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Abstract We provide petrographic, major and trace
element data for over 30 spinel peridotite xenoliths from
the Tokinsky Stanovik (Tok) volcanic field on the Aldan
shield to characterize the lithospheric mantle beneath
the south-eastern margin of the Siberian craton, which
formed in the Mesoproterozoic. High equilibration
temperatures (870–1,010�C) of the xenoliths and the
absence of garnet-bearing peridotites indicate a much
thinner lithosphere than in the central craton. Most
common among the xenoliths are clinopyroxene-poor
lherzolites and harzburgites with Al2O3 and CaO con-
tents nearly as low as in refractory xenoliths from kim-
berlite pipes (Mir, Udachnaya) in the central and
northern Siberian craton. By contrast, the Tok perido-
tites have higher FeO, lower Mg-numbers and lower
modal orthopyroxene and are apparently formed by
shallow partial melting ( £ 3 GPa). Nearly all Tok
xenoliths yield petrographic and chemical evidence for

metasomatism: accessory phlogopite, amphibole, phos-
phates, feldspar and Ti-rich oxides, very high Na2O (2–
3.1%) in clinopyroxene, LREE enrichments in whole-
rocks.

Keywords Siberian craton Æ Lithospheric mantle Æ
Peridotite Æ Partial melting Æ Metasomatism

Introduction

The composition of the continental lithospheric mantle
(CLM) beneath the Siberian craton remains poorly
studied compared to the cratons in South Africa and
North America, even though some of the first data on
the cratonic CLM were obtained on xenoliths from
Yakutian kimberlites (Sobolev 1977). Nearly all pub-
lished petrological data for the CLM of the Siberian
craton have been obtained on xenoliths from a small
number of kimberlite pipes (Udachnaya, Mir and Ob-
nazhennaya) located in its central and north-eastern
parts known as the Anabar block (Fig. 1a). Those
xenolith suites may not be representative of the CLM
beneath the whole craton. Information on the CLM in
the southern and western parts of the Siberian craton
(Angara and Aldan-Stanovoy blocks; Fig. 1a) is very
scarce. Studies of mantle samples from those areas are
essential to better constrain the CLM compositions in
Siberia.

It has long been known that volcanic rocks in the
Tokinsky Stanovik range near the south-eastern rim of
the Aldan shield (Fig. 1a) contain mantle xenoliths of
the ‘Cr-diopside’ and ‘Al-augite’ series (Kiselev et al.
1979; Semenova et al. 1984). The site (referred to as
‘Tok’ below) is probably the only known occurrence of
mantle xenoliths in Cenozoic basalts on the Siberian
craton. Other basalt-hosted xenolith sites in southern
Siberia are situated south of the craton rim (Kiselev
et al. 1979; Ionov et al. 2005; Fig. 1a). Previous Russian
studies (Kogarko et al. 1990; Semenova et al. 1984;
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Solovyeva et al. 1988) defined several petrographic rock
types among xenoliths from Tok and provided frag-
mentary whole-rock and mineral chemical data (the
quality of which is hard to assess). To the best of our
knowledge, no geochemical data on those xenoliths have
been published as yet in peer-reviewed international lit-
erature.

This study provides petrographic descriptions, major
and trace element whole-rock analyses and electron
microprobe data for over 30 peridotite xenoliths from
Tok (collected mainly in 1995 by the first two authors),
which form the most extensive set of such data for ba-
salt-hosted xenolith suites from southern Siberia. The
large and fresh mantle xenoliths from Tok provide an
excellent material for petrographic and whole-rock
chemical studies, particularly when compared to the
usually strongly altered xenoliths from the Yakutian
kimberlites. The objectives of this work are: (1) char-
acterize petrography, modal and chemical composition
of the CLM beneath the SE margin of the Siberian
craton. (2) Compare the Tok CLM with the CLM in
other parts of the craton and in the nearby mobile belts.
(3) Identify and characterize mantle depletion and
enrichment events and establish their role in the origin
and evolution of the CLM in the region. We show that
the CLM beneath the SE Siberian craton is largely made
up of highly refractory rocks, like in the central and
north-eastern craton, but the partial melting in the Tok
mantle took place at lower pressures. High temperatures
in the shallow Tok CLM indicate a much higher geo-
thermal gradient and thinner lithosphere than in the
centre of the craton.

Geologic setting

The Aldan shield (Fig. 1a) is the largest area of ex-
posed Archean and Paleoproterozoic crustal rocks on

the Siberian platform (Zonenshain et al. 1990). The
shield is made up of two blocks, the Aldan in the
north and the Stanovoy in the south, separated by the
Stanovoy suture zone. These two blocks are further
divided into several granite-greenstone and granulite-
gneiss terrains with ages from 1.9 Ga to 3.6 Ga (Frost
et al. 1998; Jahn et al. 1998; Nutman et al. 1992).
These terrains appear to have been amalgamated in a
regional mid-Proterozoic (1.9–2.0 Ga) metamorphic
event accompanied by widespread magmatism in the
Stanovoy block.

Currently, the Aldan shield is un uplifted, seismically
active area (Parfenov et al. 1987). The Stanovoy Range
(Stanovik) mainly follows the Stanovoy suture zone,
with outcrops of Early Proterozoic core metamorphic
complexes and gabbro-anorthosite massifs (Gusev and
Khain 1995). An area in the eastern Stanovoy Range,
between Lake Toko on its northern slope and upper
river Tok (a tributary of Zeya) on its southern slope, is
usually called Tokinsky Stanovik, with summits reach-
ing 2,000–2,400 m. Cenozoic alkali basaltic rocks (ha-
waiites, basanites, nephelinites) cover �210 km2 in this
watershed region between the Lena and Amur river
systems, mainly on its southern slope (Rasskazov et al.
2000; Semenova et al. 1984).

The xenoliths for this study were collected in lavas
along the lower Nakit Creek near its confluence with
the Tok river (Fig. 1b). Geographic coordinates
(determined using GPS) are: 55�38¢38¢¢N, 130�06¢09¢¢E
for the northernmost sampling site (9501) and
55�38¢23¢¢N, 130�05¢53¢¢E for the southernmost site
(9506). Polyakov and Bagdasaryan (1986) reported a
K–Ar age of 1.1 Ma for a basanite from the same
locality and a range of 2.1–3.8 Ma for other volcanic
rocks in the area. Rasskazov et al. (2000) obtained a
much more narrow age interval (0.59–0.28 Ma) for
volcanic rocks from the Tok site using laser Ar–Ar
technique.

Fig. 1 a A sketch map of the
Siberian craton and adjacent
regions (modified from
Zonenshain et al. 1990).
b basaltic fields and mantle
xenolith occurrences, upper
river Tok
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Sample preparation and analytical procedures

Most of the xenoliths were found among or inside
massive lava blocks (Fig. 2a, b) produced mainly by the
splitting of basalt by frost action on steep slopes of the
creek canyon. Both xenoliths and host lavas show little
effects of surface alteration, probably because of low
summer rainfall and subzero temperatures for the most
part of the year. Samples for this study were selected
from a larger collection mainly based on their size
(Fig. 2b), lack of alteration and basaltic veins. Our main
purpose was to provide the best samples for chemical
studies in terms of their freshness, homogeneity and size,
in particular to obtain representative whole-rock pow-
ders. We concur with Boyd et al. (1997) that reliable
estimates of mantle compositions require bulk analysis
of large xenolith specimens because of common coarse
grain size and locally irregular mineral distribution. The
weight of the whole-rock samples is given in Table 1,
which provides a summary of petrographic features,
modal compositions and geothermometry.

We also made sure to select xenoliths from all eight
sites at lower Nakit Creek (Fig. 1b) where they were
found. It turned out later that the relative abundances of
rock types at those sites may be different (e.g. most
specimens collected in nearby sites 9505 and 9506 are
lherzolites, while nearly all samples from site 9510 are
harzburgites, Table 1). Thus, the choice of xenoliths
from many outcrops helped to limit the effects of selec-
tive ‘sampling’ of mantle wall-rock by different batches
of rising magma. Before our fieldwork at Tok, peridotite
xenoliths from that area had been collected and crushed
on-site to extract gem-quality olivine. It is likely that the
mining activities preferentially consumed xenoliths with
largest olivine (harzburgites) and left behind fine-grained
and olivine-poor rocks.

The xenoliths were crushed, split and ground at
Brussels University. Clean rock chips or slabs cut from
central parts of xenoliths were crushed between two
hydraulically driven wear-resistant tungsten carbide

(WC) plates to £ 1–2 mm. The nearly new plates were
inspected for signs of damage before and after crushing.
The procedure yielded material free of metal chips
(common in samples crushed in steel mortars). Cross-
contamination was negligible because the device is easy
to clean. The weight of the crushed rocks ranged from
140 g to 1,100 g (usually >200 g, Table 1), which ap-
peared to provide a representative whole-rock sample of
each xenolith considering its grain size, texture and
homogeneity. Split aliquots of the crushed material were
ground to a fine powder in agate jars using either a
shatter-box (40–60 g of powder) or a planetary mill (90–
120 g). Another aliquot of the crushed rock was sieved.
Clean mineral grains were hand-picked from appropri-
ate size fractions (usually 0.5–1 mm), mounted on round
25 mm epoxy disks and polished for micro-beam anal-
yses.

