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Research Article
Intergranular trace elements in mantle xenoliths from Russian Far East:

Example for mantle metasomatism by hydrous melt
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Abstract Based on both major and trace element chemistry, the occurrence of the inter-
granular component in mantle-derived xenoliths from far eastern Russia has been con-
strained. Whole-rock trace element measurements of one xenolith show apparent negative
anomalies in Ce, Th, and high field strength elements on normalized trace element
patterns. The trace element pattern of the whole rock differs from those of constituent
minerals, indicating that the anomalies in the whole rock are attributable to the presence
of an intergranular component. That assumption was confirmed using in situ analysis of
trace elements in the intergranular substance and melt inclusion using laser ablation
inductively coupled plasma–mass spectrometry. Both the intergranular component and the
melt inclusions have identical trace element patterns, which mean that these materials are
a cognate metasomatizing agent. The anomalies are regarded as mantle metasomatism
related to an aqueous fluid. Hydrous minerals were observed on the wall of the melt
inclusions using micro-Raman spectroscopy, indicating that the melt inclusions contained a
large amount of water. Thus, this study reveals a trace element composition of a hydrous
metasomatizing agent in the mantle.

Key words: intergranular component, LA–ICP–MS, mantle wedge, mantle xenolith, melt
inclusion.

INTRODUCTION

Metasomatic changes in mantle rocks would play a
key role in determining the chemical and isotopic
characteristics of the mantle and mantle-derived
magma. In the past 25 years, many studies have
been made on the nature of the metasomatizing
agents. Coltorti et al. (2000) subdivided metasoma-
tizing agents into three types (carbonatite melt,

Na-alkaline silicate melt, and K-alkaline silicate
melt) based on specific geochemical features which
might result from low-degree partial melting at
the lithosphere–asthenosphere transition (Dalton
& Presnall 1998; Coltorti et al. 2000). Adakite melt,
which is formed by partial melting of subducted
young oceanic crust, is also considered to be a
metasomatizing agent (Kepezhinskas et al. 1995;
Kilian & Stern 2002).

A great deal of effort has been made on identi-
fication of the nature of the metasomatizing
agents. What seems to be lacking, however, is a
metasomatizing agent related to aqueous fluid. For
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example, hydrous melts would be formed in the
partial melting zone in the mantle wedge. Thus,
subduction-related fluid or melt would have a
unique trace element composition inherited from
aqueous fluid originating in the subducting slab.
Recent papers have suggested that trace element
compositions of fluid derived from subducted
oceanic plate, based on fluid compositions in sub-
ducted sedimentary rocks, can be deduced using
trace element partition coefficients between zoisite
and fluid (Feineman et al. 2007) or using a series of
high-pressure experiments (Feineman et al. 2007;
Spandler et al. 2007). Large ion lithophile ele-
ments (LILE) generally show the highest mobility
from the subducted rocks, followed by light rare
earth elements (LREE), heavy rare earth ele-
ments (HREE), Th, and high field strength
elements (HFSE). That inference has been rein-
forced with observed data that trace element
compositions of subducted rocks are strongly
dependent upon the prograde P–T path (Bebout
et al. 2007). A decisive factor in characterizing
trace element composition of the hydrous fluid in
the mantle wedge is element partitioning during
dehydration. That is, the amount of water in a
metasomatizing agent may increase the degree of
elemental fractionation.

A mantle xenolith from far eastern Russia used
in this study has hydrous melt inclusions, whose
trace element composition would be fractionated
during generation of the melt in the presence of
aqueous fluid. Thus, the trace element composi-
tions of the melt offer the key for understanding
the nature of hydrous metasomatizing agents.
Here we report trace element compositions of
whole rock with those of acid-leached major min-
erals, laser-ablated interstitial components, and
melt inclusions of mantle xenoliths from far
eastern Russia.

SAMPLES

Extensive tholeiitic and alkaline basaltic volcanism
occurred in northeastern China and far eastern
Russia in the Cenozoic. The alkaline basalts locally
contain abundant upper mantle-derived ultramafic
xenoliths (Fig. 1). Environs of sampling points of
the xenoliths used in this study are covered with
accretionary complexes (Natal’in 1993; Ishiwatari
& Tsujimori 2003). The far eastern Russian mantle
was therefore a mantle wedge during the Mesozoic
to Early Cenozoic. Geodynamic reconstructions
take a similar view (Faure & Natal’in 1992; Faure

et al. 1995). The basalts erupted long after plate
subduction in the far eastern Russia area, which
provides considerable advantages for the study of
subduction-related fluids in mantle xenoliths. In
the case of mantle xenoliths sampled at a pre-
sently active convergent margin and island arc,
they could be contaminated with present-day
subduction-related components from their host
magma. Consequently, the mantle xenoliths in this
region are suitable for the study of subduction-
related subcontinental lithospheric mantle.

The two xenoliths (Ilc-1 and Sv-1) examined in
this study are spinel–lherzolites sampled from
two localities (Ilchanskaya and Sveyagin) in far
eastern Russia (Fig. 1). They are sufficiently large
for several major and trace element analyses.
Samples Ilc-1 and Sv-1 respectively contain 59.2
and 61.3 vol.% olivine, 28.1 and 22.3 vol.% orthopy-
roxene, 10.5 and 13.1 vol.% clinopyroxene, and 2.2
and 3.3 vol.% spinel, which were obtained by point-
counting. Recent studies have provided some iso-
topic data related to mantle xenoliths, including
both of these xenoliths, on noble gases (Yamamoto
et al. 2004) and Li–Sr–Nd (Nishio et al. 2004).
Noble gas isotopic compositions of sample Ilc-1
show no obvious indication of the subduction-
related component with radiogenic isotopic com-
positions (Yamamoto et al. 2004), whereas sample
Sv-1 shows unusual isotopic compositions of noble
gases, Sr, and Nd, which are interpreted as result-
ing from an infiltration of subduction-related
fluid into the mantle wedge (Nishio et al. 2004;
Yamamoto et al. 2004).

