48-108 Sp-pyroxenite 3 0.1 1 1 12 1 1 12.00 3.84 59.40 9.10 7.05 35.00 1.70
duplicate 3 0.1 1 1 10 2 1 5.00 2.26 49.50 18.18 7.05 35.00 1.40
Kupol Kup 17-1 Wehrlite 3 1.9 2 1 12 2 1 6.00 2.71 2.97 0.91 0.70 1.75 1.70
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(1995).

with a weak negative Pt anomaly and a clear enrich-
ment in Au relative to the PGEs (Fig. 3C). Lherzolite
(8710p) and pyroxenite (8710u) from the northern-arc
segment (associated with young crust subduction) have
very low absolute concentrations of all noble metals
(0.001-0.008xC1 chondrite) except Au (0.057xC1
and 0.021xC1 chondrite, respectively) and Ir in sam-
ple 8710p (0.015xC1 chondrite) coupled with fractio-
nated normalized patterns (Fig. 3D). Both samples
display a weak negative Pt anomaly similar to most
arc-front pyroxenite xenoliths from Kamchatka.
Pyroxenite xenoliths from Bakening volcano (lo-
cated behind the arc, see Fig. 1) have fractionated
chondrite-normalized patterns with a strong negative
Ir anomaly (Fig. 4). Two pyroxenite xenoliths (48-54
and 48-4) display negative Pt anomalies, while sample
48-108 from Bakening and wehrlite xenolith Kup 17-1
from Kupol volcano have positive Pt anomalies similar
to Pt enrichments in arc-front harzburgites (Figs. 3A
and 4). The wehrlite xenolith from Kupol volcano has
the least fractionated normalized pattern with a weak

depletion in Ru relative to Os and Ir and a weak
depletion in Pd relative to Pt and Au (Fig. 4).

These fractionations among the Pd-group PGEs are
also documented by elevated Pt/Pd ratios in Kam-
chatka harzburgites, which range from 0.56 to 8.67

0.001

Sample/C1 Chondrite

Behind-The-Arc Front
Pyroxenites

0.0001
Os Ir Ru Rh Pt Pd Au

Fig. 4. Chondrite-normalized noble metal patterns for pyroxenite
and wehrlite xenoliths from the behind-the-arc-front lavas. Normal-
izing values for C1 chondrite are from McDonough and Sun (1995).
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Fig. 5. Pt/Pd versus Al,O3 (wt.%) in continental mantle (Gueddari
et al., 1996; Garuti et al., 1997b; Pattou et al., 1996), oceanic mantle
(Rehkamper et al., 1999; Snow and Schmidt, 1998) and harzburgitic
mantle xenoliths from Papua New Guinea (Mclnnes et al., 1999)
compared to Kamchatka mantle wedge peridotites (filled dia-
monds).

with an average of 4.17 (Table 1, Fig. 5). Only three
samples exhibit sub-chondritic Pt/Pd ratios of <2 (the
chondritic Pt/Pd ratio ranges from 1.4 to 2; Table 2
and McDonough and Sun, 1995; Snow and Schmidt,
1998; Jagoutz et al., 1979; Morgan, 1986). The
platinum enrichment relative to other Pd-group PGEs
in most sub-arc harzburgites from Kamchatka can be
further demonstrated using a Pt/Pt* parameter, or Pt