The contents of major oxides in 29 peridotites were
determined by wavelength-dispersive X-ray fluorescence
(XRF) spectrometry at the University of Niigata (Japan)
using low-dilution (5:1) fused beads. The technique
(Takazawa et al. 2003) was designed to make high-pre-
cision analyses of peridotites including elements at low
abundances (K, Na, P, Ni, Cr, Ca, Al). The rock pow-
ders were weighed and ignited in platinum beakers for
‡6 h at 900�C. The procedure turned all FeO into Fe2O3

and expelled water and CO2. All the samples gained
weight due to Fe2+ oxidation indicating low volatile
contents and hence low alteration degrees. The ignited
powders were fused with lithium tetraborate and LiBO2

to produce beads, which were analysed using ultramafic
reference rock samples as external standards. Four
duplicates and three other xenoliths were analysed by a
similar XRF method, at Mainz University, on fused
beads (7:1 dilution) made using ignited powders (Ionov
et al. 2005). The match between the Mainz and Niigata
data is excellent for the first batch of Niigata analyses
(sites 9506 to 9510; Table 2). SiO2 and MgO values as
well as the totals from the second batch of Niigata
analyses (9501 to 9505) are somewhat low, probably due
to the use of a different batch of lithium borates.

Fig. 2 a Xenolith-bearing
massive lavas near the Nakit
Creek. b Xenolith 9508-10
(outlined in white) and its host
lava. All xenoliths from this
study were found in massive
lavas
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Minerals were studied by electron probe microbeam
analysis (EPMA) at the Service Microsonde Sud (Uni-
versité Montpellier 2) and Université Blaise Pascale,
Clermont-Ferrand on Cameca SX-100 instruments with
routine conditions: 20 kV voltage, 10 nA current, 20–
30 s counting times. Standards were natural minerals,
synthetic oxides and pure metal. Concentrations were
obtained from raw intensities using ‘X-PHI’ (Merlet
1994) method at Montpellier and PAP at Clermont-
Ferrand. Major minerals were first analysed in grain
mounts; selected samples were analysed in thin sections
to study accessory phases and mineral zoning in major
minerals. High-precision olivine analyses were obtained
with a Jeol JXA8200 instrument at Max-Planck-Institut
für Chemie (Mainz) using 20 kV accelerating voltage,
20 nA current and extended counting times (120 s) for
Ca, Al, Cr, Ni, Mn and Fe. Calibration was done on
wollastonite (Ca), San Carlos olivine (USNM 111312/
444; Jarosewich et al. 1980) (Si, Mg, Fe), rodonite (Mn)
and oxides; ZAF correction was applied. The San Carlos
olivine was also measured together with Tok olivines to
yield a repeatability of 0.2% (1r) for Mg, 0.4% for Fe,

1.2% for Ni, 4% for Mn and Ca, and 0.03% for Mg/
(Mg+Fe) (25 analyses). Modal compositions were cal-
culated from whole-rock and mineral analyses by mass
balance using least-squares regression.

Whole-rock xenoliths were analysed for trace ele-
ments by solution inductively coupled plasma mass-
spectrometry (ICPMS). Rock powders (�100 mg) were
digested with HF–HNO3–HClO4 mixtures, evaporated
with small amounts of HClO4 and 6 N HNO3 and made
up to 100 ml with 1% HNO3. Five samples were pro-
cessed at clean laboratory facilities at Brussels and
analysed on a VG Elemental Plasma Quad II ICPMS
instrument at the European Geochemical Facility at
Bristol University, UK using multi-element synthetic
standards for external calibration and internal standards
for drift correction. Another five xenoliths and host
basalt were analysed on a similar instrument at Mont-
pellier following routine techniques established at that
laboratory (Ionov et al. 1992b; Kalfoun et al. 2002).
Two sets of composite synthetic standards were used for
calibration; samples were spiked with In and Bi for drift
correction. Synthetic solutions were used to correct for

Table 1 A summary of petrographic and modal data and temperature estimates

Sample
number

WR (g) Rock type Mg#
Ol

Black
vugs

Fluid
inclusions

Calculated modal abundances (wt.%) T (�C)
Ca-Opx

Ol Opx Cpx Spl Fs Ap Phl,Am

9501-2 268 Harzburgite 0.913 + � 78.6 17.2 3.1 0.3 0.7 0.12 910
9501-3 257 Harzburgite 0.912 + � 80.1 13.4 5.0 0.3 1.1 0.09 907
9501-13 182 Harzburgite 0.910* � + 80.1 15.6 2.7 0.6 0.9 0.09 + 933
9502-6 320 Low-Cpx lh. 0.899* � ++ 67.4 25.4 5.6 0.6 0.9 0.09 980
9502-9 316 Harzburgite 0.914 + + 79.2 15.7 3.1 0.5 1.5 0.08 874
9503-4 139 Harzburgite 0.910* + � 73.7 20.9 3.3 0.7 0.06 1.4 910
9503-19 162 Low-Cpx lh. 0.900* 70.5 21.1 6.2 0.8 1.3 0.11 931
9505-3 184 Lherzolite 0.904 + � 73.7 15.2 9.4 0.0 1.5 0.24 907
9506-0 154 Harzburgite 0.919 79.9 14.9 2.8 0.6 1.5 0.34 890
9506-1 1100 Lherzolite 0.895 � � 54.6 25.8 17.0 2.5 1010
9506-2 398 Lherzolite 0.895 ++ � 53.9 26.3 17.3 2.5 1001
9506-3 290 Lherzolite 0.909* � + 54.6 33.2 10.2 1.0 0.8 0.04 976
9507-1 780 Low-Cpx lh. 0.911 + + 78.6 15.1 5.0 0.4 0.8 0.10 985
9507-5 340 Lherzolite 0.901 + � 57.2 26.5 14.2 2.1 985
9508-1 629 Low-Cpx lh. 0.904* + + 73.6 17.5 6.7 1.0 1.3 0.07 (phl?) 1005
9508-2 780 Low-Cpx lh. 0.906 + ++ 74.1 18.8 5.8 0.7 0.6 0.11 976
9508-3 458 Harzburgite 0.903* + ++ 73.5 20.3 4.1 0.5 1.5 0.11 (phl?) 956
9508-5 885 Lherzolite 0.901* + + 63.4 24.1 10.5 1.6 0.4 0.06 0.5 1004
9508-6 ‡600 Lherzolite 0.896* + � 59.4 22.5 15.1 2.3 0.6 985
9508-7 567 Harzburgite 0.911 + ++ 76.8 16.7 4.8 0.5 1.1 0.12 (am?) 968
9508-8 719 Harzburgite 0.911* + + 72.0 22.7 3.7 0.6 1.0 0.08 (am?) 955
9508-11 833 Harzburgite 0.913 + + 77.6 17.5 4.5 0.4 0.08 957
9508-31 256 Harzburgite 0.916 ++ � 76.5 16.6 4.8 0.4 1.7 0.06 887
9508-39 180 Lherzolite 0.894 + + 53.9 26.3 17.2 2.6 964
9508-40 150 Harzburgite 0.913 + � 71.3 24.0 3.7 0.5 0.41 (am?) 922
9508-50 347 Harzburgite 0.912 � � 77.1 17.6 3.6 0.7 0.9 0.07 992
9510-2 464 Harzburgite 0.915 ++ � 77.2 16.6 4.3 0.4 1.3 0.12 914
9510-4 400 Harzburgite 0.914 + � 79.9 16.0 2.7 0.4 1.0 0.11 926
9510-8 235 Harzburgite 0.908 + + 79.2 14.9 4.9 0.4 0.6 0.08 950
9510-16 235 Low-Cpx lh. 0.899* + � 76.2 17.4 6.0 0.4 957
9510-17 217 Harzburgite 0.907 + + 75.6 19.5 3.6 1.3 1011
9510-19 222 Harzburgite 0.911 � � 72.7 22.8 3.4 0.7 0.30 951

Ol olivine; Opx orthopyroxene, Cpx clinopyroxene, Spl spinel, Fs
feldspar; Phl phlogopite; Am amphibole. Petrographic features: �
absent; + present; ++ abundant; (am, phl), minerals replaced by
fine-grained Fs-bearing material. Mg#, Mg/(Mg+Fe)at; values
with asterisk (*) are for heterogeneous olivine (1r/mean >1% for

FeO and >0.1% for MgO; see Table 1 of ESM). WR, weight of
crushed whole-rock samples. T estimates are after Brey and Kohler
(1990). Modal apatite (Ap) was calculated for xenoliths with
‡0.03% P2O5
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oxide interference. Reference samples BEN, BHVO-1,
BHVO-2, BIR-1, JP-1, PCC-1were analysed and used as
unknowns for quality control.