The xenoliths were taken from different volcanic
bodies with eruption ages of about 5 to 13 Ma (Esin
& Travin 1994; Sato 2000 fig. 1). Xenoliths of up to

Fig. 1 Sample localities and reference K–Ar ages of the host volcanic
bodies. The range of age is estimated from K–Ar dates of alkali basalts
around sampling points (Esin & Travin 1994; Sato 2000).
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several centimeters in width are commonly
observed in the region, but some are larger, about
20 cm. They consist of olivine, orthopyroxene, and
clinopyroxene, with lesser amounts of chromian
spinel, and show protogranular textures. The
average diameters of these mineral particles for
samples Ilc-1 and Sv-1 are, respectively, about 1.5
and 0.5 mm. All constituent minerals of samples
Ilc-1 and Sv-1 have melt inclusions. Trails of the
melt inclusions occasionally crosscut grain bound-
aries. In sample Sv-1, hydrous minerals were fre-
quently observed on the wall of the melt inclusions
using micro-Raman spectroscopy, indicating that
they were hydrous melts in the mantle (Fig. 2a).
Although a substance is visible in the intergranu-
lar area under a microscope, because of its tiny
size, we were unable to analyze the major element
composition of the intergranular component using
electron probe microanalysis (Fig. 2b,c).

METHODS

MAJOR ELEMENT ANALYSES

Major element compositions of the xenoliths con-
stituent minerals were determined using an elec-
tron probe microanalyzer (JEOL JXA8800R) at

the Earthquake Research Institute, University of
Tokyo. Correction procedures followed the method
of Bence & Albee (1968) using correction factors
by Nakamura & Kushiro (1970). Analyses were
carried out using an accelerating voltage of 20 kV
and a beam current of 20 nA. Integrated times for
measurements were 100 s for most elements and
20 s for Na and K. To detect chemical zonation
within individual grains, step-scanning was used.
All major element analyses were performed for
the core minerals. Five points in each grain and
five grains in each xenolith were analyzed. Table 1
shows the average compositions of 25 measure-
ments for each mineral species.

TRACE ELEMENT ANALYSES

At the Earthquake Research Institute, University
of Tokyo, trace elements in minerals decomposed
by an acid treatment were analyzed for olivine,
orthopyroxene, clinopyroxene, and whole rocks
for two xenoliths (Ilc-1 and Sv-1) using inductively
coupled plasma–mass spectrometry (ICP–MS,
PQ3, Thermo Elemental). Rocks were cut into
approximately 2-mm-thick slabs, which were used
as samples representing whole rocks. Trace
element contamination during cutting was negli-
gible, as ascertained by scanning analyses using
laser ablation ICP–MS (LA–ICP–MS).

Residual rock specimens were roughly crushed;
minerals were carefully selected manually. The
mineral separates were then washed with 70°C 2 N
HNO3 for 0.5 hour for more complete elimination
of the intergranular component. They were then
washed ultrasonically in distilled water. The series
of treatments reduced the weight by about 2%.

After that treatment, about 100 mg of whole
rock or olivine (or 25 and 13 mg for orthopyroxene
and clinopyroxene, respectively) of each sample
was weighed and finely crushed in an agate mortar
filled with distilled water to avoid loss of
fragments.

Subsequently, 20 mg of each powdered sample
was weighed in a Teflon beaker (or 10 mg for
orthopyroxene and clinopyroxene), and 0.3 mL
each of 11.5 N HClO4 and 30 N HF was added to
the samples. The tightly capped beaker was agi-
tated in an ultrasonic bath for 30 min and heated
on a hot plate at 160°C in a draft chamber for 12 h.
The decomposed samples were evaporated at
150°C for 3 h and 180°C for 1 h. To decompose the
fluoride completely, 0.3 mL of 7 N HClO4 was
added and samples agitated in the ultrasonic bath
for 15 min at room temperature. This acid treat-

Fig. 2 Photomicrographs of a thin section of a mantle-derived xenolith
(Sv-1). (a) melt inclusion in an orthopyroxene and a Raman spectrum of
wall of the inclusion (after Yamamoto 2007). Raman band around
3700/cm results from OH stretching mode in a hydrous mineral, (b)
intergranular area of xenoliths taken with an open nicol, and (c) backscat-
tered electron image of (b).
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ment was duplicated for complete decomposi-
tion. During decomposition of whole rocks, spinel
remained. We omitted undissolved spinel from
analyses because spinel is negligible for the trace
element budget of peridotites (Stosch 1982;
O’Reilly et al. 1991; McDonough et al. 1992; Bedini
& Bodinier 1999). After drying, 0.75 mL of 7 N
HNO3 was again added and the samples were they
agitated in the ultrasonic bath for 15 min. Then
they were decomposed at 160°C for 3 h. The decom-
posed samples were centrifuged for 5 min at
4000 rpm. No sample residue remained after this
treatment in any case. One milliliter of the solution
was taken out, put in another Teflon beaker, then
mixed with 18 mL of 2 wt% HNO3 containing weak
HF. For use in ICP–MS sensitivity calibration,
0.5 mL of 200 ppb indium and rhenium as an inter-
nal standard was added to the solution. Then the
solution was agitated in the ultrasonic bath for
10 min. Procedural blanks were obtained by strictly
following the same procedure as that used for
sample measurements. Rock solutions were ana-
lyzed without further chemical treatment. There-
fore, the precisions of the abundance data are 10%
for most elements and 20% for Sr and those with
low abundances. Uncertainties in the precision (1s)
include those for sensitivity and blank corrections.