Table 2

anomaly, suggested originally by Garuti et al. (1997a).
The Pt anomaly (Pt/Pt*=Pty/RhyxPdy) provides a
measure of the deviation of Pt concentration from the
general trend of the primitive mantle-normalized pat-
tern of a sample. Primitive unfractionated mantle has
a Pt/Pt* value of 1 (Barnes et al., 1988; Garuti et al.,
1997a). Three spinel harzburgites from the Kam-
chatka arc—AVX 33, AVX51, and AVX48—display
negative Pt anomalies ranging from 0.51 to 0.94
(Table 1, Fig. 6), while the rest of the analyzed mantle
wedge xenoliths (seven samples) have positive Pt ano-
malies (1.69—3.84, average=2.07) (Table 1). Kam-
chatka harzburgites also display enrichment in (Pt/
Os)n (1.13-4.79; average=2.55) and (Pt/Ir)y (1.00—
17.00; average =2.96) ratios with the exception of the
same, slightly Pt-depleted samples AVX33 (0.83 and
1.00, respectively) and AVX51 (0.70 and 1.00, respec-
tively). All these data suggest that, with the exception of
chondritic to sub-chondritic Pd-group PGE patterns in
samples AVX33, AVXS51, and AVX48, the rest of
mantle wedge peridotites from the Kamchatka arc dis-
play non-chondritic ratios with clear Pt enrichment.
Arc-front pyroxenites show a range in Pt/Pt* ratios
from negative (0.55—0.94; Table 1) to positive (2.2—
2.95) ratios. Pyroxenites with both positive and neg-
ative Pt anomalies show clear enrichments in the Pd
group and Au relative to the Ir group (Ir and Os): (Pt/

Average composition of island-arc mantle compared to other mantle reservoirs. Average concentrations of platinum-group elements and gold in
C1 chondrite, model pyrolite, primitive mantle continental lithospheric mantle, oceanic mantle, Tabar—Lihir—Tanga—Feni harzburgites,
Alaskan-type ultramafic complexes and Kamchatka Island-arc mantle peridotites

C1 model Pyrolite PM1 PM2 CLM OCM TLTF AUC KAM
Ru (ppb) 710 5.0 43 5.6 12.4 6.04 1.83 222 10.46
Rh (ppb) 130 0.9 2.4 1.6 4.37 4.73 1.62
Pd (ppb) 550 3.9 4 4.4 3.9 5.88 3.29 33.65 6.15
Os (ppb) 490 3.4 33 42 4 39 3.23 3.54
Ir (ppb) 455 3.2 33 4.4 3.7 3.43 1.01 4.89 3.72
Pt (ppb) 1010 7.1 7 8.3 7 7.81 3255 86.5 16.39
Au (ppb) 140 1.0 0.5 1.2 0.65 0.72 8.32 49
Pt/Pd 1.84 1.82 1.75 1.89 1.80 1.33 9.88 3.89 4.17
Pt/Os 2.06 2.09 2.12 1.98 1.75 8.33 42.57 5.44
Au/Pd 0.26 0.26 0.13 0.27 0.17 0.22 0.27 0.21
(Ru/Ir)y 1.00 0.86 0.80 2.13 1.14 1.50 1.90
(Pt/Ir)n 1.00 1.00 1.00 0.88 1.03 16.09 2.96
(Pd/Ir)y 1.00 1.00 0.80 0.88 1.44 3.00 1.54

Data sources: C1 model, pyrolite, primitive mantle (PM1) and continental lithospheric mantle (CLM) are from Mcdonough and Sun (1995).
Primitive mantle 2 (PM2) estimate is from Barnes et al. (1988). Oceanic mantle (OM) is from Rehkamper et al. (1999). Average for Tabar—
Lihir—Tanga—Feni (TLTF) harzburgite xenoliths is after McInnes et al. (1999). Alaskan-type ultramafic—mafic complexes (AUC) average is a
compilation of data from Garuti et al. (1997a). Kamchatka mantle xenoliths (KAM) from this study.
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Fig. 6. Pt/Pt* (Pt anomaly) versus (Pt/Ir)y in harzburgites (filled
diamonds), arc front pyroxenites (open circles) and behind-the-front
pyroxenites (filled squares) from Kamchatka arc compared to
harzburgites from Papua New Guinea (Mclnnes et al., 1999),
orogenic lherzolites (filled circles; Garuti et al., 1997b; Pattou et al.,
1996; Barnes et al., 1985; Lorand, 1989) and Uralian/Alaskan zoned
ultramafic—mafic complexes (Garuti et al., 1997a; Loney and
Himmelberg, 1992; Nixon et al., 1997). The Pt anomaly (Pt/
Pt* =Pty/RhyxPdy) provides a measure of the deviation of Pt
concentration from the general trend of the primitive mantle-
normalized pattern of a sample. Primitive unfractionated mantle
has a Pt/Pt* value of 1 (Barnes et al., 1988; Garuti et al., 1997a).
Positive (Pt/Pt*>1) or negative (Pt/Pt* <1) anomalies indicate Pt
fractionation from Rh and Pd as a result of different petrologic
processes. Primitive mantle normalizing values for Pt, Rh and Pd (Pt
anomaly) are from Barnes et al. (1988). C1 chondrite normalizing
values for Pt and Ir (Pt/Ir ratio) are from McDonough and Sun (1995).