Petrography

Xenoliths from the lower Nakit Creek (Fig. 1b) can be
grouped as (1) ‘green’ spinel (Spl) peridotites and (2)
clinopyroxene–olivine (Cpx–Ol) cumulates and rare py-
roxenites. We further identify two rock series among the
non-cumulate peridotites based on microstructures,
mineral proportions (Streckeisen 1976) and Mg-num-
bers Mg#, Mg/(Mg+Fe)at: lherzolite–harzburgite (LH)

and lherzolite–wehrlite (LW). The LH series groups
‘normal’ (in terms of pyroxene abundances and Mg#)
spinel peridotites, which can be considered residues of
melt extraction from a fertile source (Fig. 3a–d). The
LW series is characterized by complete or large-scale
replacement of orthopyroxene (Opx) by Cpx and low
Mg# ( £ 0.88). This study only concerns the LH series
rocks, which are by far the most abundant (‡70–80% of
collected xenoliths).

The great majority of the xenoliths in this study are
rich in olivine (70–80%) and poor in Cpx (3–7%) (Ta-
ble 1, Fig. 4). Out of 32 rocks, for which modal data are
available, 18 are harzburgites ( £ 5% Cpx) followed by
Cpx-poor (5–7%) lherzolites; only five are fertile lherz-

Table 2 XRF analyses of whole-rock samples

Sample
number

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO NiO MgO CaO Na2O K2O P2O5 Total CMI
(%)

Mg# CaO/Al2O3

Peridotite xenoliths of the lherzolite–harzburgite series (Mg#‡0.89)
9501-2 43.72 0.006 0.63 0.33 7.89 0.127 0.329 45.47 0.72 0.14 0.03 0.06 99.5 0.4 0.911 1.15
9501-3 43.50 0.034 0.70 0.38 8.02 0.132 0.315 45.14 1.04 0.18 0.07 0.05 99.6 0.4 0.909 1.50
9501-13 43.06 0.032 0.86 0.38 8.20 0.130 0.323 45.29 0.72 0.09 0.02 0.04 99.2 0.4 0.908 0.84
9501-13a 43.57 0.036 0.88 0.40 8.03 0.132 0.331 45.75 0.70 0.09 0.02 0.04 100.0 0.4 0.910 0.79
9502-6 44.61 0.052 1.25 0.40 9.38 0.146 0.270 41.58 1.35 0.16 0.06 0.04 99.3 0.5 0.888 1.08
9502-9 43.30 0.030 0.74 0.36 7.91 0.125 0.319 45.27 0.74 0.12 0.07 0.03 99.0 0.4 0.911 0.99
9502-9a 44.02 0.035 0.76 0.39 7.76 0.123 0.324 45.78 0.72 0.11 0.07 0.03 100.1 0.4 0.913 0.95
9503-4 43.29 0.038 1.10 0.35 8.31 0.138 0.302 43.86 0.78 0.15 0.09 0.03 98.5 0.4 0.904 0.71
9503-19a 44.38 0.065 1.30 0.38 8.57 0.154 0.284 42.74 1.47 0.17 0.04 0.05 99.6 0.2 0.899 1.13
9505-3 44.08 0.013 1.25 0.35 8.34 0.132 0.287 42.53 2.01 0.25 0.03 0.11 99.4 0.4 0.901 1.60
9506-0a 43.85 0.016 0.79 0.40 7.32 0.123 0.313 46.31 0.81 0.12 0.08 0.16 100.3 0.3 0.919 1.03
9506-1 45.07 0.162 3.94 0.33 8.32 0.137 0.236 38.02 3.55 0.33 0.01 0.02 100.1 0.3 0.891 0.90
9506-2 45.14 0.163 3.98 0.33 8.27 0.137 0.233 37.89 3.62 0.35 0.02 0.02 100.1 0.3 0.891 0.91
9506-3 46.62 0.048 2.42 0.38 7.39 0.131 0.254 40.31 2.41 0.24 0.04 0.02 100.2 0.2 0.907 0.99
9506-3a 46.71 0.053 2.47 0.41 7.33 0.129 0.263 39.98 2.36 0.21 0.03 0.02 100.0 0.3 0.907 0.96
9507-1 43.72 0.040 0.82 0.39 8.09 0.131 0.313 45.19 1.14 0.16 0.03 0.05 100.1 0.4 0.909 1.40
9507-5 45.10 0.103 3.34 0.37 8.01 0.134 0.244 39.50 3.08 0.27 0.02 0.01 100.2 0.3 0.898 0.92
9508-1 43.89 0.057 1.64 0.38 8.39 0.133 0.288 43.45 1.58 0.18 0.07 0.03 100.1 0.4 0.902 0.96
9508-2 44.18 0.016 1.26 0.37 8.23 0.131 0.297 43.99 1.31 0.17 0.03 0.05 100.0 0.4 0.905 1.04
9508-3 44.32 0.073 1.14 0.39 8.69 0.142 0.298 43.82 1.05 0.16 0.09 0.05 100.2 0.4 0.900 0.93
9508-5 44.48 0.088 2.60 0.35 8.26 0.135 0.268 41.23 2.27 0.24 0.03 0.03 100.0 0.4 0.899 0.87
9508-6 44.70 0.140 3.58 0.36 8.35 0.136 0.245 38.92 3.20 0.35 0.03 0.02 100.0 0.4 0.893 0.90
9508-7 44.03 0.032 0.91 0.43 7.95 0.128 0.300 44.86 1.12 0.16 0.08 0.06 100.1 0.4 0.910 1.23
9508-8 44.63 0.063 1.08 0.39 8.41 0.137 0.294 44.00 0.93 0.13 0.06 0.04 100.2 0.4 0.903 0.86
9508-11 43.96 0.031 0.75 0.37 7.91 0.131 0.315 45.59 1.01 0.13 0.03 0.04 100.3 0.2 0.911 1.35
9508-31 44.26 0.021 1.02 0.37 7.45 0.130 0.308 45.10 1.07 0.25 0.07 0.08 100.1 0.3 0.915 1.04
9508-31a 44.28 0.030 1.11 0.40 7.40 0.131 0.310 44.95 1.01 0.18 0.07 0.07 99.9 0.2 0.915 0.91
9508-39 44.99 0.162 3.92 0.35 8.29 0.137 0.236 37.75 3.60 0.37 0.05 0.03 99.9 0.3 0.890 0.92
9508-40a 43.91 0.030 0.86 0.43 7.68 0.121 0.318 45.10 1.00 0.12 0.07 0.16 99.8 0.3 0.913 1.16
9508-50 43.81 0.047 1.14 0.38 8.06 0.127 0.313 45.36 0.96 0.10 0.03 0.04 100.4 0.4 0.909 0.85
9510-2 44.09 0.041 0.80 0.41 7.60 0.133 0.310 45.66 0.96 0.24 0.05 0.06 100.3 0.4 0.915 1.21
9510-4 43.76 0.024 0.77 0.36 7.92 0.132 0.326 45.96 0.65 0.16 0.05 0.05 100.2 0.4 0.912 0.85
9510-8 43.45 0.027 0.79 0.38 8.39 0.132 0.310 45.13 1.02 0.19 0.03 0.04 99.9 0.4 0.906 1.29
9510-16 43.86 0.045 0.90 0.38 8.96 0.137 0.296 44.09 1.19 0.20 0.02 0.02 100.1 0.4 0.898 1.32
9510-17 43.31 0.054 1.64 0.38 8.45 0.131 0.294 44.64 0.92 0.11 0.02 0.02 100.0 0.5 0.904 0.56
9510-19 44.28 0.025 0.89 0.41 7.86 0.130 0.307 44.86 1.07 0.11 0.01 0.14 100.1 0.3 0.910 1.20

Reference sample (harzburgite JP-1)
JP-1a av3 43.78 0.012 0.72 0.43 7.62 0.121 0.326 45.95 0.56 0.02 0.00 0.01 99.5 �2.4 0.915
JP-1 RV 43.74 0.00 0.64 0.45 7.75 0.12 0.323 46.14 0.58 0.02 0.00 0.00 99.8 0.914

Host basalt
9508-1bb 45.22 2.37 14.69 0.03 9.74 0.17 0.05 9.38 8.46 4.57 3.37 1.09 99.7 0.632 0.6

CMI change of mass on ignition (positive values indicate overall
weight gain due to oxidation of FeO to Fe2O3). JP-1 data is an
average of three replicate analyses done together with the xenoliths,
RV recommended values

aAnalysed at Mainz
bAnalysis from Ionov et al. (2005). Mg#, Mg/(Mg+Fe)at
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olites (55–59% Ol, 14–17% Cpx). Moreover, the olivine-
rich xenoliths may have been preferentially scavenged at
the site by mining (see Sample preparation and analyt-
ical procedures ). In any case, the refractory peridotites
are clearly the dominant rock types in the LH series.

Fertile lherzolites are coarse- to medium-grained and
have protogranular microstructures (Harte 1977) with
common irregularly shaped, large spinel grains (Fig. 3a).

Pyroxenes and spinel in unmetasomatized Cpx-poor
peridotites usually have smaller grain size and more
equant shapes with regular (curvilinear or straight)
boundaries (Fig. 3b). Many harzburgites have very large
(5–10 mm) olivine grains with preferred linear orienta-
tion (Fig. 3d). Some Cpx-poor peridotites contain clus-
ters of olivine neoblasts cross-cutting the coarse olivine
(Fig. 3c).

