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Abstract

Peridotite xenoliths from the Bereya alkali picrite tuff in the Vitim volcanic province of Transbaikalia consist of garnet
lherzolite, garnet–spinel lherzolite and spinel lherzolite varieties. The volcanism is related to the Cenozoic Baikal Rift. All
peridotites come from pressures of 20–23 kbar close to the garnet to spinel peridotite transition depth, and the presence of
garnet can be attributed to cooling of spinel peridotites, probably during formation of the lithosphere. The peridotites show
petrographic and mineral chemical evidence for infiltration by an alkaline silicate melt shortly before their transport to the
Earth’s surface. The melt infiltration event is indicated petrographically by clinopyroxenes which mimic melt morphologies,
and post-dates outer kelyphitic rims on garnets which are attributed to an isochemical heating event within the mantle before
transport to the Earth’s surface. Single-mineral thermometry gives reasonable temperature estimates of 1050"508C,
whereas two-mineral methods involving clinopyroxene are falsified by secondary components in clinopyroxene introduced
during the melt infiltration event. Excimer Laser–ICP-MS analysis has been performed for an extensive palette of both
incompatible and compatible trace elements, and manifests the most thorough dataset available for this rock type.
Orthopyroxene and garnet show only partial equilibration of trace elements with the infiltrating melt, whereas clinopyroxene
and amphibole are close to equilibration with the melt and with each other. The incompatible element composition of the
infiltrating melt calculated from the clinopyroxene and amphibole analyses via experimental mineralrmelt partition
coefficients is similar to the host alkali picrite, and probably represents a low melt fraction from a similar source during rift
propagation. The chemistry and chronology of the events recorded in the xenoliths delineates the series of events expected
during the influence of an expanding rift region in the upper mantle, namely the progressive erosion of the lithosphere and
the episodic upward and outward propagation of melts, resulting in the evolution of the Vitim volcanic field. q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Garnet peridotites form the dominant rock type in
cratonic mantle xenolith suites brought to the Earth’s

) Corresponding author

Ž .surface by kimberlites Dawson, 1980; Harte, 1983 ,
but are very rare in non-cratonic xenolith suites
hosted by alkali basaltic volcanics. This presumably
indicates that the generation of alkali basalts and
basanites, which are the host lavas to most non-

Žcratonic spinel lherzolite xenolith suites Menzies,
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.1983 is too shallow to sample garnet peridotites,
and that exceptional tectonic circumstances are re-
quired to permit sampling in the garnet stability
field.

Examples of non-cratonic garnet peridotites which
have been described to date appear to occur either in
a behind-arc setting entrained in volcanics triggered
by asthenospheric upwelling in response to subduc-
tion, such as those at Mingxi and Xilong in south-

Ž .eastern China Cao and Zhu, 1987 and at Pali Aike
Žin southern South America Skewes and Stern, 1989;

.Stern et al., 1989 , or they occur in rift-related
volcanic settings on the flanks of continental rifts,
such as the Vitim Plateau in Transbaikalia, eastern

Ž .Siberia Ionov et al., 1993 and at the Jetty Peninsula
on the flanks of the Lambert–Amery rift in eastern

ŽAntarctica Andronikov, 1990; Andronikov et al.,
.1998 .

Cratonic peridotite xenoliths sampled by kimber-
lites generally represent very old lithospheric mantle
Ž .Pearson, 1998 , whereas xenoliths in non-cratonic
volcanic provinces represent younger lithospheric

Ž .mantle domains Menzies, 1990 . Consequently,
studies of non-cratonic garnet facies xenoliths hosted
in basaltic rocks furnish direct information about the
composition of lower levels of the lithospheric man-
tle away from the cratons and allow us to compare
the two xenolith suites and recognise any differences
in the development of the lithospheric upper mantle
through time.

In this report we present petrographic and mineral
Žchemical details in situ major and trace element

.analyses of newly collected peridotite xenoliths from
the Vitim plateau, Eastern Siberia. These peridotites
experienced infiltration by melts similar to the host
alkali picrites shortly before they were brought to the
Earth’s surface, and thus represent a case of rift-re-
lated metasomatism of garnet peridotites.

2. Geological setting

The Vitim volcanic province is located about 200
Ž .km east of Lake Baikal Fig. 1 close to the Vitim

and Dzhilinda rivers. The magmatic activity in this
area is associated with the thinning of the lithosphere
and the rifting process in the Baikal rift zone, and is

Ž .summarized by Kiselev 1987 . Spinel lherzolite
xenoliths have been described from several localities

Ž .such as Bartoy Ionov et al., 1992 and the
ŽShavaryn–Tsaram volcano in the Tariat field Press

. Ž .et al., 1986; Stosch et al., 1986 Fig. 1 , but garnet-
bearing peridotites are known only from the Vitim
plateau.

Seismic, electrical conductivity and density data
indicate that the Baikal rift zone is underlain by
anomalous mantle; the seismic velocity at the Moho
discontinuity is 0.5 kmrs less than under the Siberian

Ž .platform Zorin, 1981 . It is debated whether the
rifting in this region is due to active upwelling of the

Žasthenosphere Zorin, 1981; Logatchev and Zorin,
. Ž .1992 or is passive Kiselev and Popov, 1992 . The

Baikal Rift was initiated by a change in the intra-plate
stress regime of this area as a result of the collision
of India and Eurasia in Eocene times, and has devel-
oped over the last 30 Ma. The lithosphere beneath
the Vitim volcanic field is about 100–125 km thick,
and thins rapidly to the northwest, forming the south-
easterly flank of the expression of the Baikal Rift in

Ž .the upper mantle Fig. 1 .
Volcanism in the Vitim plateau area started with

the eruption of alkali olivine basalts in the Miocene
and continued through the eruption of Quaternary
basanites and hawaiites. The samples studied here
are from a single occurrence of Miocene alkali pi-
critic tuffs at the Bereya quarry, which is the locality

Ž .referred to by Ionov et al. 1993 as the ‘‘tuff pit’’.
The Bereya quarry is located towards the eastern
edge of the Vitim province, and a KrAr age of 16.3

Ž .Ma is reported by Esin et al. 1995 for the host
alkali picrite tuff. Due to the abundance of garnet
peridotites the Bereya quarry is unique even within
the Vitim area: garnet or garnet–spinel bearing vari-
eties make up about 80% of the lherzolite xenoliths.

3. Petrography and mineral chemistry

Most of the xenoliths were collected from the
Romanovka–Bagdarino road and others directly from
the Bereya quarry from which the road material was

Ž .excavated. Ionov et al. 1993 remarked that the
Vitim peridotites show little evidence for metaso-
matic enrichment, although they focused their atten-
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Ž .Fig. 1. Geological setting of the Vitim volcanic province showing positions of volcanic fields black areas associated with the Baikal Rift
Ž .and contours of depths to the base of the lithosphere as defined by Zorin et al. 1989 . Large towns are shown in italics. The Bereya

Ž .alkali-picrite garnet peridotite xenolith locality lies at the eastern edge of the Vitim volcanic field ‘‘tuff pit’’ locality in Ionov et al., 1993 .

Ž .tion on rare large samples up to 30 cm in a study
aimed at comparing the least metasomatised garnet
peridotites from cratonic and non-cratonic regions.
We have investigated the more common smaller
samples, which have an average size of 5–6 cm, and

Ž .can be subdivided into several groups: 1 garnet
Ž . Ž .lherzolites, 2 garnet–spinel lherzolites, 3 spinel

Ž .lherzolites, and 4 pyroxenites. Amphibole- and phl-
ogopite-bearing examples of all groups except the
garnet peridotites are represented in our collection.
We have concentrated on the lherzolite xenoliths;
information on the variable and extensive pyroxenite
suite and on other xenolith types such as megacrysts

Žand granulites is given elsewhere Ashchepkov et al.,
1994; Andre and Ashchepkov, 1996; Litasov and´

.Litasov, 1999 . Seven xenoliths were selected as
representatives of the peridotite groups for in situ
trace element analysis by Laser–ICP-MS. The fol-
lowing description of petrographic and mineral

chemical features is based on these selected samples
but is representative of the suite as a whole.