In)n, 2-24.75; (Pd/Ir)y, 2.7-25.45; (Aw/lr), 3—-105;
and (Pt/Os)n, 1.2-3.5 (Table 1). Arc-front pyrox-
enites plot either at sub-chondritic or above-chondritic
Pt/Pt* values in Fig. 6, but also at systematically
higher (Pt/Ir)y values reflecting strong Ir depletions
in the pyroxenitic component of the veined mantle
wedge.

Lherzolite and pyroxenite nodules from the north-
ern arc segment have negative Pt/Pt* anomalies of
0.64 and 0.23 coupled with an overall enrichment of
Pd-group PGEs and, especially, Au relative to Ir: (Pt/
Ir)n, 1.98 and 4.95; (Pd/Ir)y, 1.65 and 18.2; and (Au/
Ir), 47.5 and 105. Low Pt concentrations in the
northern segment xenoliths are also reflected in the
low (Pt/Os)y ratios of 0.25 and 0.14.

Pyroxenite xenoliths from behind-the-front volca-
noes can be sub-divided into two groups on the basis of
fractionations among and between the Ir- and Pd-group
PGEs. The low-Pt group (samples 48-54 and 48-4 from

Bakening volcano) display negative Pt anomalies (Pt/
Pt* values of 0.26—0.48; Table 1) coupled with low Pt/
Pd (0.33-0.57), low (Pt/Os)y (0.14-0.22), and high
(Au/Ir)y (78—428) ratios. The high-Pt group PGEs
(samples 48-108 from Bakening and Kup 17-1 from
Kupol volcanoes) have positive Pt anomalies (Pt/Pt*
values of 2.26—3.84; Table 1) coupled with high Pt/Pd
(5—12), high (Pt/Os)y (1.4—1.7), and relatively low
(Au/Ir)y (1.75-35) ratios. This subdivision is further
emphasized by the dual distribution of behind-the-front
pyroxenites in Fig. 6. As in the case of arc-front
pyroxenites, both Pt enrichments and depletions rela-
tive to other Pd-group metals are coupled with clear Pt
enrichments relative to Ir.

4. Discussion

Both residual and metasomatic xenoliths from the
Kamchatka arc show clear fractionation among various
PGEs and Au. Overall, the Pd group appears to be
enriched relative to the Ir group in all Kamchatkan
mantle-wedge xenoliths. The two major trends in noble
metal abundances and distribution in the island-arc
mantle beneath Kamchatka appear to be predominant
Pt enrichment in residual harzburgites (Cr-rich xenolith
group) and variable fractionation of Au, Pt, and Pd with
consistent enrichment of the Pd group over Ir group in
pyroxenites (Cr-poor group), in most xenoliths com-
bined with extreme depletions in Ir.

In order to evaluate the significance of the PGE
systematics in island-arc mantle, we have further
attempted to compare our data with mantle peridotites
from other tectonic environments to decide on the
implications for metasomatic processes in the sub-arc
mantle wedge.