In situ analysis of trace elements was per-
formed using a quadrupole ICP–MS (PQ3,
Thermo Elemental) at the Institute for Geother-
mal Sciences, Kyoto University, equipped with a

laser-ablation microprobe (CETAC LSX 500,
Cetac Technologies, USA). For the analyses, a UV
(266 nm) laser beam was focused onto the surface
of a solid sample. The laser used for this study is a
Q-switched Nd–YAG laser operated at 7 mJ per
pulse. Peak and background regions were selected
from the time-resolved spectra of each sample; the
selected replicates were averaged to determine
the net count rate for each mass. Relative element
sensitivities were calibrated against NIST 612
standard glass, with values cross-checked against
other well-characterized natural materials includ-
ing mantle-derived pyroxenes. To quantify the
laser yield, 44Ca was used as an internal standard.
Replicate analyses of the NIST 610 standard glass
indicate an analytical precision of less than 10%.

Materials in melt inclusions or intergranular
components were sampled in situ using a laser
beam. Determination of trace element composi-
tions of the melt inclusion or the intergranular
component requires a procedure including signal
integration and subtraction of host-mineral contri-
butions. Quantification of the laser yield is possible
only for large melt inclusions that have measur-
able Ca contents. It is difficult to analyze the major
element compositions of small melt inclusions
(<50 mm) and intergranular components; the sur-
rounding host mineral is usually ablated and mixed
with the signal from the intergranular component
and the melt inclusion. For the present study, we
corrected neither the interelement fractionation

Table 1 Average compositions (wt%) of minerals in ultramafic xenoliths from far eastern Russia

Sample locality
rock type
mineral

Ilc-1 Sv-1
Ilchanskaya lherzolite Sveyagin lherzolite

ol opx cpx sp ol opx cpx sp

Mg# 89.95 90.30 89.53 77.01 89.81 90.09 90.74 75.78
Cr# 12.23 9.20
SiO2 40.52 54.16 52.09 0.11 40.14 54.73 52.60 0.02
TiO2 0.01 0.15 0.48 0.22 0.01 0.12 0.64 0.06
Al2O3 0.04 5.57 7.43 55.34 0.00 4.21 7.15 58.93
Cr2O3 0.03 0.51 0.91 11.50 0.01 0.19 0.46 8.90
FeO 9.77 6.12 3.31 11.24 9.98 6.56 2.65 11.46
MnO 0.14 0.14 0.10 0.11 0.13 0.14 0.06 0.04
MgO 49.05 31.98 15.89 21.12 49.31 33.44 14.57 20.12
CaO 0.09 1.07 18.08 0.00 0.01 0.47 20.02 0.01
Na2O 0.01 0.17 1.61 0.01 0.01 0.05 1.73 0.00
K2O 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01
NiO 0.32 0.09 0.05 0.34 0.39 0.08 0.04 0.39
P2O5 0.02 0.02 0.05 0.02 0.00 0.00 0.06 0.00
V2O3 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.07
Total 100 100 100 100 100 100 100 100
T [°C] 1097 �16 952 �56

Multiple points in the core of a single grain of each mineral species were analyzed.
Equilibrium temperatures (T) were estimated by two-pyroxene geothermometer of Wells (1977).
cpx, clinopyroxene; ol, olivine; opx, orthopyroxene; sp, spinel.
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nor host-mineral contributions for LA–ICP–MS
analyses of intergranular components and melt
inclusions. Nevertheless, trace element patterns
for intergranular components and melt inclusions
are useful to discern their characteristics because
the host mineral has negligible contribution to the
patterns.

RESULTS

MAJOR ELEMENT MINERAL CHEMISTRY

Major element contents of constituent minerals of
the two mantle xenoliths from far eastern Russia
are listed in Table 1. The Fo value ([Mg/(Mg + Fe)
¥ 100] of olivine) and Cr# [Cr/(Cr + Al) ¥ 100] of
spinel show uniform values of around 90 and 10,
respectively. Those values are typical of upper
mantle lherzolite (Arai 1994); their major element
compositions suggest that the xenoliths were
derived from the fertile upper mantle.

Cores of minerals in the xenoliths are almost
homogeneous in terms of major element compo-
sitions. The xenoliths probably have a simple
cooling history, but the heating episode by host
magma is well represented by the reaction
coronas surrounding the xenoliths. For example,
olivine with a low Fo value and high CaO content
is observed only at the margin of the xenoliths.
Increased CaO and decrease in Na2O and Al2O3

toward the rim of clinopyroxene are only
observed in contact with the host basalt. There-
fore, the influence of the host magma is limited to
the rim of minerals in the margin of the xenoliths
adjacent to the host basalt.