3.1. Petrographic features of the Bereya peridotites

The xenoliths of the peridotite groups consist of
variable amounts of olivine, orthopyroxene and

Žclinopyroxene 4–21 vol.% with the exception of
one harzburgite sample, determined by point count-

.ing; Fig. 2, Table 1 . This confirms the observation
Ž .of Ionov et al. 1993 that the peridotites vary be-

tween depleted and fertile compositions, whereby
fertile compositions are much commoner than in
most mantle regions, including garnet lherzolites

Žfrom cratonic regions Boyd, 1989; Boyd et al.,
.1997; Rudnick et al., 1994 and spinel lherzolites
Žfrom non-cratonic regions Frey and Prinz, 1978;

.Bernstein et al., 1998 . Minor phases include garnet
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Fig. 2. Modal mineralogy of xenoliths from Bereya compared to
Ž .Kaapvaal garnet lherzolites open circles; Nixon, 1987 and de-

Žpleted spinel lherzolites from Wiedemann, West Greenland shaded
.field; Bernstein et al., 1998 showing the higher abundance of

Žclinopyroxene in the Bereya samples filled symbols: circless
garnet peridotites, squaressgarnet spinel peridotites, triangless

.spinel peridotites .

Ž . Ž .2–12 vol.% andror spinel 0.3–1.3 vol.% , and
many rocks contain rare phlogopite andror amphi-

Ž .bole generally less than 1 vol.% . However, our
suite does not contain the amphibole–phlogopite

Ž .veins described by Ionov et al. 1993 , presumably
due to the smaller size of the samples.

Ž .We retain the nomenclature of Ionov et al. 1993
in reserving the term garnet peridotite for rocks
which contain only spinel as inclusions in garnet,
whereas garnet–spinel peridotites also contain larger

Table 1
Mineral modes in Bereya peridotites
Modes are given in vol.% as determined by point counting in thin
section. Trace element analyses are available for samples marked
with an asterisk.

Sample Ol Opx Cpx Gt Sp Amph Phl

SF-93102 56.6 24.7 16.0 2.1 0.7
SF-93193 53.2 30.3 13.1 1.7 0.7
SF-93200 63.6 22.0 9.6 2.0 0.8
SF-93207 55.7 22.5 10.0 11.8 -0.35
SG-96B14 52.2 24.6 20.6 2.6 0.7
SF-93112 75.2 19.7 4.1 0.9
SF-93118 63.1 14.7 19.7 1.1

USG-96B11 68.7 28.2 0.5 1.3 0.8 0.5
USF-93163 63.5 15.4 13.3 6.6 -0.4
USF-93205 71.1 12.4 11.2 5.4

SF-93182 55.2 17.3 16.9 8.9 -0.4 1.3
USG-96B13 57.1 26.7 13.6 1.9 0.3 0.5

Ž .spinel grains outside garnet. Ionov et al. 1993
showed by reference to a composite xenolith that this
distinction may be due largely to differences in bulk
composition and not to depth of origin. Textural
relations are compatible with the formation of garnet
by the reaction

spinelqclinopyroxeneqorthopyroxene

™garnetqolivine

which is often documented by inclusions of the
reactant minerals within garnet, and the restriction of
spinel to inclusions within garnet in the garnet peri-
dotites. Early and late stages of the reaction have
also been found in Bereya samples.

Ž .Fig. 3. Photomicrographs of the Bereya lherzolite xenoliths. a Typical texture of lherzolites showing elongate grains with equilibrium 1208

Ž .triple junctions. Photo widths4.5 mm. b Sheared spinel lherzolite with porphyroclasts of olivine, orthopyroxene and clinopyroxene in
mosaic matrix of the same minerals which lacks the strong preferred orientation typical of sheared xenoliths in kimberlites. Photo

Ž . Ž .widths4.5 mm. c Phlogopite-bearing lherzolite contrasting the textures of the two clinopyroxene generations. The first Cpx-1 forms
approximately equant grains 0.2–2 mm across and is interpreted as an integral part of the lherzolite prior to melt infiltration. Grain

Ž .boundaries are often concave against olivine and orthopyroxene. The second generation Cpx-2 forms optically continuous crystals filling
Ž .interstitial passageways between several crystals of the original lherzolite. A late recrystallised rim 10–100 mm wide occurs on both

Ž . Ž .generations. Photo widths4.5 mm. d Infiltration and breakdown textures in garnet lherzolite. Garnet Gt grains and subgrains are reacted
Ž . Ž .to form a thin brown kelphitic rim Kp . Second generation Cpx Cpx-2 forms interstitial networks around other minerals and has thin

Ž .recrystallised rims cr interpreted as being formed by decompression breakdown during ascent to the Earth’s surface. Photo widths4.5
Ž .mm. e Clinopyroxene interstitially occupying a triple junction between olivine and opx forming apparent dihedral angles much too small

for textural equilibrium between these minerals. Circular structures are ablation pits from LAM–ICP-MS analysis of 40–80 mm diameter.
Ž . Ž . Ž .Photo widths0.55 mm. f Larger area including the area of e upper left showing that cpx surrounds earlier minerals and replaces melt

morphology. Photo widths1.1 mm.
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The textures of the peridotites are similar to the
typical protogranular type of spinel peridotites from

Ž .alkali basalts Mercier and Nicolas, 1975 , with gar-
net forming irregular grain shapes. Crystals generally
have straight or gently curved boundaries and show
only little evidence of strain in the form of undulose

extinction. Typical grain sizes for olivine and or-
thopyroxene are 2–4 mm, for spinel approximately
0.2 mm, whereas garnet ranges in size from 0.5 up to
6.5 mm. Olivine often forms elongated prismatic
grains resulting in a weak preferred orientation, al-
though even here triple-grain junctions approach 1208
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Ž .angles Fig. 3a . An exception is sample SF-93162
which shows a strongly deformed porphyroclastic
mosaic texture consisting of a fine-grained matrix of
recrystallized olivine, orthopyroxene and clinopyrox-
ene surrounding porphyroclasts of the same phases
Ž .Fig. 3b . This xenolith contains veins of glass prob-
ably resulting from contact with the ascending
magma.

Amphibole appears only in spinel–harzburgite
sample SG-96B11 and in the pyroxenite SF-93803.
In sample SF-93803 amphibole forms a vein through
the xenolith and is surrounded by a thin mosaic rim
of orthopyroxene and olivine, whereas in sample

ŽSG-96B11 it appears as well-rounded inclusions up
.to 200 mm in all lherzolite mineral phases. Phlogo-

Žpite-bearing examples of both garnet–spinel SG-
. Ž .96B13 and spinel lherzolites SG-96B11 have been

Ž .studied. Phlogopite occurs as large 2–3 mm sube-
Žquant to elongate strongly pleochroic crystals Fig.

.3c often with glass on grain boundaries, particularly
in contact with orthopyroxene.

Clinopyroxene occurs as two texturally distin-
guishable generations. The first consists of approxi-

Žmately equant grains 0.2–2 mm across Cpx-1 in
.Fig. 3c , many of which appear xenomorphic due to

grain boundaries which are concave towards the
Ž .clinopyroxene Fig. 3c, centre . The second genera-

tion consists mostly of long irregular crystals which
form optically continuous interstitial networks be-
tween several other mineral grains; these may be
continuous over 2 cm in section or surround several

Žsurfaces of olivine or garnet crystals Cpx-2 in Fig.
.3c,d,f . Clinopyroxenes of both generations usually

have thin reacted rims consisting of recrystallised
Ž .clinopyroxene and glass Fig. 3c and d ; these occur

irrespective of the identity of the neighbouring grain,
and were probably produced within the host magma
during transport to the Earth’s surface.

Garnets exhibit two types of reaction corona, a
ubiquitous, microscopically amorphous brown rim
Ž .Kp-1; Fig. 3d reminiscent of kelyphites in garnet
lherzolites and garnet megacrysts in kimberlites, and
a very fine-grained intergrowth of clinopyroxene,

Ž .orthopyroxene and greenish spinel Kp-2 forming a
reaction zone generally not more than 50 mm wide.
The first type is present also on subgrain boundaries,
whereas the second occurs discontinuously on outer
rims of garnets in contact with other silicate phases.