Fig. 3 Photomicrographs of the
lherzolite–harzburgite (LH)
series xenoliths from Tok in
plane-polarized transmitted
light. Sample numbers and the
horizontal field of view are
given on the photographs. Ol
olivine, Opx orthopyroxene,
Cpx clinopyroxene, Spl spinel.
a Fertile spinel lherzolite (17%
Cpx). b Spinel harzburgite (4%
Cpx) without metasomatic
phases. c Coarse, fractured
olivine (Ol-A) and subhedral
olivine neoblasts (Ol-B) in a
harzburgite. The neoblasts are
associated with small vugs and
pockets of opaque material.
d Preferred linear orientation of
large olivine grains, clusters of
small Spl and Cpx–Spl
aggregates. e Cpx develops
around spinel and partially
replaces Opx to form Cpx-Spl
clusters in a low-Cpx (6%)
lherzolite. f Interstitial
phlogopite (Phl) and
metasomatic Cpx in a
harzburgite. Opx is locally
replaced by Cpx. Pyroxene
grains contain cloudy domains
with fluid micro-inclusions;
many Cpx grains have spongy
rims. g Metasomatic Cpx (note
spongy rims) and abundant
fluid inclusions in Cpx-poor
(6%) lherzolite. h Metasomatic
cavities (vugs) and two
generations of clear Cpx (with
different chemical
compositions; Table 3) in a
harzburgite. Late-stage Cpx
(with abundant vermicular
micro-channels and inclusions)
replaces Cpx-A and Cpx-B.
The vugs are empty and contain
no silicate glass; their walls are
lined with fine-grained second-
generation Cpx, olivine and
black Cr-rich spinel
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Petrographic evidence for metasomatism is rare in
the fertile lherzolites but very common in olivine-rich
peridotites (Fig. 3e–h). Some xenoliths contain acces-
sory volatile-bearing minerals: phlogopite, amphibole
and apatite (Table 1). Phlogopite forms anhedral
interstitial (Fig. 3f) or subhedral prismatic grains
sometimes grouped in clusters. In many cases, phlog-
opite and amphibole are completely or partially re-
placed by fine-grained aggregates of alkali feldspar,
oxide minerals and second-generation olivine, Cpx and
spinel. Such aggregates preserve the shapes and
cleavage cracks of the pre-existing minerals; the sec-
ond-generation olivine grains are elongated and par-
allel to the pre-existing cleavage. Similar aggregates
were found in other xenolith suites from southern
Siberia (Ionov et al. 1995b, 1999). In addition to
apatite, some Tok xenoliths also contain whitlockite, a
(Na,Mg)-bearing, volatile-free phosphate, which is
common in extraterrestrial rocks, but has not been
earlier found in the earth’s mantle. The presence of
whitlockite was confirmed by Raman micro-spectros-
copy at Mainz University.

Metasomatic Cpx can be recognized in many olivine-
rich peridotites. Most commonly, it replaces Opx grains
along boundaries (Fig. 3e) or inside (Fig. 3f). Cpx may
also enclose spinel (Fig. 3e) to form elongated aggre-
gates and clusters, which follow preferred linear orien-
tation of coarse olivine (Fig. 3d). In some samples, two
generations of clear and fairly large Cpx grains can be
identified by textural position, colour and/or EPMA
data (Cpx-A and Cpx-B in Fig. 3h).

Many Tok xenoliths also contain a distinct textural
type of Cpx, which either makes up spongy aggregates
with abundant vermicular micro-channels replacing the
coarse and clear Cpx (Fig. 3f, g) or is a major compo-
nent in interstitial material (Fig. 3h). The textural evi-
dence clearly indicates that the fine-grained Cpx is
secondary in the sense that it is formed by late-stage
processes. Importantly, the secondary Cpx (as well as
other interstitial materials) is not normally enclosed in
silicate glass. Furthermore, it is not more common at the
margins of Tok xenoliths than in their cores and is not
spatially or texturally related to host basalt. We assume,
therefore, that this second-generation Cpx (locally in-
tergrown with second-generation Ol and Spl) formed in
the mantle, possibly shortly before the transport of the
xenoliths to the surface.

Further evidence for metasomatic additions of Cpx in
the Tok xenoliths comes from comparisons of their
modal compositions with those in other spinel peridotite
suites. Some olivine-rich (>72%) Tok samples have
higher Cpx abundances than the Udachnaya xenoliths
and peridotites from the Horoman massif in Japan
(Fig. 4), possibly because of the formation of small
amounts ( £ 2–3%, Fig. 4) of metasomatic Cpx in the
Tok peridotites. Modal abundances in fertile Tok sam-
ples (which have no metasomatic Cpx) fall into the range
for xenoliths from nearby off-craton sites in central Asia
(Fig. 4).

Olivine and pyroxenes in many Tok xenoliths contain
abundant fluid inclusions (Table 1; Fig. 3f, g). The
smallest inclusions are most commonly CO2-filled and
locally form dense dark ‘clouds’ while larger (>10 lm)
ones are empty and tend to form arrays along grain
margins or crack systems. Usually, Opx is the mineral
with most abundant inclusions (Fig. 3g). Some micro-
inclusions contain glass (i.e. are melt inclusions) or are
composite, with glass, fluid and mineral components (V.
Kamenetsky and P. Schiano, personal communications,
2000–2003).

An unusual feature of many Tok xenoliths (listed in
Table 1) is the irregularly shaped and distributed empty
cavities, whose walls are lined with second-generation

Fig. 4 Modal abundance co-variation plots for Tok LH series
peridotites (filled circles): a Ol–Cpx, b Ol–Opx. Shown for
comparison are spinel peridotite xenoliths from Udachnaya in
central Siberian craton (Boyd et al. 1997), northern Slave
(Kopylova and Russell 2000) and Tanzania (Lee and Rudnick
1999) cratons, basalt-borne xenoliths in southern Siberia and
Mongolia (Ionov et al. 2005; Press et al. 1986; Wiechert et al. 1997)
and the field (grey diagonal pattern) for feldspar-poor (<2%)
Horoman peridotites (Takazawa et al. 2000). Abbreviated numbers
are shown for samples mentioned in the text
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Ol, Cpx and Spl (Fig. 3h). The cavities range in size
from tens of microns to several millimetres. The larger
ones were originally recognized in hand specimens as
‘‘black holes’’ because of the abundant fine-grained
black spinel inside. The cavities in the Tok xenoliths
typically contain no silicate glass or its alteration prod-
ucts and hence are distinct from ‘‘melt pockets’’ or
interstitial aggregates of glass with vugs that are com-
mon in many basalt-borne xenolith suites (Chazot et al.
1996; Francis 1987; Frey and Green 1974; Ionov et al.
1994; Wiechert et al. 1997). Another major difference is
that the ‘‘black vugs’’ in the Tok xenoliths are not re-
lated to the breakdown of a specific mineral phase, like
amphibole or Cpx (Frey and Green 1974; Ionov et al.
1994; Yaxley and Kamenetsky 1999).

Whole-rock major element compositions

Whole-rock XRF data are given in Table 2. The
majority of the samples (24 out of total 32) have fairly
uniform contents of MgO (43.5–46%), CaO and Al2O3

(0.6–1.3%). These refractory (Ol-rich, Cpx-poor) peri-
dotites are strongly depleted in ‘basaltic’ components
(Al, Ca, Ti) and rich in Mg and Ni relative to model
primitive mantle (Palme and O’Neill 2003). Five Cpx-
rich xenoliths can be characterized as fertile (MgO
<40%; CaO, Al2O3 >3%). Moderately depleted rocks
are rare; only two Tok samples have Al2O3 between
1.7% and 3.3% (Fig. 5a), while a large proportion of
xenoliths in basalts worldwide have Al2O3 in that range
(Pearson et al. 2003).

The variation ranges for Al2O3 (Fig. 5a), CaO, NiO
(Fig. 6b) and Cr2O3 in the refractory Tok xenoliths are
similar to those in peridotites from Udachnaya (Boyd
et al. 1997) and other sites in central and north-eastern
Siberian craton (Spetsius and Serenko 1990; Ukhanov
et al. 1988). By contrast, the refractory Tok xenoliths
have less broad ranges of SiO2 and MgO and generally
lower SiO2 contents, consistent with a narrower modal

Ol–Opx range and the absence of Opx-rich peridotites
(Fig. 4b). Furthermore, the Tok xenoliths typically have
higher FeO and MnO (Figs. 5b, 6d) and lower Mg#
than coarse (low-T garnet and spinel) peridotites from
Siberian and other kimberlites (Boyd et al. 1997; Pear-
son et al. 2003). The MgO and FeO contents and Mg# in
the Tok xenoliths are similar to those in sheared, high-T
garnet peridotites from Udachnaya (Fig. 5b) believed to
be affected by melt metasomatism. By contrast, the Tok
xenoliths have lower TiO2 (Fig. 6a) and higher Na2O
(Fig. 6c) and P2O5.

The Tok peridotites plot in Figs. 5 and 6 mainly
within the fields of xenoliths in basalt from nearby
southern Siberia and Mongolia. However, the two data
sets differ in relative abundances of fertile and refractory
peridotites. The Tok suite is dominated by refractory
rocks while moderately depleted peridotites are rare and
very fertile (e.g. Al2O3 >4%) lherzolites are absent. By
contrast, highly refractory rocks are rare among the
generally fertile off-craton xenolith suites from central
Asia (Ionov 2002; Ionov et al. 2005; Press et al. 1986).