The final equilibrium temperatures before the
xenoliths are entrained by the host magma are
generally estimated using rim–rim pairs of coex-
isting minerals. However, we obtained equilibrium
temperatures based on core–core pairs of coexist-
ing minerals to avoid chemical disturbances
caused by either the host magma or intergranular
component. Equilibrium temperatures were esti-
mated based on Wells’ (1977) two-pyroxene geo-
thermometer. The equilibrium temperatures are
952 to 1097°C (Table 1), which are within the range
of other data of ultramafic xenoliths from far
eastern Russia (800 to 1000°C) (Ionov et al. 1995)
and eastern China (750 to 1100°C) (Fan & Hooper
1989). Geobarometry using micro-Raman spectro-
scopic analysis of CO2-dominant inclusions in
mantle minerals is promising to elucidate the
depth at which the xenoliths were trapped by host

magma (Yamamoto et al. 2002, 2007; Kawakami
et al. 2003; Yamamoto & Kagi 2006, 2008). Apply-
ing a temperature and pressure condition of a
mantle xenolith collected from far eastern Russia
(Yamamoto et al. 2002), the geothermal gradient
around far eastern Russia is estimated to be
approximately 26°C/km (Yamamoto & Kagi 2008).
Extrapolation of the equilibrium temperatures to
intersections with the geothermal gradient indi-
cates that the trapping depths for Ilc-1 and Sv-1
are 43 � 3 and 35 � 4 km, respectively, thereby
confirming that these xenoliths are of uppermost
mantle origin.

TRACE ELEMENTS IN ACID-DECOMPOSED SAMPLES

Abundances of trace elements in acid-leached
minerals (olivine, orthopyroxene, clinopyroxene),
and whole rock were analyzed for the two samples
of Ilc-1 and Sv-1 using ICP–MS (Tables 2,3).
Comparison of the trace element patterns for a
whole rock and acid-leached constituent minerals
of mantle xenoliths are useful to specify the prin-
cipal host phases for trace elements. Incompatible
trace elements tend to occur mostly in clinopyrox-
ene in spinel peridotites (Stosch 1982; Salters &
Shimizu 1988; O’Reilly et al. 1991; McDonough
et al. 1992; Bedini & Bodinier 1999). Conse-
quently, the primitive mantle-normalized trace
element patterns of clinopyroxene from spinel
peridotites usually mimic those of the whole rock
as observed in sample Ilc-1 (Fig. 3). The whole
rock of sample Ilc-1 shows a nearly flat trace
element pattern with slight depletion in HFSE
and spikes of highly incompatible elements (Rb
and Ba), which is dominated by the pattern of cli-
nopyroxene. In contrast, for the sample Sv-1, the
trace element pattern of the whole rock is not cor-
related with those of the constituent minerals,
especially for more incompatible elements (Rb–Sr,
Fig. 4). Particularly, the whole-rock pattern shows
an LREE-enriched curve in a normalized REE
pattern and a clear negative Ce anomaly (Fig. 5).
This pattern was confirmed using duplicate analy-
ses. It is noteworthy that the Ce anomaly is not
detected in the constituent minerals, except for a
slight anomaly observed in orthopyroxene. The
pattern of the clinopyroxene of sample Sv-1 shows
a slight depletion in LREE, but such a LREE-
depleted curve without the Ce anomaly is typical
of clinopyroxene from mantle peridotites (Stosch
1982; Bedini & Bodinier 1999). The whole-rock
pattern of sample Sv-1 shows clear depletions in
Rb, Th, Ce, Sr, and HFSE. We must draw atten-
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tion to the occurrence of spinel, which was not
decomposed using the present decomposition
procedure (see Methods). In mantle rocks, the
spinel often incorporates minor and trace
amounts of lithophilic trace elements such as a
HFSE (Bodinier et al. 1996; Kalfoun et al. 2002).
The lack of spinel in the whole rock might cause
the negative anomaly in HFSE in the whole rock
pattern. We analyzed trace elements of the spinel
in samples Ilc-1 and Sv-1 using LA–ICP–MS.
Laser yield was quantified through normalization
using 53Cr. As a result, no trace element exceeds
the detection limits (up to several tens of ppb).
That is, the present spinel is negligible for the
trace element budget of the xenoliths. It is there-
fore reasonable to consider that the HFSE deple-
tion in the whole-rock pattern of sample Sv-1
results from the existence of other materials, such
as an intergranular component, which are poor in
Rb, Th, Ce, Sr, and HFSE.

TRACE ELEMENTS IN LASER-ABLATED SAMPLES

To distinguish the distribution of the material
depleted in Rb, Th, Ce, Sr, and HFSE, we

analyzed in situ trace element compositions of
five spots in a clinopyroxene from sample Sv-1
using LA–ICP–MS (Fig. 6). Two spots (a, c in
Fig. 6) were ablated along with trails of melt
inclusions, indicating that the melt inclusions
have a significant effect on the trace element
compositions, especially on U content. This effect
arises from the wide contrast in U contents
between the clinopyroxene (<100 ppb) and the
melt inclusion (more than several hundred ppb).
A data table for the laser-ablation analyses is not
shown because we can not correct the interele-
ment fractionation (see Methods). Figure 7 shows
a result of a line scanning analysis of trace ele-
ments for sample Sv-1. No fraction with high U
content exists within the mineral matrix. The
U content changes concomitant with the Ce
anomaly. Dispersion of U contents in Figure 6
is caused by the mixing of the melt inclusion,
as presumed before. High U contents of acid-
leached minerals and slight negative anomaly in
Ce in acid-leached orthopyroxene were attribut-
able to the same cause.