The reaction forming Kp-2 is the reverse of the
garnet-building reaction and may be isochemical, in
contrast to the kelyphite-forming reaction in many
peridotites entrained in kimberlites, which appear to
require the introduction of a metasomatic component
Ž .Hunter and Taylor, 1982 . Kp-2 occurs outside Kp-1
and rarely between Kp-1 and the recrystallised rims

Ž .of clinopyroxenes cr in Fig. 3d .
Some textural features of the second generation

clinopyroxenes may be explained by the infiltration
of melt into the peridotites within the mantle. The
irregular shapes of Cpx-2 with extreme aspect ratios
Ž . Ž .Fig. 3c,d,f and very low contact angles -408

between Cpx-2 and olivine andror orthopyroxene
Ž .Fig. 3e indicate the crystallisation of Cpx-2 in
space previously occupied by a melt: the morphol-
ogy of Cpx-2 and the low apparent dihedral angles
resemble those of melt pockets in partially molten

Ž .ultramafic rocks Faul, 1997; Cmıral et al., 1998 .´
Dihedral angles such as in Fig. 3e are far too small
to represent equilibrium contact angles between sili-
cate minerals; measurements on a similar occurrence
in the Inagli dunite of eastern Siberia show some of
these contact angles to be close to those expected for

Žolivinermelt and orthopyroxenermelt Zinngrebe et
.al., 1995 , whereas others are intermediate between

the angles expected for melt and for clinopyroxene,
indicating various degrees of subsolidus textural re-
equilibration.

3.2. Mineral chemistry

Major element compositions of minerals were
analysed by Cameca SX 51 electron microprobe at
the University of Heidelberg. Mineral compositions
correspond broadly to the observations of Ionov et

Ž .al. 1993 : major element analyses are given in
Tables 2–7 only for minerals which were also anal-
ysed for trace elements, whereas the following brief
summary is based on a larger sample set.

Olivines in the Bereya peridotites are unzoned
with forsterite contents from 89 to 91. The Mga

Ž Ž ..100 Mgr MgqFe is slightly higher in spinel
peridotites than in garnet peridotites. On a plot of

Žmodal olivine content against Mga of olivines Fig.
.4 , Bereya peridotites plot clearly in the region typi-

Žcal for fertile non-cratonic spinel lherzolites Boyd,
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Table 2
Major and trace element compositions of olivines
Major elements by electron microprobe, trace elements by LAM–ICP-MS in Tables 2–7; nsnumber of analyses averaged for the
LAM–ICP-MS data.

wt.% Gt-peridotites Gt–Sp-peridotites Sp-peridotites Pyroxenite

SF-93163 SF-93205 SG-96B13 SF-93174 SG-96B11 SF-93162 SF-93803

SiO 41.01 40.50 40.94 40.97 40.99 40.91 39.992

TiO 0.01 0.01 0.01 0.052

Al O 0.04 0.01 0.02 0.06 0.05 0.032 3

MgO 49.10 48.29 49.17 49.43 48.93 49.41 45.76
FeO 10.13 9.84 9.43 9.82 10.26 10.01 12.77
CaO 0.10 0.05 0.07 0.09 0.06 0.03 0.05
Na O 0.03 0.02 0.02 0.022

K O 0.01 0.01 0.022

Total 100.78 99.12 100.10 100.95 100.46 100.88 99.17

n 7 4 4 2 7 3 3

ppm
Cs
Rb -0.03 -0.05 -0.04 -0.06
Ba -0.09 -0.08 -0.11 0.04
Th -0.003 0.010 0.003 -0.003 0.005 -0.003 -0.003
U -0.003 0.008 -0.01 -0.003 -0.003 -0.01 0.006
Nb 0.028 -0.07 -0.05 0.008 -0.05 -0.10 -0.11
Ta 0.003 -0.02 -0.01 -0.003 -0.01 -0.02 0.005
La 0.017 0.015 0.007 0.003 -0.02 -0.02 0.009
Ce 0.047 0.099 0.028 0.008 0.067 0.06 -0.02
Pr 0.005 -0.01 -0.01 -0.003 -0.01 -0.02 -0.03
Sr 0.32 0.12 0.025 0.072 0.18 0.17 0.18
Nd 0.017 0.032 -0.02 -0.003 -0.05 -0.05 -0.09
Sm 0.007 0.035 -0.05 -0.14 -0.16 -0.23
Zr 0.090 0.073 -0.08 0.056 0.20 0.007 0.15
Hf 0.003 0.014 0.007 -0.003 0.004 -0.06 -0.06
Eu 0.004 0.013 -0.01 -0.003 0.007 -0.003 -0.02
Gd 0.005 -0.09 -0.04 -0.003 0.004 -0.12 0.014
Tb -0.003 0.007 -0.01 -0.003 -0.01 -0.02 -0.01
Dy 0.009 0.035 0.014 0.004 -0.05 -0.07 -0.12
Y 0.027 0.079 0.020 0.012 0.056 -0.04 -0.10
Ho -0.003 -0.01 -0.003 -0.003 -0.02 -0.01 0.009
Er 0.003 -0.41 -0.25 0.003 -0.12 -0.59 -0.64
Tm -0.003 -0.01 -0.003 -0.07
Yb 0.005 -0.08 0.006 0.015 -0.01 -0.09 -0.10
Lu -0.003 -0.02 -0.003 -0.003 0.015 -0.01 -0.02
Li 2.30 1.81 1.30 3.64
Sc 20.3 2.57 2.42 18.4 3.12 2.33 2.20
V 6.92 8.01 5.36 6.23 4.83 4.52 4.26
Cr 184 253 132 175 220 89
Mn 990 1120 1110 870 1050 1040 1200
Co 152 168 132 95 153 181
Ni 2840 3230 2640 2340 2720 2930 3550
Cu 0.89 2.32 1.38 3.44
Zn 116 155 159 97 168 130 238
Ga 0.63 1.01 0.55 0.86 0.90 1.41
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Table 3
Major and trace element analyses of orthopyroxene

wt.% Gt-peridotites Gt–Sp-peridotites Sp-peridotites Pyroxenite

SF-93163 SF-93205 SG-96B13 SF-93174 SG-96B11 SF-93162 SF-93803

SiO 55.07 54.94 55.37 54.73 54.82 54.91 54.002

TiO2 0.17 0.12 0.17 0.17 0.18 0.32 0.46
Al O 4.33 4.01 4.02 5.27 3.72 3.92 4.692 3

MgO 32.87 32.33 32.85 31.95 33.22 32.34 30.57
FeO 6.45 6.10 6.02 6.47 6.16 6.64 8.59
CaO 0.94 0.96 0.83 1.23 0.73 0.85 0.81
Na O 0.21 0.18 0.15 0.18 0.10 0.23 0.552

K O 0.01 0.01 0.01 0.012

Total 100.66 99.34 100.19 100.82 99.50 99.94 100.15

n 3 3 2 4 3 2 2

ppm
Cs
Rb -0.03 -0.18 -0.03 -0.28
Ba -0.06 -0.65 -0.08 -0.71
Th -0.003 -0.01 -0.04 0.003 -0.02 -0.02 -0.01
U -0.003 -0.01 0.004 -0.003 -0.04 -0.02 -0.01
Nb 0.039 0.12 -0.20 0.106 0.46 0.13 0.073
Ta -0.003 0.006 -0.03 -0.003 0.017 -0.02 -0.01
La 0.005 -0.01 -0.003 0.012 -0.07 -0.02 -0.01
Ce 0.024 0.050 -0.03 0.061 -0.08 0.054 0.039
Pr 0.006 -0.02 -0.02 0.009 -0.03 0.042 0.011
Sr 0.35 0.21 0.38 0.55 0.72 0.41 1.24
Nd 0.046 0.14 0.045 0.059 -0.14 -0.09 0.088
Sm 0.023 0.036 -0.10 0.028 -0.24 -0.15 -0.10
Zr 1.34 0.45 1.10 1.41 11.3 1.09 5.58
Hf 0.066 0.043 0.022 0.056 0.55 0.057 0.31
Eu 0.015 -0.02 -0.03 0.014 -0.03 -0.02 0.048
Gd 0.032 -0.09 -0.16 0.025 -0.21 -0.16 0.076
Tb 0.012 -0.02 0.006 0.012 0.041 0.040 0.014
Dy 0.069 0.056 -0.10 0.073 0.14 -0.07 0.15
Y 0.31 0.19 0.19 0.36 0.45 0.13 0.50
Ho 0.011 0.019 -0.02 0.012 -0.03 -0.01 0.020
Er 0.036 -0.53 -0.69 0.045 -0.77 -0.59 -0.27
Tm 0.007 -0.03 0.008 -0.07
Yb 0.036 -0.06 -0.16 0.032 -0.11 -0.09 -0.06
Lu 0.006 0.005 -0.003 0.004 -0.02 -0.01 -0.01
Li 1.36 1.23 2.70
Sc 30.6 8.63 8.03 27.7 10.8 7.69 6.16
V 108 101 110 102 63.9 100 59.9
Cr 3650 3370 3510 3780 3860 4580 1280
Mn 960 1010 1030 910 1010 890 780
Co 62.7 68.4 56.4 55.3 55.8 53.5
Ni 810 800 880 670 790 720 730
Cu 0.97 3.55 1.04 2.52
Zn 73.8 93.8 97.6 61.1 100 68.2 91.0
Ga 6.71 6.45 6.49 5.69 6.72 9.5