Also plotted for comparison in Figs. 5 and 6 (as
fields) are peridotites from the Horoman massif (situated
close to Tok) because they were shown to closely match
partial melting trends and are poorly affected by meta-
somatism (Takazawa et al. 2000). The Tok xenoliths
typically plot within the fields for Horoman peridotites,
except that the latter extend to slightly higher MgO but
lower CaO and Al2O3 (Fig. 5a) contents. On the other
hand, many refractory Tok xenoliths have higher FeO,
MnO, TiO2 and Na2O than the Horoman rocks
(Figs. 5b, 6). These differences as well as high K2O
(0.01–0.09%) and P2O5 (0.01–0.18%) in Tok xenoliths
with accessory alkali feldspar and phosphates (Tables 1,
2) may be related to metasomatism in the Tok samples.

The contents of MgO in the Tok xenoliths are neg-
atively correlated with Al2O3 (Fig. 5a), CaO, SiO2,
Na2O and TiO2 and positively correlated with NiO
(Fig. 6). By contrast, the plots of MgO versus FeO
(Fig. 5b) and MnO (Fig. 6d) do not define clear trends

Fig. 5 Plots of MgO versus
Al2O3 (a) and FeO (b) in LH
series Tok xenoliths. Solid black
lines show residues from
polybaric (2.5–0.4 and
1.5–0.4 Ga) fractional melting
of fertile spinel lherzolite (Niu
1997; Takazawa et al. 2000).
Dashed black lines in (b) show
batch partial melt extraction
residues (0–25%) from fertile
peridotite at 0.5 and 2 GPa
(Walter 2003). Other symbols
and data are as in Fig. 4
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apparently because some rocks with intermediate MgO
contents (41–45%) have relatively high FeO and MnO.
Whole-rock Mg–Fe variations may be inter-dependent
due to coupled Mg–Fe substitutions in olivine, pyrox-
enes and spinel; e.g. metasomatic Fe-enrichment in
olivine decreases MgO in olivine and hence in bulk rock.
A better insight into the behaviour of iron can be ob-
tained by plotting it against Al, which is broadly con-
sidered as a robust partial melting index in mantle

Fig. 6 Co-variation plots for
MgO with minor oxides
(wt.%). Symbols and data
sources are as in Figs. 4 and 5

Fig. 7 Plots of Al2O3 vs. FeO (a) and Ca/Al (b) for LH series Tok
xenoliths. Dashed lines in (a) show residues of batch melting at 1–
3 GPa; dotted lines are for decompression fractional melting from 3
to 1 GPa (0–26%) and 5 to 1 GPa (0–38%) (Herzberg 2004). Other
symbols and data sources are as in Fig. 4. Lighter circles show
samples with heterogeneous olivine (1r mean >1% for FeO and
>0.1% for Mg# for averages of eight analyses; Table 1 of ESM)
attributed to post-melting Fe-enrichment. High FeO and Ca/Al in
the refractory rocks cannot be produced by partial melting and are
inferred to be metasomatic
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peridotites (e.g. Pearson et al. 2003). A striking feature
of the Al–Fe diagram (Fig. 7a) is the broad range of
FeO variation (7.3–9.4%) in Tok xenoliths with a nar-
row range of Al2O3 (0.6–1.3%) and modal olivine (72–
80%, not shown). Ca/Al in Tok xenoliths vary broadly
as well and in many cases are much higher than in
Horoman peridotites and xenoliths in kimberlites
(Fig. 7b).

Mineral compositions

Table 1 of electronic supplementary material (ESM)
contains EPMA data on cores of olivine, spinel and
pyroxenes in all xenoliths listed in Tables 1 and 2, and
four other samples. Usually, these minerals have no or
only minor zoning and narrow grain-to-grain variation
ranges. When pyroxene grains are zoned, their rims have
higher Al and Cr than the cores; Opx rims have higher
Ca while Cpx rims have lower Ca than the cores. These
variations, however, are minor and only concern small

mass fractions of the minerals. We believe that the
average grain core analyses in Table 1 of ESM ade-
quately characterize the main minerals of nearly all
samples.

The EPMA data are compared in Figs. 9, 10, 11 and
12 with a database on over 650 spinel peridotite xeno-
liths and >150 abyssal peridotites (see Figs. 9, 10 for
data sources). Over 100 xenoliths are from kimberlites in
the Kaapvaal and Siberian cratons as well as from cra-
tonic regions in NE China and eastern Greenland. Some
40 xenoliths are from oceanic islands. The remainder
(>500) are off-craton xenoliths mainly from Siberia,
Mongolia, China and North America. To identify the
peridotites strongly affected by interaction with evolved
melts we screened the database for samples with
anomalously low Mg# in olivine (Mg#Ol): (a) either
much lower than in fertile mantle (Mg#Ol <0.87) or (b)
those with low Mg# (0.87<Mg#Ol <0.90) co-existing
with Cr-rich spinel (Cr#Spl‡ 0.3) Cr# = Cr/(Cr+Al)at.
Because Mg#Ol and Cr#Spl are expected to increase
sympathetically with the degree of partial melting

Table 3 EPMA data for second-generation and metasomatic minerals

9502-6 9503-19 9508-40 9510-19

Ol-A
av.4

Ol-B
av.2

Ol-A Ol-B Ol-2nd
av.2

Spl-L. Spl-2nd
av.2

Cpx-A Cpx-B
av.2

Cpx
Spongy

Cpx-A
av.3

Cpx-B
av.2

Cpx-2nd
av.2

SiO2 40.76 40.80 40.86 40.63 39.96 0.13 0.42 52.98 51.22 53.17 54.21 53.89 53.62
TiO2 0.13 1.38 0.11 0.12 0.09 0.18 0.12 0.16
Al2O3 22.56 31.70 4.90 3.39 1.81 4.26 2.95 2.84
Cr2O3 0.09 47.40 34.60 2.72 3.08 1.43 1.22 1.15 1.04
FeO 9.73 10.48 9.80 11.48 8.65 15.90 13.75 2.63 2.51 2.45 2.68 2.35 2.37
MnO 0.15 0.13 0.14 0.17 0.16 0.27 0.24 0.13 0.00 0.06 0.06 0.04 0.09
MgO 48.23 47.81 49.30 47.71 50.80 14.61 16.64 15.05 17.11 17.95 15.93 16.40 16.99
CaO ND ND ND ND 0.17 17.63 19.75 22.12 18.62 20.30 21.69
Na2O 2.95 1.21 0.62 2.44 1.70 0.90
NiO 0.39 0.40 0.40 0.35 0.36 0.19 0.21 0.05 0.05 0.06
Total 99.3 99.6 100.5 100.4 100.3 101.2 99.3 99.2 98.5 99.8 99.6 98.9 99.7
Mg# 0.898 0.891 0.900 0.881 0.913 0.621 0.683 0.911 0.924 0.929 0.914 0.926 0.927
Cr# 0.58 0.42 0.27 0.38 0.35 0.16 0.21 0.20

Phlogopite Interstitial feldspar Ti-rich oxides Feldspar in spongy Cpx

9501-14 9503-4 9508-5 9508-8 9508-1 9508-8 9510-2 9510-4 9508-3 9510-8 9508-3 9510-2 9510-8
av.2 #168 #43 av.2 av.2 #3 av.3 #12 Ilm. Arm. #5 #7 #11

SiO2 37.22 38.12 37.73 37.92 56.73 60.10 60.96 55.51 0.09 0.17 60.84 60.25 59.96
TiO2 2.72 4.28 7.20 4.70 0.38 0.99 0.98 0.21 56.95 72.34 0.30 0.29 1.34
Al2O3 17.24 16.73 16.21 16.04 25.55 24.32 24.85 26.60 2.82 23.02 24.26 25.57
Cr2O3 1.43 1.37 0.50 1.99 0.06 0.08 0.06 0.10 0.82 1.47 0.03 0.01 0.02
FeO 3.93 3.91 4.01 3.19 0.25 0.28 0.69 0.40 22.46 7.86 0.62 0.17 0.50
MnO 0.03 0.02 ND 0.02 0.04 0.01 0.00 0.01 0.39 0.05 0.00 0.00 0.01
MgO 20.74 20.34 19.35 20.40 0.01 0.09 0.13 0.08 16.58 13.25 0.16 0.00 0.24
CaO 0.03 0.13 7.06 0.80 1.67 8.81 0.03 0.33 4.93 0.85
Na2O 0.69 0.70 1.03 1.12 6.58 5.24 7.12 6.22 5.45 7.69 6.72
K2O 8.96 9.26 8.99 8.93 0.98 5.88 2.60 0.54 ND ND 6.21 0.79 4.03
NiO 0.21 0.21 0.19 0.08 0.02 ND ND 0.06 ND ND
Total 93.19 94.96 95.98 94.52 97.93 97.79 99.07 98.47 98.0 98.04 96.97 98.39 99.23
Mg# 0.904 0.903 0.896 0.919 0.57 0.75

Blank entries below detection limit. ND not determined. L large
grain; c core; r rim. Ol olivine; Cpx clinopyroxene; Spl spinel; Ilm
ilmenite; Arm armalcolite. Ol-A and Ol-B, Cpx-A and Cpx-B are
individual coarse grains of Ol and Cpx or their populations with

distinct compositions. 2nd, second generation grains in fine-grained
aggregates inside vugs and at grain boundaries. Analyses Cpx-A
and Cpx-B in sample 9510-2 are for grains labelled in Fig. 3h
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(Pearson et al. 2003; Walter 2003), such xenoliths were
filtered out and not plotted here.