Figure 8 shows trace element patterns for the
intergranular component and melt inclusions

Table 2 Trace element abundance (ppb) of mineral separates and whole rock of a mantle-derived xenolith (Ilc-1)

Sample
mineral

Ilc-1
ol opx cpx Whole rock Whole rock (calculated)

Rb – 510 � 80 520 � 80 1 140 � 180 202.4 � 24.5
Pb – 13.8 � 0.9 55 � 4 47 � 3 9.9 � 0.5
U – 5.6 � 0.3 18.7 � 1.1 9.2 � 0.5 3.6 � 0.1
Th – 16.9 � 0.9 30.4 � 1.6 37 � 2 8.1 � 0.3
Ba 125 � 8.3 2250 � 70 7 500 � 200 6 090 � 190 1 527.4 � 29.8
Nb 22 � 1.4 106 � 12 360 � 40 360 � 40 82.1 � 5.6
Ta 0.91 � 0.06 6.7 � 0.3 29.6 � 1.4 14.1 � 0.7 5.7 � 0.2
La 7 � 0.2 102 � 4 1 670 � 60 484 � 18 213.0 � 6.5
Ce 14 � 0.4 226 � 3 5 500 � 60 1 043 � 12 663.7 � 6.5
Pr 1.49 � 0.04 31.63 � 0.15 941 � 5 166.6 � 0.8 111.0 � 0.5
Sr 325 � 56 3300 � 400 123 000 � 15 000 18 000 � 2 000 14 350.4 � 1 614.9
Nd 13 � 0.6 124 � 3 5 510 � 140 672 � 17 635.1 � 15.1
Hf 1.59 � 0.08 112 � 6 1 100 � 60 117 � 6 151.3 � 6.7
Zr 90 � 7.9 5600 � 900 40 000 � 6 000 5 500 � 900 5 957.7 � 694.2
Sm 4 � 0.3 31.7 � 0.7 1 810 � 40 251 � 5 205.6 � 4.3
Eu 0.40 � 0.02 23.2 � 0.8 670 � 20 79 � 3 78.9 � 2.2
Gd – 72 � 5 2 460 � 190 230 � 18 284.7 � 20.5
Tb 1.02 � 0.02 26.4 � 0.3 443 � 5 46.9 � 0.6 55.7 � 0.6
Dy 10 � 0.5 252 � 8 3 050 � 90 309 � 9 405.8 � 9.9
Ho 2.15 � 0.08 55 � 4 640 � 50 74 � 5 85.9 � 5.5
Er 14 � 0.8 251 � 16 1 850 � 120 212 � 14 278.9 � 13.7
Y 75 � 5.7 1900 � 200 19 000 � 2 000 2 300 � 300 2 630.9 � 222.3
Tm 2.12 � 0.10 41.1 � 1.5 241 � 9 28.0 � 1.0 39.0 � 1.0
Yb 28 � 2.2 277 � 17 1 470 � 90 210 � 13 254.7 � 10.9
Lu 7 � 0.3 67 � 4 220 � 14 35 � 2 47.1 � 2.0

–, below detection limit.
cpx, clinopyroxene; ol, olivine; opx, orthopyroxene
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accompanied by the pattern for the analyzed whole
rock. Both the intergranular component and the
melt inclusions show negative anomalies in Rb, Th,
Ce, Sr, and HFSE. The intergranular component
and the melt inclusions are causative agents for
the anomalies observed in the whole rock of
sample Sv-1.

DISCUSSION

DISTRIBUTION OF MATERIAL DEPLETED IN Rb, Th, Ce, Sr,
AND HFSE

The present results show whole rock compositions
of incompatible trace elements that are larger than

Fig. 3 Primitive mantle-normalized trace
element patterns for constituent minerals and
whole rock of a xenolith of sample Ilc-1. The
abundance of incompatible elements in the
xenolith normalized to the primitive mantle
(McDonough & Sun 1995) is arranged in a
sequence that reflects the incompatibility of
these elements in the peridotite melt system.
Trace element pattern for whole rock calcu-
lated by the mineral mode of the constituent
minerals and trace element compositions of
the acid-leached minerals are also shown.

Fig. 4 Primitive mantle-normalized trace
element patterns for constituent minerals and
whole rock of a xenolith of sample Sv-1.
Analyses were duplicated separately for ortho-
pyroxene, clinopyroxene, and whole rocks.
The trace element pattern for the whole rock
calculated using the mineral mode of the con-
stituent minerals and trace element composi-
tions of the acid-leached minerals are also
shown.
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expected based on results of analyses of the acid-
leached mineral grains in the rocks, especially for
highly incompatible elements (Figs 3,4). Such a
discrepancy requires storage of the incompatible
trace elements in intergranular areas of the rocks.
Many mantle xenoliths are known to contain veins
and patches of glass (Frey & Prinz 1978; Wirth
1996; Yaxley et al. 1997; Yaxley & Kamenetsky
1999; Coltorti et al. 2000; Xu et al. 2003; Ishimaru
et al. 2006). Suzuki (1987) assumed that the inter-
granular component is a thin quenched glass, with
thickness of a few tens of nanometers at most.
Wirth (1996) observed 1 to 2-nm-thick inter-
granular amorphous films in some mantle

xenoliths using high-resolution transmission elec-
tron microscopy (HRTEM). Hiraga et al. (2007)
reported that segregation of incompatible ele-
ments at grain interfaces leads to the formation of
an interface segregation region with thickness of
0.7 to 0.8 nm in some polycrystalline oxides based
on analyses using HRTEM. The present inter-
granular component would also be such a thin
intergranular component because the intergranu-
lar enrichment of the incompatible elements was
removed easily by washing in a mild acid solution.
Figure 9 presents a comparison of trace element
compositions between the whole rocks and the cal-
culated whole rocks, which is helpful to show the

Fig. 5 Primitive mantle-normalized rare
earth element patterns for whole rocks of
xenoliths of samples Ilc-1 and Sv-1.