.1989; Menzies, 1990 . The samples with the lowest
modal olivine contents which plot to the right of the

spinel lherzolite field in Fig. 4 are ‘‘re-fertilised’’
samples with high proportions of second-generation
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Table 4
Major and trace element analyses of clinopyroxene

wt.% Gt-peridotites Gt–Sp-peridotites Sp-peridotites

SF-93163 SF-93205 SG-96B13 SF-93174 SG-96B11 SF-93162

SiO 52.36 51.88 52.55 52.09 52.07 52.212

TiO 0.54 0.42 0.57 0.59 0.95 0.612

Al O 6.56 5.59 5.70 6.75 6.58 5.862 3

MgO 16.16 15.49 15.66 16.02 14.86 15.55
FeO 3.51 3.00 3.02 3.63 3.47 3.11
CaO 17.25 18.88 19.05 16.88 17.25 19.28
Na O 1.92 1.82 1.84 1.94 2.52 1.912

K O 0.01 0.02 0.01 0.01 0.01 0.012

Total 99.59 98.46 100.54 99.34 99.41 99.51

n 2 4 4 3 4 4

ppm
Cs -0.01
Rb 0.11 -0.06 -0.03
Ba 0.17 -0.10 0.105 0.085
Th 0.011 -0.003 0.022 0.113 0.081 0.037
U 0.005 -0.01 0.0090 0.020 0.019 0.020
Nb 0.25 0.32 0.54 1.21 1.41 0.61
Ta 0.021 0.027 0.034 0.067 0.39 0.041
La 0.68 0.084 0.92 1.87 1.55 1.25
Ce 2.73 0.84 3.79 5.44 7.82 4.36
Pr 0.56 0.24 0.69 0.84 1.56 0.82
Sr 71.5 27.5 73.4 80.6 87.4 80.8
Nd 3.55 1.79 3.63 4.38 8.67 4.65
Sm 1.25 0.84 1.38 1.41 3.60 1.47
Zr 15.5 6.25 17.1 17.4 229 21.5
Hf 0.83 0.39 0.79 0.87 11.1 0.92
Eu 0.46 0.29 0.48 0.47 1.11 0.48
Gd 1.20 0.77 1.38 1.32 3.38 1.33
Tb 0.20 0.12 0.17 0.21 0.48 0.17
Dy 0.90 0.57 0.90 0.97 2.48 0.71
Y 3.50 2.21 2.99 3.54 7.98 2.06
Ho 0.17 0.106 0.11 0.16 0.38 0.102
Er 0.37 -0.58 -0.31 0.36 0.75 -0.48
Tm 0.038 0.029 0.037 -0.13
Yb 0.24 0.103 0.17 0.22 0.32 0.097
Lu 0.029 0.012 0.017 0.030 0.048 0.013
Li 1.31 1.69
Sc 33.4 26.4 30.6 35.3 49.3 32.5
V 221 282 299 268 209 299
Cr 6330 6710 6600 8280 9500
Mn 613 697 744 645 746 601
Co 23.5 25.9 24.3 23.7 21.8
Ni 348 411 363 344 346 346
Cu 4.50 12.8 4.06
Zn 26.0 37.6 33.8 29.3 38.4 22.7
Ga 7.09 7.32 8.12 6.60 7.98

clinopyroxene. Olivine in the orthopyroxenites shows
clearly lower Mga of 86–87.

Orthopyroxenes are unzoned and also have Mga

ranging between 89 and 91, correlating with the
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Table 5
Major and trace element analyses of garnet

wt.% Gt-peridotites Gt–Sp-peridotites

SF-93163 SF-93205 SG-96B13 SF-93174

SiO 42.49 41.71 42.40 43.062

TiO 0.21 0.16 0.18 0.212

Al O 22.92 23.33 22.57 22.672 3

MgO 21.53 20.79 21.01 21.79
FeO 7.44 7.17 7.17 7.36
CaO 4.79 4.92 4.95 4.79
Na O 0.02 0.02 0.032

K O 0.012

Total 100.96 99.87 99.91 101.65

n 4 5 5 4

ppm
Cs
Rb -0.04 -0.08 -0.08
Ba -0.12 -0.16 0.103
Th -0.003 -0.003 -0.003 0.005
U 0.003 0.010 -0.01 0.007
Nb 0.13 0.21 0.22 0.20
Ta 0.008 -0.02 -0.01 0.006
La 0.004 -0.02 0.013 0.019
Ce 0.066 0.020 0.067 0.12
Pr 0.030 -0.02 0.023 0.036
Sr 0.18 0.16 0.15 0.24
Nd 0.39 0.14 0.23 0.39
Sm 0.58 0.28 0.37 0.59
Zr 20.7 6.82 13.0 22.5
Hf 0.42 0.16 0.24 0.45
Eu 0.37 0.19 0.23 0.34
Gd 1.30 0.94 1.05 1.32
Tb 0.51 0.26 0.30 0.46
Dy 4.20 2.15 2.40 3.75
Y 25.4 14.4 14.5 21.8
Ho 1.03 0.56 0.56 0.84
Er 3.30 1.58 1.71 2.54
Tm 0.49 0.23 0.35
Yb 3.36 1.83 1.52 2.25
Lu 0.51 0.27 0.21 0.34
Li 0.15 0.13
Sc 95.8 92.3 86.8 72.0
V 115 95.6 91.1 98.2
Cr 10,600 6720 6180 9160
Mn 2680 1980 2310 2290
Co 52.0 38.6 44.4
Ni 105 69.2 47.0 70.7
Cu 0.21
Zn 39.9 33.5 31.1 27.7
Ga 6.15 4.02 4.93

Mga in coexisting olivines. Correspondingly, the
Mga in the pyroxenites is 86–87. TiO and Cr O2 2 3

contents of orthopyroxenes are higher in spinel lher-
zolites than in either group of garnet-bearing peri-
dotites, and also higher than typical spinel lherzolites
from other localities around the world. The garnet-
bearing samples, however, are similar to fertile spinel
lherzolites from non-cratonic areas. The presence or
absence of phlogopite andror amphibole in the
Bereya samples does not affect this observation.
Compared to the other samples orthopyroxene in the
cumulate pyroxenites contains less Cr O but con-2 3

Žsiderably more TiO 0.45–0.5 wt.%; see Table 3,2
.sample SF-93803 .

Considering their varying textural relationships,
clinopyroxenes in the Bereya peridotites are remark-
ably uniform in composition; they are diopsides with

Ž .a high content of jadeiite 8.75–16.5 mol% resulting
from exceptionally high Na O contents, which are2

on average higher than all known spinel lherzolite
localities. TiO contents decrease from the spinel2

Ž .peridotites 0.6–1.1 wt.% to the garnet peridotites
Ž .0.4–0.55 wt.% . The major element chemistry of
the two clinopyroxene generations has been investi-
gated thoroughly for samples SF-93163 and SF-
93174, showing the second generation to have 0.4–

Ž0.5 wt.% higher Al O averages of 6.98 vs. 6.502 3
.wt.% for SF-93174 and marginally lower Mga

Ž .minimum of 88.2 vs. 88.9 in SF-93163 , but to be
otherwise essentially indistinguishable.