Olivine and spinel

High-precision EPMA data indicate that olivine is very
homogeneous in the majority of Tok xenoliths because
repeatability of individual grain analyses is close to that
for the San Carlos olivine (1r = 0.3–0.7% for Fe, 0.01–
0.07% for Mg# for averages of eight points; Table 1 of
ESM). Olivine is considered heterogeneous (1r =1–6%
for Fe, 0.1–0.7% for Mg#) in 11 samples out of 32, for
example FeO ranges from 9.4 to 10.3% and Mg# from
0.895 to 0.904 in olivine 9510-16. EPMA done in thin
sections confirmed that olivines in those samples are
zoned or have grain to grain variations (Table 3). For
example, rims of coarse olivine in sample 9503-19 have
lower Mg# (0.88 vs. 0.90) and NiO, and higher MnO
and CaO than the cores.

The majority of Tok xenoliths (26 samples) define a
tight linear correlation (r2=0.995) between Mg#Ol and
Mg# in whole-rocks (Mg#WR) (Fig. 8). In the olivine-
rich rocks (80% Ol), the Mg#WR are only slightly lower
than Mg#Ol but the difference gradually increases to
�0.005 in the fertile lherzolites (54% Ol), consistent with
modal abundances, Mg# and FeO contents of coexisting
pyroxenes and spinel. Mg# of the pyroxenes are close to
that in coexisting olivine or slightly higher. By contrast,
spinel has much lower Mg# as well as the highest FeO
among the peridotite minerals (Table 1 of ESM). As a
result, spinel contribution to the Mg#WR usually out-

weighs those of the coexisting pyroxenes in spite of its
low modal abundances. The difference between the
Mg#Ol and Mg#WR increases from refractory to fertile
Tok xenoliths (Fig. 8) in concert with spinel abun-
dances, which rise from �0.3% to �2.5% (Table 1). To
the best of our knowledge, these relationships between
the Mg# of whole-rock mantle peridotites and their
minerals have not as yet been demonstrated in detail. Six
xenoliths, which plot off the trend in Fig. 8, have
strongly heterogeneous olivines; half of them contain
phlogopite or amphibole.

Mg#Ol in the majority of Tok xenoliths is positively
correlated with NiO and negatively correlated with
MnO; the fields of abyssal peridotites and cratonic
xenoliths lie on extensions of those trends (Fig. 9). The
contents of MnO and NiO in olivine from refractory

Fig. 9 Plots of Mg#Ol vs. NiO (a) and MnO (b) in olivine. Also
shown are fields for abyssal peridotites (Hellebrand et al. 2001) and
spinel peridotites from Udachnaya (Boyd et al. 1997), the Kaapvaal
craton (Boyd et al. 1999; Smith 2000) and East Greenland
(Bernstein et al. 1998)

Fig. 8 Mg# Mg/(Mg+Fe)at in olivine versus whole-rock (WR)
Mg#. The majority of the xenoliths define a very tight linear
correlation (thick grey line; r2=0.995) demonstrating excellent
quality of the WR and EPMA data. Six labelled samples with
heterogeneous olivine (see Fig. 7 and text) plot off the trend mainly
because the grains analysed are not representative of the total
olivine populations
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Tok xenoliths overlap the field of abyssal peridotites.
The Tok olivines typically have lower NiO and higher
MnO than those in the Kaapvaal and Udachnaya peri-
dotites. The xenolith literature data show a broad scatter
on Mg#–Ni–Mn plots mainly due to the insufficient
accuracy of routine EPMA.

Cr#Spl ranges from 0.08 in fertile Tok xenoliths to
0.65 in highly refractory rocks and is positively corre-
lated with Mg#Ol (Fig. 10a), consistent with partial
melting relationships in residual peridotites (Hellebrand
et al. 2001; Pearson et al. 2003; Smith 2000). The
majority of the Tok xenoliths plot in the middle of the
off-craton peridotite field in Fig. 10a and have lower
Mg#Ol than the xenoliths from Udachnaya and the
Kaapvaal craton at similar Cr#Spl. The literature data
show a fairly broad range of Mg#Ol at similar Cr#Spl in
the off-craton peridotites, e.g. from 0.905 to 0.925 at
Cr#Spl ‡ 0.3 (Fig. 10a). To some extent, the Mg# scatter
can be attributed to the insufficient accuracy of routine
EPMA data in combination with a narrow Mg# varia-
tion range (0.89–0.92). On the other hand, the Mg#
variations may result from differences in the depth of
partial melting (Walter 2003; Herzberg 2004) as well as
metasomatic Fe-enrichment (as for several Tok xeno-
liths with heterogeneous olivine, Fig. 10a). Overall,
Cr#Spl may be a more robust index of melt extraction
rates in mantle peridotites than Mg#Ol (Hellebrand et al.
2001).

Clinopyroxene

Cpx in the Tok xenoliths has the same range of Al2O3 as
abyssal peridotites but much higher Na2O (Figs. 10b,
11a, 12). Exceptionally high Na2O contents (2.2–3.1%)
are typical for the Cpx from refractory (Cr#Spl >0.25)
Tok xenoliths and are consistent with high whole-rock
Na2O (Fig. 6c). The common Na-rich Cpx is a
remarkable feature of the Tok peridotites, which can
only be matched by some kimberlite-hosted xenolith
suites (Bizzarro and Stevenson 2003). Very high Na2O

(2–4%) were occasionally reported for Cpx in other
peridotites, e.g. those with glass pockets (Ionov et al.
1994), but such rocks are rare in most other xenolith
suites.

Nearly all Na-rich Tok Cpx have high Cr2O3 (2–
3.5%) and can be distinguished on the Cr–Na diagram
from Cpx in most other peridotites in our database
(Fig. 12). By contrast to Na and Cr, the contents of TiO2

in Cpx from refractory Tok xenoliths are moderate
( £ 0.25%) and hence closer to those for other mantle
peridotites (Fig. 11b). A Na–Ti plot outlines a particular
field of Na-rich, Ti-poor Cpx, which are rare in other
peridotite suites (Fig. 12a).

Accessory and second-generation minerals

Fine-grained, second-generation olivine, Cpx and spinel
in the Tok xenoliths (e.g. Fig. 3g–h) have distinctive
compositions. Second-generation olivine typically has
higher Mg# and CaO and lower NiO than primary
olivine, including rocks with zoned olivine (Table 3).
Second-generation spinel usually has higher FeO and
TiO2 than primary spinel and a broad range of Cr#.
Second-generation Cpx typically has lower Na2O and
higher TiO2 than primary Cpx and significant Al2O3 and
Cr2O3 grain-to-grain variations. Spongy Cpx is partic-
ularly low in Na and Al (Table 3).

Phlogopite has a broad range of TiO2 and typically
low totals, which indicate the presence of volatile com-
ponents (OH�, O2�, F, Cl) (Ionov et al. 1997). Feldspar,
both interstitial and that replacing (together with sec-
ond-generation Ol, Cpx and Spl) phlogopite and
amphibole is alkali-rich regardless of its textural posi-
tion, with 5–8% Na2O and 0.5–7% K2O (Table 3). The
CaO contents range broadly (0–9%) but usually are low.
Importantly, no Ca-rich plagioclase has been found.
Feldspar analyses usually yield high TiO2 and FeO,
which in some cases may be related to micro-inclusions
of (Fe,Ti)-rich oxides. Ilmenite, armalcolite and rutile
have been identified among the small number of oxide

Fig. 10 Plots of Mg#Ol vs.
Cr#Spl Cr/(Cr+Al)at (a) and
Al2O3 (wt.%) in Cpx (b) in
mantle spinel peridotites.
Symbols are same as in Fig. 7.
Data sources in addition to
those in Figs. 4, 5, 6, 7, 8, 9
are: cratons, Zheng et al.
(2001); continental off-craton
areas, Ionov et al. (1992a,
1995a, 1995b), Smith (2000),
Zhang et al. (2000), and Xu
et al. (2003); ocean islands,
Hauri and Hart (1994),
Grégoire et al. (2000), and
Neumann et al. (2002); abyssal
peridotites, Johnson et al.
(1990), Dick and Natland
(1996), Niida (1997), and Ross
and Elthon (1997)
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grains analysed in this study. Overall, the mineral
associations and compositions of the feldspar–Ti-oxide
assemblage do not appear to be different from those in
other mantle xenolith suites in southern Siberia, in
which this type of mantle metasomatism is widespread
(Ionov et al. 1995b, 1999; Kalfoun et al. 2002).