Fig. 6 Primitive mantle-normalized trace
element patterns for clinopyroxene in sample
Sv-1, as analyzed using LA–ICP–MS, accom-
panied by data obtained from solution analy-
sis. Analyses using LA–ICP–MS were
repeated five times. Analyzed points are indi-
cated as a–e in the photograph. Ablated
materials from two spots (a, c) involved melt
inclusions.
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trace element composition of the intergranular
component. The contents of highly incompatible
elements of the analyzed whole rocks tend to be
higher than those of the calculated whole rocks.
The U contents of acid-leached minerals for
sample Sv-1 are affected by the intergranular
component and the melt inclusions, as shown in
Figures 6 and 7. Therefore, the intergranular
component for sample Sv-1 would have spikes

of U, Ba, and La, and depleted Rb, Th, Ce, Sr,
and HFSE, but that for sample Ilc-1 would
show simple enrichment of highly incompatible
elements.

The same trace element pattern as that of the
analyzed whole rock for sample Sv-1 was obtained
from both the intergranular component and the
melt inclusion analyzed using LA–ICP–MS
(Fig. 8). This result indicates that the intergranu-

Fig. 7 Result of line analysis of sample
Sv-1 using LA–ICP–MS. The laser beam
traverses many intergranular areas and healed
cracks in the mantle xenolith, which are indi-
cated by arrows in the photograph. The healed
cracks and melt inclusions look alike. A new
generation of melt inclusions along the
healed cracks was observed. The healed cracks
often crosscut grain boundaries. The material
derived from the intergranular areas and healed
cracks shows high U content and apparent
negative anomaly in Ce.

Fig. 8 Primitive mantle-normalized trace
element patterns for melt inclusions (solid
lines) and intergranular components (broken
lines) in sample Sv-1 analyzed using
LA–ICP–MS, accompanied by data of ana-
lyzed whole rock.
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lar component and the melt inclusion are impor-
tant host phases of the trace elements in the
mantle xenolith. Hiraga et al. (2004, 2007) pre-
dicted that elements with ionic radius (or incom-
patibility) larger than Sr will mostly remain at
grain boundaries, which might be apparent in
sample Ilc-1 (Fig. 9). Such enrichment of the
incompatible elements with large ionic radii along
intergranular areas in mantle xenoliths was
detected using LA–ICP–MS (Ishimaru et al.
2006). For sample Sv-1, enrichment of incompat-
ible elements at the intergranular area relative to
the grain matrices does not, however, occur paral-
lel to the incompatibility of the elements, which
indicates that the anomalies are initial properties
of the intergranular component. Thus, a metaso-
matizing fluid or melt located as the intergranular
component is responsible for whole-rock inventory
of incompatible trace elements for sample Sv-1,
rather than interface segregation.

Occurrence of the intergranular component in
the mantle xenoliths from this region was earlier
indicated from trace element data of whole rocks
and clinopyroxenes (Ionov et al. 1995; Kalfoun
et al. 2002). Ionov et al. (1995) found negative Ce
anomalies in the whole-rock patterns of the mantle
xenoliths from this region and, because of the
absence of the anomalies in the clinopyroxene,
concluded that the anomalies are hosted by the
intergranular component. In the present study, we
obtained identical trace element patterns from the
melt inclusion and the intergranular component.
Trace elements in the intergranular component

might be affected by infiltration of host magma or
weathering near the Earth’s surface. Therefore,
the trace element patterns of melt inclusions in
mantle-derived minerals are useful to identify
geochemical features of mantle fluid. Analyses of
trace elements using LA–ICP–MS in the present
work must first give certain proof for that infer-
ence made by Ionov et al. (1995).

Results of the present study show that the inter-
granular component has an uncertain effect on the
trace element composition of mantle xenoliths even
where trace element characteristics of whole rock
are likely to be explained using the sum of consti-
tuent minerals. For example, the high contents
of highly incompatible trace elements (Rb–Ta) of
sample Ilc-1 are inexplicable by the sum of constitu-
ent minerals in sample Ilc-1 (Fig. 9). This fact is
indicative of the occurrence of the intergranular
component in sample Ilc-1, as is true with sample
Sv-1. Comparison of trace element compositions
between the whole rock and acid-leached minerals
enables estimation of the respective contributions
of minerals and the intergranular component
(Fig. 10). For sample Ilc-1, highly incompatible ele-
ments in the intergranular component contribute to
the trace element composition of the whole rock
resulting from interface segregation of the trace
elements, as predicted by Hiraga et al. (2004, 2007).
Sample Sv-1 also has a contribution of the inter-
granular component but does not show simple cor-
relation with incompatibility, which implies the
exotic origin of the intergranular component as
with the melt inclusions.

Fig. 9 Trace element patterns for analyzed
whole rocks, normalized using calculated
whole rock data.

Trace elements in mantle xenoliths 235

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Asia Pty Ltd



POSITIVE ANOMALIES AMONG SOME HIGHLY
INCOMPATIBLE ELEMENTS

Olivine and orthopyroxene are moderately
depleted in highly incompatible elements (Pb–Nd).
They do not play important roles in characterizing
the whole rock in the incompatible trace element
compositions (Fig. 10). However, the total contri-
bution of olivine and orthopyroxene to the Rb
content of the whole rock for sample Sv-1 is not
small. Such a state would result from mixing of the
melt inclusion or the intergranular component, as
evidenced by the fact that all mineral species in
sample Sv-1 show nearly equal Rb contents, and

that the reproducibility of duplicate analyses was
quite variable (Table 3, Fig. 4). However, we were
unable to obtain direct evidence of high Rb content
in the intergranular component and the melt
inclusion using LA–ICP–MS because of its high
detection limit, several hundred parts per billion
(Figs 6,8). Similarly, the contribution of olivine to
U content in sample Sv-1 is an important concern
(Fig. 10b). Although positive U anomalies in con-
stituent minerals from mantle xenoliths have also
been reported (Ionov et al. 1995; Bedini & Bodi-
nier 1999), the olivine in sample Sv-1 contains
around 20 times more U than olivine in samples
from the same area reported by Ionov et al. (1995).