Garnets in the Bereya xenoliths are generally
homogenous and pyrope-rich, with low contents of
almandine, grossular and spessartine. Garnets in the

Žgarnet lherzolites have higher contents of CaO 5.22
. Ž .vs. 4.75 wt.% and Cr O 1.5 vs. 1.05 wt.% than in2 3

garnet–spinel lherzolites. Spinels are also uniform in
composition, consisting of 54–61 mol% Mg-spinel,
15–18% hercynite, 15–21% Mg-chromite and 3–6%
Fe-chromite. There are no significant differences in
composition between spinel relicts in garnet and
those which appear as individual grains, with the
exception of two samples: spinel in the harzburgite
sample SG-96B11 is richer in chromite component
Ž . Ž30 mol% , while in sample SF-93163 garnet lher-

.zolite the Mg-spinel component makes up 65 mol%.
Ž .Spinels in kelyphites Kp-2 are richer in Al O than2 3

primary spinels.
Pargasitic amphibole occurring as inclusions in

other silicate minerals in the spinel harzburgite has a
Ž .higher Mga 87 , lower TiO and higher K O than2 2
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Table 6
Major and trace element analyses of spinel

wt.% Gt-peridotites Gt–Sp-peridotites Sp-peridotites

SF-93163 SF-93205 SG-96B13 SG-96B11 SF-93162

SiO 0.11 0.02 0.08 0.07 0.062

TiO 0.36 0.35 0.47 1.09 0.392

Al O 45.98 43.97 43.74 37.64 45.102 3

Cr O 19.33 22.72 22.52 26.30 20.612 3

MgO 18.63 18.55 18.51 17.22 18.46
FeO 13.36 13.26 13.71 16.10 13.64
CaO 0.02 0.02 0.04
Na O2

K O 0.01 0.01 0.012

Total 97.89 99.35 99.15 98.61 98.42

n 3 2 3 3 2

ppm
Cs -0.49
Rb -0.28 -0.25 -0.02
Ba -0.55 -0.64 -0.04
Th -0.003 0.002 0.021 0.018 -0.04
U -0.003 -0.002 0.008 -0.003 -0.07
Nb 1.18 1.28 4.59 3.98 2.91
Ta 0.008 0.069 -0.11 -0.01 -0.07
La 0.004 -0.003 -0.07 -0.003 -0.06
Ce 0.004 0.072 -0.06 0.017 -0.10
Pr -0.003 0.032 -0.06 -0.003 -0.12
Sr 0.17 0.20 0.29 -0.78 0.66
Nd 0.021 -0.003 0.092 -0.02 -0.16
Sm -0.003 -0.003 0.077 -0.02 -0.20
Zr 0.80 3.31 2.87 3.35 3.05
Hf 0.018 -0.01 0.46 0.12 0.11
Eu -0.003 -0.003 -0.07 -0.003 -0.07
Gd 0.004 0.45 0.039 -0.03 -0.50
Tb -0.02 0.021 -0.04 -0.003 -0.05
Dy 0.009 0.008 -0.21 -0.02 -0.25
Y 0.046 0.095 0.061 -0.01 -0.07
Ho -0.003 0.003 -0.03 -0.017 -0.064
Er 0.013 -0.003 -2.02 -0.15 -1.68
Tm 0.003 -0.06 -0.01
Yb -0.09 -0.03 -0.40 -0.02 -0.27
Lu 0.005 0.052 -0.03 -0.003 -0.03
Li 0.61
Sc 7.46 1.21 -1.98 -0.11 -1.41
V 687 694 666 481 768
Mn 1070 950 1050 1110 1190
Co 252 418 254 273
Ni 3150 2730 2600 3960 3240
Cu 8.69 21.9 20.3
Zn 1350 1870 2310 2810 1950
Ga 139 116 97.9 146

Ž .in the pyroxenite Mgas83 . Both are enriched in
Cr O and K O relative to the vein amphiboles2 3 2

Ž .described by Ionov et al. 1993 . Phlogopites occur
rarely but are represented in all peridotite groups in
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Table 7
Major and trace element analyses of amphibole and phlogopite

wt.% Amphibole Phlogopite

Sp-Lhz Pyroxenite Sp-Lhz Gt–Sp-Lhz Pyroxenite

SG-96B11 SF-93803 SG-96B11 SG-96B13 SF-93803

SiO 42.87 41.76 38.08 38.46 35.662

TiO 3.41 4.38 4.60 4.62 6.572

Al O 13.24 13.76 15.11 15.88 16.212 3

MgO 16.62 16.23 19.91 20.23 18.63
FeO 4.45 5.88 4.57 4.31 6.53
CaO 9.78 8.41 0.30 0.03 0.04
Na O 3.02 3.58 0.49 0.41 1.162

K O 2.13 1.26 7.54 9.65 8.062

Total 97.33 96.21 92.22 95.15 93.56

n 5 2 3 3 1

ppm
Cs 1.31
Rb 5.95 154 41.4
Ba 79.5 824 431
Th 0.072 0.034 -0.04 -0.02 0.003
U 0.014 0.012 -0.02 0.010 0.090
Nb 53.5 15.9 34.4 22.4 4.1
Ta 5.23 1.33 3.06 0.66 0.50
La 2.23 2.22 0.15 -0.10
Ce 9.98 10.3 0.52 -0.02 0.19
Pr 1.79 1.88 -0.03 -0.03
Sr 214 249 77.5 45.9 91.8
Nd 9.60 10.8 -0.18 -0.14 -0.06
Sm 3.53 3.36 -0.22 -0.17 -0.14
Zr 191 98.8 28.1 3.92 6.00
Hf 8.26 4.85 0.78 0.21 0.36
Eu 1.23 1.28 -0.05 -0.04 0.056
Gd 3.13 3.35 -0.30 0.11 0.28
Tb 0.44 0.54 -0.05 0.006 -0.05
Dy 2.17 2.55 -0.07 -0.11
Y 6.81 9.04 0.78 0.35 1.36
Ho 0.28 0.40 -0.02 -0.02
Er 0.58 0.79 -1.01 -0.90 -0.49
Tm 0.059 -0.03
Yb 0.34 0.32 -0.25 0.084 -0.13
Lu 0.040 0.032 -0.003 -0.03
Li 1.16 7.70 3.85
Sc 29.5 15.9 4.42 3.77 2.70
V 244 219 199 387 181
Cr 10,300 4200 9730 9040 2440
Mn 430 506 176 170 161
Co 35.4 42.0 63.1 63.8
Ni 814 829 2090 1660 1910
Cu 14.5 16.0 13.7 7.62
Zn 45.1 52.8 80.2 66.9 68.0
Ga 20.9 28.0 177 310
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Fig. 4. Relation between Mga of olivine and modal olivine
content in peridotites from various areas. The Bereya samples
Ž .filled circles fall mostly within the field characteristic for fertile

Žspinel lherzolites diagonally shaded fieldsProterozoic samples
.after Menzies, 1990 and are distinct from the field of Kaapvaal

cratonic peridotites, which are offset to higher Mga at similar
Ž .modal olivine contents grey shading; Boyd, 1989 . Depleted
Žperidotites of Tanzania Lashainessquares, Olmanisopen cir-

. Žcles; Rudnick et al., 1994 and West Greenland cross-hatch;
.Bernstein et al., 1998 lie to higher Mga and modal olivine

contents.

Bereya. Peridotitic phlogopites contain less TiO but2
Ž .more Cr O than those in the pyroxenite Table 72 3

Ž .and have higher Mga 89 vs. 84 .

3.3. Pressure and temperature estimates for the peri-
dotites

The infiltration of the peridotites by a silicate melt
within the mantle and the resulting disequilibrium
between major mineral phases poses problems for
the selection of suitable thermometers and barome-
ters. We have, therefore, compared the results from

Ž .several thermometers, including 1 Ca-in-orthopy-
Ž . Ž .roxene, 2 Na exchange between pyroxenes, and 3

the commonly used ‘‘two-pyroxene’’ thermometer
Ž Ž . Ž .diopside Di –enstatite En exchange between

.clinopyroxene and orthopyroxene . All formulations
Ž .were those of Brey and Kohler 1990 . Pressure was¨

estimated by the orthopyroxenergarnet Al O ex-2 3
Ž .change barometer of Brey and Kohler 1990 for¨

garnet-bearing samples, and by the Cr-in-spinel

Ž .barometer of Webb and Wood 1986 for spinel-
bearing samples. The latter barometer permits esti-
mates for garnet-free samples from Bereya by elimi-
nation of Cr in garnet from the calculation.