Temperature (T) and pressure (P) estimates

Equilibration temperatures estimated from the EPMA
using the Ca-in-opx method of Brey and Köhler (1990)
range from 870�C to 1,020�C (Table 1). Fertile xenoliths
(Cr#Spl <0.2) yield highest T estimates (964–1,010�C). T
values are negatively correlated with Cr#Spl (Fig. 13)
indicating that refractory peridotites tend to be ‘colder’.
Assuming that temperature regularly increases with
depth, the proportion of refractory rocks must be higher
in the shallow CLM. The fertile peridotites may be ab-
sent from the depth range corresponding to T-range
870–950�C.

The depth of origin for the xenoliths cannot be esti-
mated directly because of the lack of reliable barometers
for spinel peridotites. The absence of garnet in fertile
Tok lherzolites at �1,000�C indicates that equilibration
pressures for those rocks do not exceed 18 kbar (Brey
and Köhler 1990; Ionov et al. 2005 and references
therein) and hence their depth of origin is £ 60 km.
Because the fertile rocks appear to be the deepest among
the Tok xenoliths, all of them may have been brought up
from depths £ 60 km. The presence of metasomatic
feldspar in some Tok xenoliths does not mean that those
rocks are shallow plagioclase facies peridotites because
the feldspar is alkali-rich (Table 3) and hence distinct
from the Ca-rich plagioclase in peridotite massifs, as
discussed earlier by Ionov et al. (1995b) for xenoliths
from southern Baikal region. Moreover, the feldspar
usually occurs locally in small interstitial aggregates and
breakdown products of amphibole and phlogopite but
does not replace primary spinel (Fig. 3a, b, d, e).

The lowest T estimates for the Tok xenoliths
(�880�C) are identical to those obtained using the same

Fig. 11 Plots of Cr#Spl vs.
Na2O (a) and TiO2 (b) in Cpx
(wt.%) from mantle spinel
peridotites. Data sources are
same as in Fig. 10. Two
populations of coarse Cpx are
plotted for Tok xenoliths
9508-40, 9510-2 and 9510-19;
each pair of points is connected
with thin grey lines in (a). High
Na2O and low to moderate
TiO2 contents are common in
Tok Cpx

Fig. 12 Plots of Na2O vs. TiO2

(a) and Cr2O3 (b) in Cpx (b)
from mantle spinel peridotites.
Symbols and data sources are
same as in Fig. 10. Also shown
in (b) is a field for Cpx micro-
phenocrysts in silicate glass
pockets in mantle xenoliths
(Ionov et al. 1994; Chazot et al.
1996; Neumann and Wulff-
Pedersen 1997; Vannucci et al.
1998; Laurora et al. 2001; Bali
et al. 2002). Arrows show
melting trends for abyssal
peridotites (Hellebrand et al.
2001) and those inferred for
‘fluid’ (high Na, low Ti) and
‘melt’ (Ti-rich, low to
moderate Na) metasomatism
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method for spinel peridotite xenoliths in late Cenozoic
volcanic rocks south of the Siberian craton: Vitim
(Fig. 1a) and Tariat in central Mongolia (Ionov et al.
1998, 2005). Geothermal gradients and lithospheric
sections for these two sites are well established from P–T
data on garnet-bearing xenoliths. If the geothermal
gradient in the uppermost Tok CLM is similar, the Tok
xenoliths may come from the depth range 40–60 km.
One should keep in mind however that magmatic un-

derplating in the Tok CLM, which produced cumulate
and composite xenoliths, may have perturbed the geo-
thermal gradients.

Trace element compositions of whole-rock peridotites

The whole-rock solution ICPMS analyses for ten xeno-
liths are given in Table 2 of ESM. Fertile lherzolites
have nearly flat REE patterns (normalized to primitive
mantle, PM), with heavy to medium REE abundances
close to PM values (Fig. 14a). Refractory Tok perido-
tites have much lower HREE (0.1–0.4 times PM) indi-
cating higher rates of melt extraction and show a
gradual increase in less compatible REE. The shapes of
their REE patterns differ significantly, with La/YbPM
ranging from 2 to 40 (Fig. 14a). Five out of seven
LREE-enriched xenoliths have strong negative anoma-
lies of high field strength elements (HFSE: Ti, Zr, Hf,
Nb) (Fig. 14b) and contain >0.1% of modal phos-
phates. Such features are usually attributed to ‘‘car-
bonatite-type’’ metasomatism (see Ionov et al. (2002) for
references and discussion).

The host lava has no negative HFSE anomalies but
shows a Nb spike (Fig. 14a). The low HFSE in many
xenoliths and big differences in trace element ratios (as
well as K/Na and K/P from XRF data) with the host
basalt rule out significant entrapment of host magma
before or during the eruption. Hence, the fine-grained
interstitial materials (including feldspar, Ti-rich oxides,
phosphates) were formed by metasomatism of the peri-
dotites before they were captured by the magma. The
variety of trace element patterns in the peridotites indi-
cates that the rocks experienced different degrees of
enrichment by a range of metasomatic media.

Discussion

We focus on the following topics: (1) the creation of a
protolith for the Tok CLM by melt extraction from
fertile mantle, (2) the role of partial melting and later

Fig. 13 Equilibration temperatures (T) after Brey and Köhler
(1990) plotted versus Cr#Spl. The refractory peridotites tend to
have lower equilibration T’s and hence may be more common at
lower depths than the fertile peridotites

Fig. 14 a, b Primitive mantle-normalized (Hofmann 1988) REE (a)
and multi-element (b) abundance patterns of six representative LH
series xenoliths and host basalt. The refractory xenoliths are
enriched in LREE but have different patterns indicating different
styles and degrees of metasomatism. Distinct element patterns and
ratios in the xenoliths and the host basalt rule out significant
contamination of the xenoliths with the host magma
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events in the origin of Tok peridotites, and (3) hetero-
geneity of the CLM beneath the Siberian craton.

Effects of metasomatism on modal and chemical
compositions

We first seek to identify Tok xenoliths affected by
metasomatism and constrain modal and chemical com-
positions of the initial melting residues. As noted above,
Al2O3 may be the least affected among the major oxides
by post-melting events, like precipitation of late-stage
Cpx and phosphates. Nearly all Tok xenoliths plot close
to experimental melt extraction trends and the Horoman
field on the Mg-Al plot (Fig. 5a). By contrast, some
refractory Tok xenoliths have higher Cpx at similar
modal olivine (Fig. 4a) and higher Ca/Al at similar
Al2O3 (Fig. 7b) than Horoman and cratonic peridotites
apparently due to the significant late-stage Cpx. Fur-
thermore, several Tok xenoliths have Fe-enrichments in
olivine (Fig. 10a) and bulk rocks (Figs. 5b, 7a) relative
to melting residues and the Horoman peridotites.
Importantly, the enrichments in Fe (and Mn) do not
always match those in modal Cpx and high Ca/Al and
hence may result from different metasomatic events (cf.
Fig. 7a, b). Sample 9510-16 is enriched both in Cpx and
FeO but xenoliths 9505-3 and 9501-13 with relatively
high modal Cpx (Fig. 4a) and Ca/Al (Fig. 7b) do not
show significant enrichments in iron (Figs. 5b, 7a). By
contrast, samples 9508-3 (Fig. 3c) and 9502-6 are en-
riched in iron but have moderate Cpx and Ca/Al.

Some other petrographic and chemical data confirm
that the metasomatism was a complex, multi-stage
process with a range of melt/fluid compositions. Cpx in
many refractory Tok samples has a slightly to moder-
ately high Ti relative to melting trends (Hellebrand et al.
2001), abyssal peridotites and many cratonic peridotites
(Fig. 11b). Highest TiO2 are in Cpx from phlogopite-
bearing xenoliths and those enriched in iron. The com-
monly high Na2O in Tok Cpx (well above those for
abyssal peridotites at similar CrSpl, Fig. 11a) was cer-
tainly produced by metasomatism, but the enrichments
in Na do not correlate with those in Fe and Ti
(Fig. 12a). Several xenoliths contain Cpx populations
with different Na2O (Figs. 3h, 11a). Moreover, a com-
bination of high Na and Cr contents, typical of Tok Cpx
(Fig. 12b), is not likely to be a result of equilibration
with any known type of mantle-derived magmatic liquid.
For example, Cpx micro-phenocrysts in pockets of Na-
rich glass in many mantle xenolith suites have low to
moderate Na2O (<1.2%, Fig. 12b), consistent with low
Cpx/melt partition coefficients for Na at low pressures
(Blundy et al. 1995; Hellebrand and Snow 2003; Tak-
azawa et al. 2000; Walter 2003). Hence, the high Na2O
in Tok Cpx appear to be related to metasomatism by
Na-rich fluids rather than melts. We conclude that some
residual Tok peridotites first experienced percolation of
various evolved liquids, which caused precipitation of
Cpx, hydrous minerals and enrichments in Fe, Mn and
Ti. Those events were followed by alkali-rich fluid
metasomatism, which affected Cpx and produced feld-
spar- and phosphate-bearing interstitial materials and
strong LREE enrichments.

Partial melting in the Tok CLM

Modal and chemical data on residual peridotites shed
light on partial melting events that depleted the ‘fusible’
components in the primordial mantle. The degree and
the character of the depletion are mainly controlled by
melting conditions, which in turn are related to the
lithospheric ages and tectonic settings (Pearson et al.
2003; Walter 2003). A characteristic feature of the an-
cient cratonic mantle worldwide is that it is strongly
depleted in ‘basaltic’ components.