Fig. 10 Relative contributions of constitu-
ent minerals and the intergranular component
to the trace element composition of whole rock
for several trace elements in (a) sample Ilc-1,
and (b) sample Sv-1.

a

b
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The present olivine shows relative abundance of U,
similar to that in clinopyroxene, in spite of the fact
that the concentrations of most elements in olivine
are about an order of magnitude lower than those
in the clinopyroxene. That high U content is attrib-
utable to imperfect acid leaching or existence of a
U-rich melt inclusion, as shown in Figures 6–8.

Overall, the whole rock of sample Sv-1 reveals a
nearly flat REE pattern with depletion in Rb, Th,
Ce, Sr, and HFSE, and spikes of U, Ba, and La
(Fig. 4). This might indicate at least a two-stage
history for the xenolith. Depletions in highly incom-
patible elements can be induced by the loss of a
partial melt enriched in the incompatible elements.
Spikes of U, Ba, and La in the whole rock pattern
suggest that the depletion event was followed by an
enrichment episode involving a material that is rich
in U, Ba, and La, but very poor in Rb, Th, Ce, Sr, and
HFSE. That conjecture is plausible. Although the
constituent minerals of sample Sv-1 are markedly
enriched in U, they have depleted patterns with a
gradual decrease in LREE and low values of highly
incompatible elements. On the other hand, the
intergranular component and the melt inclusion in
sample Sv-1 have spikes of U, Ba, and La. These
spikes are consistent with an interpretation that
the high contents of U, Ba, and La in the whole rock
exist largely because of a depletion event and a
subsequent enrichment event.

NATURE OF METASOMATIZING AGENT

We can rule out a post eruption surface alteration
as an origin for the anomalies on the normalized
trace element patterns of sample Sv-1 because we
detected trace element patterns of the melt inclu-
sions similar to those of intergranular component.
Trace elements in melt inclusions in mantle xeno-
liths are isolated during transport of the mantle
xenolith and subsequent cooling. Therefore, the
anomalies in the trace element patterns of the melt
inclusions reflect an inherent feature of metasoma-
tizing melt or fluid in the mantle.

The trace element pattern of the intergranular
component and the melt inclusions in sample Sv-1
is mainly characterized by great depletion of Th,
Ce, and HFSE. Kalfoun et al. (2002) explained the
negative Ce anomaly by La-inflection in metaso-
matized mantle rocks that were produced by
adding small amounts of LREE-rich fluid to
LREE-depleted mantle rocks. It is, however,
obvious that the negative Ce anomaly in the
present study can not be explained by the above
process (Fig. 5). The Ce anomaly may be devel-

oped by oxidation of Ce3+ to Ce4+. The change in
ionic charge and radius engenders decoupling of
Ce4+ from trivalent REEs (except for Eu). For
that reason, the negative Ce anomaly indicates
a process associated with generation of Ce4+ in an
oxidizing condition. The negative Ce anomalies of
mantle rocks are attributable to the same cause as
that in HFSE. Many studies considered that the
negative anomalies in HFSE of mantle rocks are
related to the low solubility of HFSE in aqueous
solutions. Cerium is not soluble much in the
aqueous fluid caused by generation of Ce4+ (Hend-
erson 1984). The same would be said of Th. Some
xenoliths from far eastern Russia show Th/U
ratios that are much lower than those of the mantle
(Fig. 11). Such low Th/U ratios would be explained
by fractionation between Th and U. Many papers
related to U–Th dating of volcanic rocks have
presented conjectures on fractionation by the dif-
ference in their solubilities in aqueous fluid. As
described above, the high U content resulting in
low Th/U ratios is attributable to the existence of
the intergranular component and the melt inclu-
sion. From this point of view, it is noteworthy that
hydrous minerals were observed on the wall of the
melt inclusions in sample Sv-1, which is indicative
of the occurrence of a melt with a considerable
amount of water in the mantle beneath paleo-far
eastern Russia (Fig. 2a). Consequently, we con-
clude that the aqueous fluid is concerned in

Fig. 11 Concentrations of U vs Th from the ultramafic rocks. Data from
Wakita et al. (1967) and Tolstikhin et al. (1974) are referenced. The Th/U
in the mantle is inferred to be about 4 (Jochum et al. 1983; Staudacher
et al. 1989).
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generation of the intergranular component and the
melt inclusion in sample Sv-1.

RESPECTIVE ORIGINS OF INTERGRANULAR COMPONENTS
AND MELT INCLUSIONS

Lastly, in this section we consider a possible origin
of the intergranular component and the melt inclu-
sions. Isotopic data of Li–Sr–Nd of the mantle
xenoliths from far eastern Russia, including the
sample Sv-1, were reported by bulk analysis of
clinopyroxene separates (Nishio et al. 2004).
Regarding the Li isotope data, recent studies
reported Li isotope zonation in minerals in mantle
xenoliths attributed to diffusion of Li from host
magma (Jeffcoate et al. 2007; Rudnick & Ionov
2007; Ionov & Seitz 2008). Thus, intermineral dis-
equilibria is the point to be specially considered
when an extreme Li isotopic ratio was detected as
shown in Nishio et al. (2004) by bulk analyses of
mineral separates. Therefore, we do not consider
the Li isotope systematics in the present discus-
sion. Nishio et al. (2004) reported that the 143Nd/
144Nd negatively correlated with 87Sr/86Sr. This
feature was explained by the results of binary
mixing between a depleted component (high 143Nd/
144Nd, low 87Sr/86Sr) and an enriched component
(EM-1 type source: low 143Nd/144Nd, high 87Sr/86Sr),
indicating that a metasomatizing agent related to
the subducted slab affected the lithospheric
mantle beneath this region. Yamamoto et al. (2004)
inferred the occurrence of melt inclusions with
high U content in sample Sv-1 from extremely low
3He/4He in the melt inclusions, which is strikingly
consistent with the present result. In addition, con-
sidering atmospheric 40Ar/36Ar in the melt inclu-
sions, they speculated that the melt inclusion is
melt-derived from a partial melting zone in the
mantle wedge beneath paleo-far eastern Russia.
Assuming a subduction environment, we can give a

plausible reason for the occurrence of aqueous
fluid in the melt inclusions and the intergranular
component.