4.1. Comparisons with mantle peridotites from differ-
ent tectonic settings

Average PGE and Au concentrations and some key
element ratios for Kamchatka and for Tabar—Lihir—
Tanga—Feni (TKTF, Papua New Guinea) mantle, as
well as C1 chondrite, primitive mantle, continental
lithospheric mantle, and oceanic mantle are summar-
ized in Table 2. The mantle wedge beneath the TKTF
arc appears to be similar to the Kamchatka island-arc
mantle in the non-chondritic, fractionated distribution
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of Pd-group PGEs. In fact, TKTF peridotites exhibit
one of the highest Pt/Pd ratios (up to 126.5; Fig. 5)
with an average Pt/Pd ratio of 9.88 (Table 2) and (Pt/
Ir)y ratios of up to 18.6. In comparison, primitive
mantle estimates from McDonough and Sun (1995)
and Barnes et al. (1988) have Pt/Pd ratios of 1.75 and
1.89, respectively. Also, primitive mantle has (Pt/Ir)y
ratios of 1.0, continental lithospheric mantle of 0.88,
and oceanic mantle of 1.03 (Table 2). Most orogenic
lherzolites and CLM spinel lherzolite xenoliths from
alkaline basalts plot close to or within the chondrite
field in Fig. 6. Pt is clearly enriched in island-arc
mantle from both TKTF and Kamchatka relative to
the Ir-group PGE.

One of the important chemical features of the
island-arc mantle is its overall depletion in lithophile
elements such as Al and Ca (Bonatti and Michael,
1989; Maury et al., 1992; Brandon et al., 1996;
Kepezhinskas and Defant, 1996). Spinel harzburgites
from the Kamchatka arc have low Al,03 (0.34—0.66
wt.%) and CaO (0.40-0.78 wt.%) contents consistent
with their depleted residual nature of the mantle due to
multiple melt extraction (Kepezhinskas and Defant,
1996). Kamchatka mantle xenoliths plot on the
depleted end of the mantle array in a Pt/Pd—Al,O3
graph and also show clear enrichments in Pt (Pt/Pd
ratios up to 8.67). In contrast, both continental mantle
(on the basis of an orogenic peridotite database,
Garuti et al., 1997b; Pattou et al., 1996) and oceanic
mantle have higher Al (and Ca) contents and, with the
exception of a single dunite sample from ODP hole
895E in the Hess Deep, eastern Pacific Ocean (Pt/Pd
ratio of 3.99, sample 895E 6R1 51-56 in Table 1 of
Rehkamper et al., 1999), have systematically lower Pt/
Pd ratios compared to island-arc peridotites from
Kamchatka and TKTF (Fig. 5).

This is further emphasized by chondrite-normalized
PGE patterns for average mantle compositions from
different environments. Primitive mantle, as well as
continental lithospheric mantle, has essentially flat
patterns with chondritic or slightly sub-chondritic
values for the Pd-group PGE (0.007—0.012xC1 chon-
drite; Pattou et al., 1996; Rehkamper et al., 1997).
Oceanic mantle (Rehkamper et al., 1999) also seems to
have a flat PGE pattern. Oceanic mantle has an
absolute Pd concentration similar to the Kamchatka
island-arc mantle—0.011xC1 chondrite—however,
normalized Pt concentrations in Kamchatka peridotites

(0.018xC1 chondrite) are clearly higher than that of
the average oceanic mantle (0.008 xC1 chondrite).
Both Kamchatka and TKTF mantle averages have
non-chondritic, fractionated Pd-group PGE patterns
with a clear positive Pt anomaly and, in the case of
Kamchatka mantle, a positive Au anomaly (Table 2).