Apart from metasomatic effects constrained in the
previous section, the abundances of Cpx, major oxides
and the compatible to moderately incompatible elements
in the majority of Tok xenoliths, as well as olivine
compositions, vary systematically with variations in
modal olivine, MgO and Mg# (Figs. 4, 5, 6, 7, 8, 9, 14a).
Such relationships are commonly seen as evidence that
the peridotites formed as residues after variable degrees
of partial melting and melt extraction from fertile
lherzolite sources. The Tok xenoliths usually plot on
major oxide plots (Figs. 5, 6, 7) close to evolution lines
for residues of polybaric fractional melting at low to
moderate pressures ( £ 3 GPa) (Niu 1997; Walter 2003;
Herzberg 2004) and fall within the compositional field of

Fig. 15 A plot of Mg#Ol versus modal olivine (‘‘Boyd diagram’’)
for Tok LH series xenoliths. Also shown are peridotites from
Udachnaya in central Siberian craton (Boyd et al. 1997) and
xenoliths in basalts from central Asia (see Fig. 10 for data sources).
Solid black lines are batch partial melt extraction residues from
fertile peridotite (FP) at 0.5–7 GPa (Walter 1999, 2003)
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the Horoman peridotites inferred to have been derived
by polybaric melting at 2.5–0.4 GPa (Takazawa et al.
2000). The Tok xenoliths also fit model residues of batch
melting at 1–3 GPa (Walter 1999, 2003) on plots of
MgO versus FeO (Fig. 5b) and of modal olivine vs.
Mg#Ol (Fig. 15).

Further constraining the melting conditions of the
Tok peridotites may be difficult due to the variable Fe-
enrichments and because the melting may have taken
place at a range of depths. It is essential, however, that
the experimental data clearly indicate relatively low
melting pressures (1–3 GPa), which contrast sharply
with much higher values (>3 GPa) inferred for kim-
berlite-hosted peridotites from central Siberian craton
(Fig. 15) and South Africa (Walter 2003; Herzberg
2004). Differences with other cratonic sites and similar-
ities with off-craton mantle are also evident from major
element compositions of minerals, e.g. on plots of Mg#Ol

versus Cr#Spl or Al2O3 in Cpx (Fig. 10). Thus, the
melting conditions for the Tok suite may have been
similar to those for peridotite massifs and xenoliths from
continental off-craton regions and oceanic islands.
Higher proportion of refractory peridotites in the Tok
LH series than in most off-craton suites implies higher
melt extraction rates (up to 25–40%; Herzberg 2004).
Collectively, the petrographic, modal and chemical data
on Tok xenoliths, together with experimental results,
indicate that their protoliths were produced by melt
extraction at low ( £ 3 GPa) pressures.

Compositional variations in the lithospheric mantle
in central and northern Asia

Early Russian data on peridotite xenoliths from the
Anabar block (Sobolev 1977; Spetsius and Serenko
1990; Ukhanov et al. 1988) indicated broad similarities
between the CLM in the Siberian and Kaapvaal cratons,
like a combination of high Mg# and low Mg/Si. These
similarities were further demonstrated using geochemi-
cal data on peridotite xenoliths from Udachnaya (Boyd
et al. 1997; Pearson et al. 1995). By contrast, many re-
cent xenolith studies worldwide documented significant
chemical and modal differences between peridotite suites
from different cratons as well as within individual cra-
tons (e.g. Bernstein et al. 1998; Kelemen et al. 1998;
Kopylova and Russell 2000; Pearson et al. 2003; Sch-
midberger and Francis 1999). Studies of mineral con-
centrates from several Yakutian kimberlite fields have
outlined compositional variations also within the CLM
in the Anabar block (Griffin et al. 1999).

Because refractory peridotites are dominant among
the Tok xenoliths, they are similar in this regard to
cratonic xenoliths from central Siberia and elsewhere
(Boyd et al. 1997; Pearson et al. 2003). On the other
hand, the Tok LH series rocks have lower Mg# and less
variable (but typically lower) modal Opx than coarse
peridotites from Udachnaya and other kimberlites in
central Siberia and plot close to the ‘oceanic’ melting

trend on the ‘‘Boyd diagram’’ (Fig. 15). The refractory
Tok peridotites also have higher MnO in olivine and
usually higher modal Cpx than the Udachnaya xeno-
liths. Even though some of the latter contain late-stage
interstitial Cpx (Boyd et al. 1997), its abundances are
normally lower than in the Tok xenoliths (Fig. 4a).
Overall, the data on the Tok xenoliths indicate signifi-
cant differences in modal and chemical composition
between the CLM in central and south-eastern parts of
the Siberian craton. On the other hand, the Tok peri-
dotites are generally more refractory (and have higher
Na in Cpx) than off-craton xenolith suites from nearby
southern Siberia and Mongolia (Figs. 4, 5, 6, 7, 10, 11,
12).

The protolith for the Tok xenoliths may have formed
in the late Archean-Paleoproterozoic if the CLM be-
neath Tok has been coupled with the overlying crust
since its origin. Compared to xenoliths from the older
(Paleozoic–Mesozoic) kimberlites in the central Siberian
craton, the xenoliths from Tok (hosted by late Cenozoic
basalts) may bear evidence of Mesozoic–Cenozoic
events in the CLM, e.g. those related to subduction in
the Pacific oceanic basin in the east. The apparent lack
of the cratonic keel and the widespread petrographic and
chemical signatures of metasomatism in the Tok CLM
may be related to those recent events.

The Siberian craton is commonly considered as a
single unit, and tectonic reconstructions usually assume
that the Aldan shield has been part of the craton at least
since 2 Ga (Condie and Rosen 1994). However, some
new paleomagnetic data as well as a re-assessment of
earlier work (Kravchinsky et al. 2001; Smethurst et al.
1998) indicate that SE Siberia was rotated �20� relative
to central Siberia along the Vilyui basin (Fig. 1a) in mid-
Paleozoic, and that there’s not enough reliable data to
establish exactly pre-Devonian path of the Anabar
block. Given the uncertain tectonic contiguity of the
craton, as well as differences in the Precambrian and
Phanerozoic geologic history (Rosen et al. 1994), there is
no reason why the composition of the CLM in the SE
and northern parts of the Siberian craton should be
identical. Furthermore, the CLM within the Aldan-
Stanovoy and Angara blocks (Fig. 1a) may be hetero-
geneous as well because they formed by amalgamation
of smaller terranes (e.g., Pisarevsky and Natapov 2003).

Summary of conclusions

1. Peridotite xenoliths in Cenozoic basalts from Tok are
the only known suite of basalt-borne mantle samples
from the Siberian craton. The extensive and detailed
petrographic, modal and chemical results on those
xenoliths produced in this study provides the first
comprehensive dataset on the CLM in the Aldan–
Stanovoy block of the craton and shows significant
differences with the CLM beneath the central and
northern parts of the craton (Anabar block).
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2. The absence of garnet and plagioclase facies perido-
tites among the Tok xenoliths as well as comparisons
with well-established P–T gradients for nearby off-
craton sites, indicates the provenance from a depth
range 40–60 km, i.e. within the shallow, uppermost
CLM. Equilibration temperatures of the Tok peri-
dotites (870–1,020�C) are much higher than at similar
depths in the central Siberian craton indicating either
a much thinner lithosphere or massive recent under-
plating of basaltic melts in the shallow mantle, which
perturbed the local geotherm. The CLM in the Tok
area almost certainly has no cratonic keel, which ei-
ther never existed or has been delaminated. The CLM
beneath Tok may be chemically stratified because
fertile peridotites appear to occur only in the deeper
part of the lithospheric section.

3. The lherzolite–harzburgite series rocks are most
common among the Tok xenoliths and appear to
represent mantle wall-rock peridotites initially pro-
duced by partial melting. The LH series is dominated
by olivine-rich, refractory peridotites indicating that
the protolith for the uppermost CLM beneath the SE
margin of the Siberian craton was created by high
degrees of melt extraction (up to 25–40%) from a
fertile source. In that regard, the Tok xenolith suite is
typical of the CLM beneath cratons and distinct from
adjacent off-craton mantle domains.

4. Modal and major oxide compositions of the Tok
peridotites are consistent with an origin by partial
melting at generally lower pressures ( £ 3 GPa) than
those inferred for kimberlite-hosted xenoliths from
the central Siberian craton. Furthermore, the Tok
xenoliths do not have high modal orthopyroxene and
low Mg/Si values common for peridotites from cen-
tral Siberian craton. Altogether, our data indicate
large-scale modal and chemical heterogeneities of the
CLM beneath the Siberian craton, possibly related to
differences in formation conditions, geologic history
and tectonic settings.

5. The initial melting residues in the Tok CLM were
extensively metasomatized by different media.
Evolved silicate melts produced enrichments in Fe
and replacement of orthopyroxene by clinopyroxene
while fluid-related metasomatism is indicated by
strong enrichments in Na. The metasomatism may be
related to the position near the margin of the craton
affected by large-scale tectono-magmatic events in the
Mesozoic and Cenozoic.
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