Figure 12 shows a schematic cross-section of
the region beneath paleo-far eastern Russia. The
oceanic lithosphere subducts into the mantle
wedge. Beneath the continental active margin
or island arc, aqueous fluid derived from the
subducted slab ascends into the mantle wedge.
Hydrated peridotite was formed by the addition
of slab-derived H2O. Hydrous minerals such
as amphibole, chlorite, and phlogopite in the
hydrated peridotite broke down in the downward
flow of the mantle wedge and released H2O. Inter-
connection of the aqueous fluid in the hydrated
peridotite is determined by dihedral angles of
mineral grains. At low pressure and temperature,
most aqueous fluids generated by successive
decomposition of the hydrous minerals in down-
dragged hydrous peridotite could not segregate
from solids and were instead transported to
greater depths as free fluid in isolated pores
among minerals. If such downdragged hydrous
peridotite reaches a region where the dihedral
angle is less than 60°, aqueous fluid is supplied
continuously from the downdragged hydrous peri-
dotite (Mibe et al. 1998, 1999). Partial melting in
the mantle wedge took place to produce initial
magma when the aqueous fluid reached the region
with the solidus temperature of hydrous peri-
dotite. If the aqueous fluid detours, avoiding the
partial melting zone (the rightmost open arrow in
Fig. 12), it infiltrates directly into the mantle
located above the partial melting zone. It even-
tually forms H2O inclusions or emerges to the
Earth’s surface as hydrothermal fluid. Melt was
extracted upwards from the partial melting zone,
ascending through the mantle wedge, engendering
subduction-related volcanism if melt segregation
occurred. Part of the melt should remain in the

Fig. 12 Schematic cross-section beneath
the paleo-far eastern Russia.
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mantle wedge as intergranular components and
melt inclusions.

At an active margin of a continent or an island
arc, several types of fluid infiltrate the mantle
wedge. For instance, aqueous fluid released from
the descending oceanic lithosphere triggers partial
melting of the mantle wedge. The melt subse-
quently ascends through the mantle wedge,
leading to subduction-related volcanism. In that
case, part of the melt would remain as an inter-
granular component or as a melt inclusion in the
upper part of the mantle wedge where the present
mantle xenoliths were derived (35 to 43 km). The
melt ascended from the partial melting zone con-
tains features of depletion in Th, Ce, and HFSE, as
described previously. In this respect, the depletion
in Th, Ce, and HFSE in the intergranular compo-
nent and the melt inclusions of the present xeno-
liths is a key result.

However, some problems remain to connect the
origin of the intergranular component and the
melt inclusions in the present mantle xenoliths to
the subduction-related material. For example, the
negative anomaly in Ce and/or anomalies of Th,
U, and HFSE alone can not be considered valid
indices of subduction-related origin of mantle-
derived materials (Ionov et al. 1995). Anomalies
of Th, U, and HFSE are common in intra-plate
mantle xenoliths (Ionov et al. 2006). The negative
anomaly in Ce was also observed in intra-plate
mantle xenoliths from eastern Asia: southeast
China (Xu et al. 2003) and north China (Tang
et al. 2008). In addition, the present data
show decoupled U–Pb and Sr spikes on the trace
element patterns for the intergranular component
and the melt inclusions, which is unusual for arc-
related volcanic rocks. Hence, it is still unclear at
this stage whether the intergranular component
and the melt inclusions have a relation to the sub-
duction system in their generation. Accumulation
of trace element data of intergranular components
and melt inclusions in mantle wedge-derived xeno-
liths will be necessary to evaluate the significance
of the present data.

CONCLUSION

1. The whole-rock trace element pattern for
sample Ilc-1 is dominated by that of clinopyrox-
ene and an intergranular component possibly
resulting from interface segregation. The trace
element pattern of the whole rock for sample
Sv-1 shows great depletion of Rb, Th, Ce, Sr,

and HFSE. Such anomalies are not so apparent
among acid-leached constituent minerals, and
they do not show simple correlation with incom-
patibility of elements, thereby suggesting
the contribution of an exotic intergranular
component.

2. The melt inclusions have the same trace
element pattern as that of the intergranular
component of sample Sv-1, which is direct evi-
dence supporting the occurrence of an exotic
fluid in the mantle beneath far eastern Russia.
Furthermore, similarity of the trace element
pattern between whole rock and the melt inclu-
sions indicates a significant contribution of the
exotic mantle fluid to the inventory of the trace
elements in a part of the far eastern Russian
mantle.

3. Low Th/U and depletion in Ce and HFSE in the
trace element pattern of the intergranular com-
ponent and the melt inclusions indicate a rela-
tion to aqueous fluid in their origin. Hydrous
melt inclusions were observed in sample Sv-1.
Therefore, the trace element compositions of
the intergranular component and the melt
inclusions afford an example for aqueous fluid-
related metasomatizing agent.
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