The results give P–T estimates of 20–23 kbar
and 10248C–10878C for the garnet lherzolites, 20–21
kbar and 10008C–10348C for the garnet–spinel lher-
zolites, and 20–22 kbar and 10058C–10908C for the
spinel lherzolites. The results for the garnet-bearing
samples are similar to the range of 16.5–22.5 kbar

Ž .and 9908C–11508C given by Ionov et al. 1993 , and
are all very close to the transition depth between
spinel and garnet lherzolites. Similar depths for all
xenolith types are also suggested by the occurrence

Ž .of composite xenoliths Ionov et al., 1993 . A much
larger pressure range of 18–30 kbar is given by

Ž .Ashchepkov et al. 1994 and Litasov and Litasov
Ž .1999 on the basis of a more extensive sample
collection, although using different thermobarome-
ters.

The most reliable temperature estimates came
from the Ca-in-orthopyroxene thermometer, probably
because it does not consult the composition of the
coexisting clinopyroxene which was disturbed or
even fully introduced during the melt infiltration
event. The Na-thermometer overestimates tempera-
tures by variable amounts up to 3008C which result

Žin absurdly high pressure estimates up to 15 kbar
.too high when combined with barometers. The Di–

En thermometer also overestimates temperatures, but
Ž .to a lesser extent generally -1308C . The overesti-

mation by both thermometers using the clinopyrox-
ene composition is considered to indicate disequilib-
rium between the pyroxenes, which finds its textural
expression in Fig. 3c–f.

The temperatures for the sheared lherzolite
Ž .10058C by Ca-in-orthopyroxene are severely un-

Žderestimated by the other two thermometers 6208C
.by the Di–En exchange thermometer . The reason

for this is not clear, but it cannot be a simple
function of the high jadeite contents, which are also
higher in other Bereya samples relative to peridotites
from other areas. In contrast to a sheared peridotite

Ž .reported by Ashchepkov et al. 1994 and to sheared
Žgarnet peridotites sampled by kimberlites Nickel

.and Green, 1985 , the temperature estimates for the
sheared sample are not higher than for undeformed
samples.
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4. Trace element chemistry of minerals

Seven samples were selected for trace element
Žanalysis by Laser Ablation Microprobe LAM–ICP-

.MS to provide representative information on the
trace element behaviour of each of the three xenolith
groups. These seven samples include two with textu-
ral evidence for melt infiltration, the sheared xenolith
SF-93162, and an amphibole- or phlogopite-bearing
example of each group, where available.

The Laser–ICP-MS system used was that at the
ETH in Zurich, Switzerland, which consists of an¨
Excimer laser coupled to a Perkin-Elmer ELAN

Ž .6000 ICP-MS Gunther et al., 1997 . The ICP-MS is¨
equipped with a dual detector mode, allowing simul-
taneous detection of major and trace elements, so
that almost all major elements were monitored dur-
ing analysis of a trace element palette of up to 40

Želements. The prototype excimer laser 5% F in Ar,
.193 nm beam is homogenised, allowing very homo-

geneous laser illumination of the sample surface and
control of the ablation process. Fractionation effects
are reduced to an insignificant amount by the pho-
toionisation-dominated ablation process, so that
accuracy is better than 5% even for highly fractionat-
ing elements. This is especially valuable for the more
volatile compatible trace elements such as Zn and
Ga. Reproducibility is sample-dominated; 10 repli-
cates on homogeneous test samples allow relative
standard deviations of 1–3% for most of the ele-
ments. Signal correlation between volatile and refrac-
tory elements shows no significant fractionation
effects until ablation pit depth exceeds pit diameter.
This posed no problem for the analyses presented
here, which were performed with pit diameters of
40–80 mm on marginally thick polished thin sec-
tions using pulse energies of 120–200 mJ and a
repetition rate of 10 Hz. The analyses were standard-
ised externally on NIST 610 and 612 glasses, and
internally on electron probe analyses of Si for sili-
cate phases and Al for spinels. For data acquisition
parameters and data reduction procedure used for the
calculation of concentrations and limits of detection

Ž .see Longerich et al. 1996 .
Ž .We have analyzed incompatible ITE as well as

Ž .compatible CTE trace elements in all constituent
Žphases olivine, orthopyroxene, clinopyroxene, gar-

.net, spinel, amphibole and phlogopite . As a result of

the optimized laser system we can present a more
complete set of partitioning data for minerals with

Žvery low concentrations of many trace elements e.g.,
.spinel and orthopyroxene , and for mineral pairs

Ž .e.g., garnetrspinel than was previously possible
using in situ techniques. Results are listed in Tables
2–7 for individual minerals and illustrated in Figs.
5–7. Arsenic is not listed in the tables as it was
detected only in one spinel in a garnet lherzolite at a
level of 0.12 ppm. The limits of detection for all
other measured isotopes are in the very low 1–10
ppb region even for a spatial resolution of 40 mm.
These low limits of detection are mainly due to
changes in the carrier gas composition leading to
increased sensitivity and reduced background intensi-
ties. A 300 mlrmin helium carrier gas flow through
the ablation cell was mixed with argon in front of the
ICP-MS to maintain the total gas flow at an optimum

Ž .level Gunther and Heinrich, 1998 . For Li almost no¨
background counts have been detected resulting in
greatly improved detection capabilities for elements
with low atomic mass.

4.1. Incompatible trace elements

ITE abundances are illustrated in Fig. 5 for or-
thopyroxene, clinopyroxene, garnet and amphibole.
No plots are presented for olivine, spinel and phlogo-
pite as the patterns are incomplete despite the very
low limits of detection of the Laser–ICP-MS.

Fig. 5a compares the patterns for the Bereya
orthopyroxenes to a pattern for an orthopyroxene
mineral separate from a xenolith from the Baikal

ŽRift-related Tariat volcanic field in Mongolia Ionov
.and Hofmann, 1995 and to a Laser–ICP-MS analy-

sis from a spinel lherzolite from southeastern Aus-
Ž .tralia Eggins et al., 1998 . Although the patterns are

generally similar, the abundances of Nb, Ta and Th
detected in the Bereya samples are significantly
higher than in the patterns for the other two locali-
ties. The patterns for garnet also show higher abun-
dances for elements to the left of La in Fig. 5c than
are expected from experimentally determined parti-

Ž .tion coefficients Green, 1994 . In contrast, the pat-
Žterns for clinopyroxene and amphibole Fig. 5b and

.d generally correspond to those expected for these
minerals in peridotites. The ITE patterns are inter-
preted as showing variable degrees of approach to
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Ž . Ž .Fig. 5. Incompatible trace elements in minerals from Bereya peridotites normalised to primitive mantle using values given by Sun and McDonough 1989 . a Orthopyroxene:
Ž . Ž .overall levels are typical for peridotitic orthopyroxene for the less incompatible elements right of diagram but the more incompatible elements left are unusually enriched

Ž . Ž .indicating partial re-equilibration with infiltrating melt. The Tariat sample q; Ionov and Hofmann, 1995 is also from the Baikal region see Fig. 1 but does not show this
Ž .enrichment. The solid line indicates Opx from spinel lherzolites from southeastern Australia Eggins et al., 1998 . Only samples where 12 or more ITE were detected are plotted.

Ž . Ž .b Clinopyroxene patterns are notable for inconsistent behaviour of HFSE. c Garnets show normal patterns to the right of Sr, but unusual enrichments to the left, indicating
Ž . Ž .partial re-equilibration with infiltrating melt. d Amphiboles differ from those of Bartoy Ionov and Hofmann, 1995; see Fig. 1 , with lower HREE and higher HFSE, reversing

the sense of the anomaly for Zr and Hf.
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Fig. 6. Amphibolerclinopyroxene partitioning of trace elements, showing similar patterns for Bereya to those for Kakanui garnet
Ž . Ž .pyroxenites Zack et al., 1997 and Bartoy xenoliths Ionov and Hofmann, 1995 . Similarity of patterns is evidence for ITE equilibrium

between these two phases in the Bereya peridotites.

equilibrium for ITE in different minerals, whereby
only the strongly incompatible elements in orthopy-
roxene and garnet have responded to the infiltrating
melt. The degree of re-equilibration is much greater
for clinopyroxene and amphibole, and amphiboler
clinopyroxene partitioning is similar to that found in

Ž .other areas Fig. 6 supporting the interpretation that
these two minerals are in ITE equilibrium with each
other.