The depleted nature of island-arc mantle compared
to CLM and oceanic mantle is also reflected in rela-
tively high Os concentrations and very low Re/Os
ratios (Fig. 7). Harzburgites from Kamchatka and
TKTF plot on the most depleted end of the mantle
restite compositions (Re/Os ratios of <0.03) compara-
ble to the most depleted cratonic harzburgites from the
Kaapvaal. In fact, Kamchatka harzburgites have Re
concentrations much lower than the most depleted
upper mantle (Widom and Kepezhinskas, 1999). This
testifies to a protracted history of depletion by removal
of partial melts in the Kamchatka mantle wedge, which
has dramatic implications for PGE systematics for the
island-arc mantle in general.
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Fig. 7. Re/Os versus Os concentrations in ultramafic xenoliths from
Kamchatka arc. Avachinsky peridotites=closed circles, Avachinsky
pyroxenites (veins in two composite xenoliths)=closed diamonds.
Filled fields represent sub-arc mantle wedge xenoliths from the
Tubaf seamount in the Papua New Guinea arc system (Mclnnes et
al., 1999), Kaapvaal craton peridotites (Walker et al., 1989) and a
compilation of ocean—island basalts and komatiites representing
mantle-derived mafic and ultramafic magmas (Martin, 1991; Hauri
and Hart, 1997; Reisberg et al., 1993; Widom and Shirey, 1996;
Walker et al., 1989). Chondritic and primitive mantle values (filled
circle) are from Morgan (1986).
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4.2. Origin of Pt enrichment in island-arc mantle

One of the most striking characteristics of depleted
island-arc mantle appears to be its enrichment in Pt
relative to Pd (Mclnnes et al., 1999; this study).
Selective fractionation of Pt from Pd distinguishes
arc mantle from other mantle environments, such as
primitive mantle, continental lithospheric mantle (oro-
genic lherzolite or spinel lherzolite xenolith estimates),
and oceanic mantle. Although many mantle peridotites
have somewhat fractionated patterns, the origin of
which is a subject of a debate in the recent literature
(this goes beyond the scope of the current paper, but see
Pattou et al., 1996; Rehkamper et al., 1997, 1999 for
summaries), sharp non-chondritic Pt enrichments in
mantle wedge xenoliths are so well defined that this
geochemical signature deserves special consideration.

Simple mantle fractionation under peculiar chem-
ical—physical conditions fails to easily explain selec-
tive separation of Pt from Rh and Pd. For example,
similar fg conditions in the chromitite-forming system
in ophiolitic peridotites cause formation of Ir-Os—Ru
alloys, not Pt—Fe alloys, which are capable of fractio-
nating Pt from Pd and Rh (Fleet and Stone, 1991).
Similarly, sulphide segregation or precipitation during
partial melting or melt—peridotite interaction in the
mantle is an unlikely decoupling mechanism since Pt
and Pd partition coefficients between silicate and
sulphide liquids are similar (Peach et al., 1990). It
has been suggested by Garuti et al. (1997a,b) that
extraction of melt(s) from a mantle source can leave
refractory Pt—Fe alloys in the residue selectively
enriching the residual mantle source in Pt. As sug-
gested by the slightly elevated Pt/Pd ratios in oceanic
mantle peridotites (Pt/Pd ratios of 0.80—3.99; Rehkam-
per et al., 1999), a single episode of melt extraction
beneath mid-ocean ridge is not sufficient to fractionate
Pt from the rest of Pd-group PGEs. Additional melt
extraction episodes are potentially required to generate
this unique non-chondritic PGE signature. Extensive
isotopic and trace-element studies of primitive arc
magmas indicate that at least a two-stage melting
process in a back-arc—basin—volcanic arc system is
required for the remarkable depletion in lithophile
elements inferred for arc mantle sources (Woodhead
et al., 1993; Ewart and Hawkesworth, 1987; Hoch-
staedter et al., 1996). Similar multi-stage melting is
probably required for effective separation of Pt from

other PGEs via Pt alloy accumulation in residual arc-
mantle sources.

This is consistent with CaO and PGE co-variations
in depleted harzburgite xenoliths from Kamchatka, as
illustrated in Fig. 8. Progressive melting (defined by
the melting trend in Fig. 8) will lead to a slight
increase in Pt/Pd ratios from a fertile upper mantle
with 3.2-4.0 wt.% CaO to a depleted upper mantle
with CaO of less than 1 wt.%. However, in the case of
the Kamchatka mantle wedge, Pt/Pd ratios increase
dramatically when very depleted mantle compositions
are reached (0.3—0.8 wt.% CaO). This increase in Pt/
Pd ratios in severely depleted mantle requires forma-
tion of a refractory mineral phase, which will concen-
trate Pt exclusively at the expense of Pd. Pt—Fe alloys
seem to be the best fit for such a phase. Accessory Pt—
Fe alloys are documented in mantle sections of supra-
subduction zone ophiolites as well as in accreted
mantle peridotite fragments in modern arcs (Leblanc,
1991). Ir seems to follow the same behavior as shown
in Fig. 8C. Progressive melting decreases CaO and
slightly increases Ir concentrations in mantle perido-
tites. As in the case of the Pt/Pd ratio, increases occur
in Ir concentrations at very low CaO contents in
Kamchatka mantle wedge peridotites (Fig. 8C). This
increase in Ir concentrations is coupled with an
increase in Ru concentrations, which likely reflects
formation of a residual Ir—Ru alloy, such as laurite,
during advanced multi-stage melting. In any case,
these fractionations seem to be best explained by the
formation of residual Pt and, to a lesser extent Ru—1Ir,
alloys during progressive melting of the primitive
mantle. This model is consistent with other trace-ele-
ment characteristics of island-arc mantle such as its
profound depletion in a range of incompatible ele-
ments which suggest multiple melt extractions prior to
metasomatism by slab-derived fluids (Maury et al.,
1992; Woodhead et al., 1993; Hochstaedter et al.,
1996).

4.3. Constraints from PGE systematics on sub-arc
metasomatism

Pyroxenitic xenoliths from Kamchatka typically
have fractionated chondrite-normalized noble-metal
patterns with predominant enrichment in Pd-group
PGEs and Au relative to the Ir group. Pd-group metals,
in most cases, show further fractionation within the



P. Kepezhinskas et al. / Lithos 60 (2002) 113—128 125

Multi-Stage Melting (?) A
ol @
8 -
*
- °f
o
~
b
o 4
2| ) i
e Melting Trend UM
[ ]
0 ‘ 1 1 1
0 1 2 3 4
CaO (wt.%)
20
Multi-Stage Melting (?) B
L 2
16 -
S
g
10
~ % Sulfides
T
a * /
ST " hd Melting Trend
L 2
L 2 ®
o 1 1 L
0 1 2 3 4
CaO (wt.%)
8
Multi-Stage Melting (?) c
6
E
S *
o 4r
‘ Ir ‘
2+ &
loss ?,
¢ ®
0 I I !
0 1 2 3 4

CaO (wt.%)

Fig. 8. Variation of Pt/Pd ratio (A), Pd (B) and Ir (C) concentrations
versus CaO in Kamchatkan harzburgites (filled diamonds) and
lherzolites (filled circles). The Melting Trend shows the PGE trends
for progressive depletion of a fertile upper mantle (UM) by magma
extraction following the melting model of Rehkamper et al. (1999).
The PGE concentrations and ratios for fertile upper mantle (UM) are
after McDonough and Sun (1995). Sulfide addition trends refer to
refertilization of variably depleted mantle residues by basaltic melts
(see Rehkamper et al., 1999 for details). The low Ir abundances in
some harzburgites and lherzolites from sub-arc mantle may be due
to the depletion of this element by secondary processes.

group with some pyroxenite nodules showing clear
enrichment in Pt relative to Rh and Pd (positive Pt/Pt*
anomaly and high Pt/Pd ratios) and other xenoliths
displaying Pd and Au enrichments (negative Pt/Pt*
anomaly, low Pt/Pd, and high Au/Pt and Au/Pd ratios).
This compositional variability probably reflects differ-
ent conditions of equilibration with residual mantle
during formation of pyroxenites as well as a range in
slab-derived components involved in sub-arc metaso-
matism.