The ITE patterns for clinopyroxene and amphi-
bole are also noteworthy for the behaviour of Nb,
Ta, Zr and Hf. Most clinopyroxenes show a trough
in the pattern at Zr and Hf, which is a well-known

Žfeature of peridotitic clinopyroxenes Salters and
.Shimizu, 1988; Rampone et al., 1991 , whereas SG-

96B11 shows positive anomalies for Zr, Hf and even
Ž . ŽTa Fig. 5c . Both the analysed amphiboles from

spinel harzburgite SG-96B11 and the pyroxenite SF-
.93803 show strong positive anomalies in the pattern

at Zr–Hf and Nb–Ta. The Zr–Hf anomalies are not
evident in amphiboles analysed by Ionov and Hof-

Ž .mann 1995 from Bartoy, whereas the ratios amphi-
bolerclinopyroxene shown in Fig. 6 are very similar
to those from Bartoy and to garnet clinopyroxenites

Ž .from Kakanui in New Zealand Zack et al., 1997 .
The improved Laser–ICP-MS system allowed

analysis of Li in several phases. The results confirm
Ž .those of Ottolini and McDonough 1996 that olivine

is more enriched in Li than the pyroxenes and spinel,
but add the observation that phlogopite would be
more enriched in Li than olivine in hydrous mantle
peridotites, albeit marginally. The Bereya phlogo-
pites show significantly lower LirNb than those

Ž .analysed in natural lamprophyres Foley et al., 1996
Žor in experimental partitioning studies Schmidt et

.al., 1998 ; olivine was not present in either of the
latter studies. Spinel analyses show very low levels

Ž .of most ITEs 0.01–0.2 times primitive mantle but
appreciably more of the high field strength elements
Ž .HFSE , and are consistent with other data for low-Ti

Ž .spinels Stosch, 1982; Horn et al., 1994 .

4.2. Compatible trace elements

The Excimer Laser–ICP-MS system enabled the
analysis of an extensive data set for CTE in all
phases in the xenoliths. The values of Mn, Cr and Ni
are comparable with those measured by microprobe
Že.g., Ni in SG-96B11: 2720 ppm by LAM vs. 3080
by EMP; in SF-93162: 2930 vs. 3070; in SF-93163:

.2840 vs. 2860 . Values for the CTE are also given in
Tables 2–7, and their relative concentrations in the
mineral phases are illustrated in Fig. 7. Previous data
sets have analyses for fewer CTE, and very few of

Žthem include garnet-bearing lherzolites Stosch,
1981; Luhr and Aranda-Gomez, 1997; Qu et al.,´
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Ž .Fig. 7. Distribution of compatible trace elements between the phases of representative Bereya garnet lherzolites SF-93205 , garnet–spinel
Ž .lherzolites SG-96B13 and spinel harzburgite SG-96B11. The latter two samples also contain hydrous phases. Garnet is the main carrier for

Sc and marginally so for Mn. Spinel is the dominant carrier of Cr, Co and Zn, and also for Ga in the absence of phlogopite.
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.1997; Eggins et al., 1998 . In making comparisons it
must be remembered that the constituent minerals of
the Bereya peridotites are not all in equilibrium with
each other, and that partitioning of many of these
elements is known to be a strong function of temper-
ature, so that the temperature recorded by these

Ž .xenoliths 1050"508C must be taken into account.
Fig. 7 shows that in garnet lherzolite SF-93205

garnet has the highest concentrations of Sc, whereas
spinel dominates V, Cr, Co, Zn and Ga. Appreciable
concentrations of Mn are found in all lherzolite
phases, but are highest in garnet, where present. Ni
is carried by olivine and spinel in approximately

Ž .equal amounts 3230 vs. 2730 ppm , whereby olivine
dominates the total Ni budget due to its high modal

Ž .abundance. The D olropx varies between 3.5Ni

and 4.0 for the garnet peridotites and between 1.75
Ž .and 4.1 average 3.53 for the whole lherzolite suite.

Minerals have the aptitude to greatly influence ele-
ment budgets in rocks where they are not major
constituents only where the primitive mantle-normal-
ised concentrations of these CTE are greater than
about five. This is not the case for any CTE in either
clino- or orthopyroxene, and is only marginally the
case for Ni in olivine, Sc in garnet, and Ga in
amphibole. Ga in phlogopite, and Zn, Ga, Cr and
possibly V in spinel, however, can have 10–100
times the concentration of primitive mantle, so they
cannot be neglected even when present in very small
amounts.

The takeup of V in spinel is a strong function of
oxygen fugacity because V3q can be easily accom-
modated in spinel, whereas V5q, which predomi-
nates under oxidising conditions, is incompatible in

Ž .spinel Horn et al., 1994 . Calculation of the oxygen
fugacity in Bereya peridotites gives values of FMQ

Žto FMQ-1 Ballhaus et al., 1991; Ionov and Wood,
. Ž .1992 , corresponding to DV sprcpx in the range

Ž .2.2–2.6 Horn et al., 1994 . The Bereya peridotites
also provide a rare opportunity to assemble a parti-
tioning database for both ITE and CTE between
coexisting garnet and spinel. Spinel contains very
low abundances of ITE, resulting in a pattern for
gtrsp resembling that of garnet. No anomaly is seen
at Zr despite the preferential incorporation of Zr in
spinel relative to the neighbouring ITEs because
garnet also shows a small positive anomaly in its

Ž .pattern Fig. 5c .

5. Discussion

5.1. The melt infiltration eÕent in the Bereya peri-
dotites

The Bereya lherzolite sample suite studied here
contains more evidence for trace element enrichment
by melt infiltration within the mantle than described

Ž .by Ionov et al. 1993 for samples from this locality.
The combination of in situ trace element analyses of
minerals with petrographic observations and major
element chemistry permit the relative timing and
conditions of the infiltration event to be defined, and
also the nature of the infiltrating melt. This informa-
tion helps to delineate the development of the mantle
beneath the evolving Baikal rift.

The petrographically observed textures, including
clinopyroxene networks which mimic melt mor-

Ž .phologies Fig. 3c–f demonstrate the later crystalli-
sation of clinopyroxene relative to garnets, spinels
and many olivines and orthopyroxenes, and that the
clinopyroxene crystallised from an infiltrating melt.
Given this evidence for strong textural disequilib-
rium, it may be suspected that chemical equilibration
between previously existing minerals and the infil-
trating melt was also not reached and that disequilib-
rium partitioning occurs. There are several indica-

Ž .tions for only a partial attainment of equilibrium: 1
the anomalously high contents of the most incompat-
ible elements in orthopyroxenes and especially gar-

Ž .nets Fig. 5a and c may indicate that these minerals
were affected by the infiltrating melt but that equilib-

Ž .rium was not reached; 2 the patterns for clinopy-
Ž . Ž .roxene Fig. 5b and amphibole Fig. 5d lack the

anomalous relative enrichment in the strongly in-
compatible elements, being consistent instead with
equilibrium trace element distribution with the melt

Ž . Ž .and with each other Fig. 6 ; 3 the application of
thermobarometers incorporating clinopyroxene com-
positions result in misleading temperature estimates,
whereas those made using only orthopyroxene are
probably realistic.

We interpret these features as indicating that the
ITE abundances in orthopyroxene and garnet show
some effects of interaction with the infiltrating melt,
whereas their major and CTE abundances are largely
unaffected. There is some evidence for the existence
of an earlier clinopyroxene generation in the form of
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minor zonation in Al O and Mga and also in2 3

zonation of ITE towards patterns more enriched in
Žall ITE these rare analyses are not included in the

.averages in Table 4 or in Fig. 5b . However, even
the earliest clinopyroxenes are unlikely to represent
unchanged, pre-infiltration compositions, as indi-
cated by the failure of the thermometers. Thus, the
apparently very fertile compositions of the Bereya

Ž .peridotites Fig. 4, Table 1 may be at least partly
due to secondary introduction of melt components.