Another striking feature of pyroxenite xenoliths
from Kamchatka is the consistent depletion in Ir
relative to Os and Ru (Figs. 3B and 4). This Ir depletion
supports the metasomatic origin of pyroxenites via
magmatic crystallization under mantle-wedge condi-
tions, because most melts contain very low concen-
trations of this metal (Barnes et al., 1985, 1988). This
pronounced Ir depletion in arc pyroxenite xenoliths
may also indicate relative mobility of Os in the sub-arc
mantle. Our preliminary '*70s/'®¥0s isotope data for
Kamchatka as well as previously published results
from Japan and the Cascades (Brandon et al., 1996)
suggest that Os can be mobile in the presence of slab-
derived hydrous fluids. Kamchatka harzburgite and
lherzolite xenoliths show a correlation between a
decreasing Os/Ir ratio and increasing Au/Pt ratio,
suggesting that sub-arc metasomatism via fluid—man-
tle interaction can decrease Os/Ir ratios significantly
below sub-chondritic values. Since Os and Ir show a
reasonable positive correlation, it appears that both
metals can be mobile during sub-arc metasomatism by
slab-derived hydrous fluids.

Fig. 7 illustrates continuous decrease in Os con-
centrations and Re/Os ratios from harzburgites
through lherzolite (i.e., 8710p to pyroxenites). Kam-
chatka pyroxenites plot within the field of ultramafic/
mafic magmas and on a continuous trend from
depleted mantle peridotites to slab melts (adakites).
This compositional trend may reflect metasomatism of
depleted mantle wedge by slab melts during formation
of pyroxenitic veins. Olivine will break down during
adakite—mantle interaction resulting in formation of
orthopyroxene along with precipitation of clinopyrox-
ene, amphibole, and aluminous spinel (Sen and Dunn,
1995; Drummond et al., 1996). All these phases are
present in pyroxenite xenoliths from Kamchatka
(Kepezhinskas et al., 1995, 1996; Kepezhinskas and
Defant, 1996). Adakite veins with St/Y of 290 were



126 P. Kepezhinskas et al. / Lithos 60 (2002) 113—-128

©
o
-
o
0 0.2 0.4 0.6 0.8 1
Hf (ppm)
60
B Sub-arc Metasomatism
50 [
40 b
=
S
= 30
S
23
0r @ o
10 | ° @
0 -“ L 1 L I I
0 0.2 04 0.6 0.8 1
Hf (ppm)

Fig. 9. Variation of (A) Pt/Pd and (B) (Pd/Ir)y ratios versus Hf
concentrations in harzburgitic (filled diamonds) and pyroxenitic
(filled circles) xenoliths from the Kamchatka arc. Hf data by
instrumental neutron activation (J.L. Joron, analyst).

reported from lherzolite xenoliths from the northern
Kamchatka arc front which is associated with sub-
duction of young oceanic crust (Kepezhinskas et al.,
1996).

Unlike hydrous fluids, slab-derived melts (adakites)
are capable of carrying high-field strength elements
(HFSE) such as Hf, Nb, and Ta (Defant and Drum-
mond, 1990; Drummond et al., 1996; Martin, 1999).
This distinct geochemical signature potentially can be
passed on to a mantle wedge upon extensive slab melt—
mantle interaction. Our PGE and other trace-element
data suggest that such interaction indeed occurred
beneath both the northern and southern segments of
the Kamchatka arc. Positive correlations between Pt/Pd
and (Pd/Ir)y ratios and Hf concentrations in Kam-
chatka xenoliths indicate the involvement of slab melt
in sub-arc mantle metasomatism (Fig. 9). Since
hydrous fluids do not carry any substantial concen-

trations of Hf, coupled enrichments in Pd relative to Ir
and Pt relative to Pd along with an increase in Hf
concentrations suggest that slab melt—mantle interac-
tions are capable of fractionating Pt and Pd from Ir-
group metals along with fractionating of HFSE from
other incompatible elements. Au shows distinctly dif-
ferent behavior (Fig. 10). Increase in Au concentrations
does not appear to correlate with an increase in Hf
concentrations in the Kamchatka xenoliths (Fig. 10A),
which could be interpreted as a result of adakite—
mantle interaction. In fact, all xenoliths with high Hf
concentrations have fairly low Au contents of less than
2 ppb. Co-variation between Au and Ta mimics this
picture. All xenoliths with high Au contents are Ta-
poor (Fig. 10B). Since Au is soluble in hydrous fluids,
gold behavior in Kamchatka xenoliths reflects meta-
somatism by hydrous fluids, rather then melts.
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Fig. 10. Variation of Au versus (A) Hf and (B) Ta in peridotitic
(filled diamonds) and pyroxenitic (filled circles) xenoliths from the
Kamchatka arc. Hf and Ta data by instrumental neutron activation
(J.L. Joron, analyst).
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PGE and Au systematics in Kamchatka ultramafic
xenoliths combined with other petrographic (presence
of amphibole, Al-rich spinel, and metasomatic glasses
enriched in Na, Al, Sr, and light REE) and geo-
chemical (enrichment in HFSE such as Hf, and LILE
such as U) data are consistent with extensive sub-arc
metasomatism beneath both segments of the Kam-
chatka arc by slab-derived hydrous fluids and sili-
ceous melts (adakites).

5. Conclusions

Peridotite and pyroxenite xenoliths representing
different parts of the veined mantle wedge have
non-chondritic, fractionated PGE patterns. Depleted
(low Al,O; and CaO contents) harzburgites show
clear enrichment in the Pd group over the Ir group,
coupled in most samples with Pt enrichment relative
to Rh and Pd (positive Pt/Pt* anomalies and high Pt/
Pd ratios). These PGE signatures most probably
reflect multi-stage melting and selective concentration
of Pt by Pt—Fe alloys in a severely depleted sub-arc
mantle wedge. Elevated Au contents (up to 6.1 ppb) in
some harzburgites suggest metasomatism by slab-
derived, saline hydrous fluids. This is consistent with
the presence of pyroxenitic veins in some composite
xenoliths as well as some lithophile trace-element (Ba
and Th, in particular) enrichments in harzburgites
documented earlier by Kepezhinskas and Defant
(1996).

Island-arc mantle has PGE abundances and distri-
butions, which are distinctly different from mantle
peridotites from different tectonic settings (primitive
mantle, continental lithospheric mantle, and oceanic
mantle). These compositional differences most likely
reflect a multi-stage melting history and re-fertilization
of island-arc mantle by slab-derived fluids and melts.

Pyroxenite xenoliths from island-arc mantle show
highly fractionated PGE patterns with enrichments in
Pt, Pd, and Au relative to the Ir group, coupled with
well-pronounced Ir depletions. These anomalies prob-
ably reflect relative mobility of the Pd group as well as
the Ir group (especially Os and Ir) metals during sub-
arc metasomatism, which is consistent with Os system-
atics in island-arc mantle nodules (Brandon et al.,
1996; Widom and Kepezhinskas, 1999). Positive cor-
relations between PGE concentrations and ratios (Pt/

Pd, Pd/Ir, Au/Ir, etc.) and trace-clement contents (Hf,
U, Ta, Sr, etc.) indicate that both slab-derived hydrous
fluids and siliceous melts were involved in sub-arc
mantle metasomatism beneath the Kamchatka arc.
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