We have attempted to reconstruct the chemical
identity of the infiltrating melt via experimental min-
eralrmelt partitioning. This method assumes equilib-
rium between minerals currently found in the peri-
dotite and the infiltrating melt, and that their ITE
partitioning follows that determined in experimental
work. This method must be considered crude in view
of possible subsolidus re-equilibration of the ITE
Ž .Rampone et al., 1993; Eggins et al., 1998 , but the
preservation of ITE zonation justifies it as a first-
order calculation.

Results of such calculations based on clinopyrox-
ene from three samples and amphibole from a fourth
are shown in Fig. 8 together with the trace element

Žpattern for the host Miocene alkali picrite tuff Esin
.et al., 1995 and a Quaternary basalt from the Vitim

Ž .volcanic field Ionov and Hofmann, 1995 . The cal-
culated melt from all three clinopyroxenes is similar
to the natural volcanic patterns, whereas that for the
amphibole deviates strongly for the HFSE. However,
this is not due the use of inappropriate partition
coefficients for these elements, which can be ex-
pected to vary as a function of the Ti-content of the

Ž .melt Tiepolo et al., 1998 , but is a characteristic of
sample SG-96B11; a similar pattern results when
calculated from clinopyroxene. The sample-specific-
ity of the positive anomaly for HFSE implies a very
local effect, which is reminiscent of the extremely
variable Zr concentrations found in clinopyroxenes
of the Inagli complex, Siberia, by Zinngrebe et al.
Ž .1995 . These authors attributed positive Zr anoma-
lies to local reaction between infiltrating melt and
spinels in the host ultramafic rocks. The anomaly is
caused by the uptake of Al O from spinel by the2 3

infiltrating melt which thus loses its peralkaline na-
ture. In moving from peralkaline to subalkaline melt
compositions the solubility of Zr in the melt drops
sharply due to the elimination of alkali–Zr–silicate
complexes which are only stable in peralkaline con-

Ž .ditions Watson and Harrison, 1983 . The Bereya
sample which shows the positive HFSE anomalies

Ž .has the highest modal spinel 1.3 vol.% and lowest

Fig. 8. Estimated ITE patterns of the infiltrating melt calculated by assuming that clinopyroxene and amphibole ITE-contents represent
equilibrium values coexisting with the infiltrating melt. Patterns for cpx are obtained via mineralrmelt partition coefficients after Watson et

Ž . Ž . Ž . Ž . Ž . Ž .al. 1987 , Adam et al. 1993 , Hart and Dunn 1993 , Jenner et al. 1993 , Dalpe and Baker 1994 , and Foley et al. 1996 as summarised´
Ž . Ž .by Zack et al. 1997 , and amphibole after Zack et al. 1997 . The pattern for the Bereya alkali picrite tuff is from the work of Esin et al.

Ž . Ž .1995 , but may be suspected for some elements e.g., Ba, Sr due to the difficulty of obtaining fresh samples. However, this and an
Ž .additional Vitim basalt from the Kandidushka volcano sample 302-36; Ionov and Hofmann, 1995 show that the overall pattern for the

Ž .melts calculated from Cpx is similar to that of volcanics from the same region. The pattern calculated from amphibole B11 has positive
Ž .anomalies which are characteristic of this sample also Cpx and not due to calculation via inappropriate partition coefficients.
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Ž .modal clinopyroxene 0.5 vol.% contents of any of
Ž .the studied samples Table 1 and so may represent

the earlier stages of melt infiltration which are more
likely to show strong effects of reaction with the host
rock.

The similarity between the melt patterns calcu-
lated from clinopyroxene in Fig. 8 to the alkali
picrite host indicates that the infiltrating melt may be
related genetically to the host melt, and probably
represents a marginally earlier stage in the history of
the developing rift. The occurrence of rare ITE-richer
zones in clinopyroxene probably indicate that the
infiltrating melt was a lower-degree melt with peral-
kaline chemistry relative to the host alkali picrite.

5.2. Timing of eÕents and the deÕelopment of the
Baikal Rift

The petrographic and mineral chemical informa-
tion obtained from the Bereya peridotites allows
delineation of events within the mantle at the south-
east flank of the developing rift before the erup-
tion event at 16 Ma. The effect of the rifting
process within the mantle will have comprised a pro-
gressive upward and outward movement of the litho-
sphererasthenosphere boundary, which was accom-
panied by the episodic infiltration of melts into the
subcrustal lithosphere and their reactivation shortly
afterwards by progressive development of the rift.
The following series of events can be inferred from
features in the peridotites.

Ž .1 The peridotites underwent a reaction which
formed garnet at the expense of spinel and pyrox-
enes, which is explainable by a near-isobaric cooling
at pressures of 20–25 kbar. This may represent the
lithosphere-forming event or possibly a later cooling
event following perturbation of normal thermal con-
ditions, but is in either case likely to pre-date the
activity of the Baikal Rift.

Ž .2 The outer reaction coronas around garnets
Ž .designated Kp-2 above indicate a later heating
event which we interpret as rift-related heating due
to progressive upward and outward migration of the
asthenosphererlithosphere boundary between 30 and
15 Ma. The Kp-2 reaction coronas occasionally oc-
cur between the more continuous Kp-1 and the re-
crystallised rims of Cpx-2 clinopyroxenes. The latter
two features are interpreted to have formed during

uplift to the Earth’s surface, whereas the Kp-2 rims
must have existed prior to this, and most probably
before the formation of Cpx-2 from the infiltrating
melt. Furthermore, the mineralogy of the kelyphite
indicates a reversal of the garnet-building reaction
mentioned above, and implies Kp-2 kelyphite forma-
tion by a heating event in isochemical conditions,
which is consistent with the upward and outward
migration of the rift margin within the upper mantle.

Ž .3 The melt infiltration event demonstrated by
the textures in Fig. 3c–f post-dated the rift-related
heating event indicated by the Kp-2 kelyphites, and
was, therefore, directly related to heating at the
flanks of the developing rift. The textures shown in
Fig. 3e–f must be short lived: although the timescales
for the attainment of textural equilibrium are contro-
versial, the timescale for the elimination of the low
angle-texture in Fig. 3e–f would certainly be less
than 0.2 Ma, indicating melt infiltration very shortly
before transport of the peridotites to the Earth’s
surface.

The peralkaline and ITE-rich chemistry of the
melt inferred from the calculations presented above
is consistent with its origin from the migrating rift
within the mantle. Shortly after this melt infiltration,
remelting of the enriched peridotites by a further
heating event produced the alkali picrite melt which
now hosts the peridotites at Bereya.

5.3. Comparison of non-cratonic and cratonic peri-
dotites

The results presented here on the garnet-bearing
peridotites from Bereya underline the general con-

Ž .clusion of Ionov et al. 1993 that the upper mantle
in the garnet peridotite field in this non-cratonic,
rift-related setting is distinct from that seen under
cratonic regions in either South Africa or Siberia.
The Bereya peridotites are fertile, with high modal
abundances of clinopyroxene and garnet, and the
relation between Mga of olivine and modal olivine
content is consistent with variable but limited deple-

Ž .tion by loss of a basaltic melt fraction Fig. 4 . This
conclusion is little modified by subsequent crystalli-
sation of secondary clinopyroxene. The Bereya peri-
dotites do not show a correlation between Ni content
in olivine and modal orthopyroxene which is charac-
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Žteristic of Kaapvaal cratonic lherzolites Kelemen
.and Hart, 1996; Boyd, 1997 .

Sheared lherzolite SF-93162 illustrates further dif-
ferences between the Bereya peridotites and their
cratonic counterparts: this xenolith exhibits a mosaic

Ž .texture Fig. 4b but does not show the fluidal mo-
saic texture typical of sheared peridotites from cra-

Ž .tonic regions Boullier and Nicolas, 1975 . More-
over, thermobarometric estimates do not deviate from
those of the granular peridotites. Taken together,
these points may indicate a different origin of the
shearing as unrelated to the movement of magma or
diapirs in the mantle, to which kimberlitic sheared

Žxenoliths are often attributed e.g., Ehrenberg, 1979;
.Mercier, 1979 . Maybe this xenolith is an example of

‘‘cold’’ shearing related to the widening of the rift at
its flanks, and thus similar to the origin originally

Žsuggested for kimberlitic sheared xenoliths Nixon et
.al., 1973 but which subsequently fell out of favour.
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