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Summary

Ultramafic and mafic xenoliths in Ordovician Agardag alkaline basalt dikes from the
Sangilen Plateau, southeastern Siberia, provide samples from the upper mantle and
crust beneath central Asia. Three major groups were distinguished among the xenoliths:
Group I xenoliths are spinel lherzolites, Group II xenoliths are spinel-garnet clino-
pyroxenites, and Group III comprises gabbroic xenoliths with two subgroups: Group
IIIa comprises garnet bearing gabbroids and Group IIIb is represented by garnet-free
gabbroids. The spinel lherzolite xenoliths represent the uppermost lithospheric mantle
beneath the Sangilen Plateau and have geochemical characteristics similar to those of
primitive mantle. Spinel-garnet clinopyroxenite and gabbroic xenoliths are of igneous
origin and represent fragments of intrusive bodies crystallized at depths close to the
mantle-crust boundary, as well as in the lower and the upper crust. The gabbroic
xenoliths are evidently the crystallization products of melts similar in major and trace
element composition to parental magma of the Bashkymugur gabbronorite-monzodior-
ite intrusion. Gabbroic xenoliths from the Ordovician Agardag alkaline basalt dikes
demonstrate the presence of intermediate magmatic chambers within the crust beneath
the Sangilen Plateau during the Early Palaeozoic. The relatively high equilibration
temperatures of the mantle and lower crust xenoliths in the Agardag alkaline basalt
dikes are largely attributable to a plume occurring beneath the Sangilen Plateau during
the Ordovician.

Introduction

Ultramafic and mafic xenoliths in continental alkaline basalts and kimberlites
provide unique information on the composition, structure and evolution of
the upper mantle and lower crust. Moreover, xenoliths formed by cumulate



processes in magma chambers in different depth levels can provide infor-
mation about the origin and evolution of the melts from which they have
precipitated.

A large diversity and abundance of xenoliths is characteristic for many classic
xenolith localities, e.g. French Massif Central (Downes and Dupuy, 1987;
Downes, 1993), Baltic Shield (Kempton et al., 1995), Eifel, Germany (Loock
et al., 1990), and eastern Australia (O’Reilly et al., 1990). In central Asia petro-
logical and geochemical investigations of mantle and lower crust xenoliths have
been carried out for central and southeastern Mongolia (Stosch et al., 1995, Ionov
et al., 1998) and eastern Siberia (Baikal rift area) (Litasov et al., 2000). These
studies have been carried out on xenoliths from Tertiary or Quaternary magmatic
hosts. In contrast, studies of xenoliths entrained by Palaeozoic basalts, are less
common and as a consequence, much less is known about the upper mantle and
the lower crust sampled by these basalts. We have studied mantle and crustal
xenoliths from Ordovician alkaline basalts of the Sangilen Plateau (South Siberia)
which provide an exceptional opportunity to investigate the composition and
structure of the upper mantle and the crust beneath Central Asia during the Early
Palaeozoic.

Usually, lower crustal xenoliths are considered to be metamagmatic rocks re-
equilibrated under granulite facies conditions (Kempton et al., 2001; Loock et al.,
1990; Rudnick and Jackson, 1995). However, mafic xenoliths from alkaline basalts
of the Sangilen Plateau are represented by gabbroids with cumulative textures
without any features of recrystallization, which are high pressure analogues of
Ordovician gabbro-monzodiorite intrusions of the Sangilen Plateau. The interest
in gabbroic xenolith from alkaline basalts lies in their evidence for the presence of
intermediate magma chambers at the crust-mantle boundary and within the crust
beneath the Sangilen Plateau. They are thus important to our understanding of
magmatic processes that occurred at different depths of the Central Asian crust dur-
ing Early Paleozoic times.

The purpose of this paper is to present the results of our detailed study on
mineralogy and petrology of peridotitic xenoliths, which supposedly represent the
upper mantle beneath the Sangilen Plateau, Central Asia, as well as pyroxenitic and
gabbroic xenoliths, which are crystallization products of basaltic melts under vari-
ous crustal P–T conditions.

Geological setting and host rocks

The Central Asian Orogenic Belt (CAOB) is a complex collage of island arcs,
continental blocks and fragments of oceanic crust that accreted to the Siberian
Craton during the Neoproterozoic to Palaeozoic (Fig. 1A). One of the large con-
tinental blocks within the CAOB is the Tuva-Mongolian Microcontinent. The
Sangilen Plateau marks the south-western border of the Tuva-Mongolian Micro-
continent and consists of several intrusive and metamorphic complexes. All
complexes belonging to the Sangilen Plateau were traditionally regarded as Pre-
cambrian basement of the Tuva-Mongolian Microcontinent, comprising Palaeopro-
terozoic and Archaean rocks (Ilyin, 1990; Zonenshain et al., 1990). However,
recent geochronological studies yielded predominantly Early Palaeozoic ages for
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the metamorphic rocks and intrusive complexes of the Sangilen Plateau (Salnikova
et al., 2001; Izokh et al., 2001).

At present the Sangilen Plateau is considered to be a complex folded struc-
ture, composed of separate sheets, represented by the Moren, Erzin, and Naryn
metamorphic complexes. The Moren Complex consists of metatonalites, kyanite-
bearing gneisses, migmatites, amphibolites, marbles, quartzites and minor ultra-

Fig. 1. A – Simplified tectonic scheme of the central part of the Central Asian Orogenic
Belt (after Vladimirov et al., 1999). 1 – Siberian craton; 2 – Precambrian microconti-
nental megablock; 3 – Riphean microcontinental blocks; 4 – Neoproterozoic mobile belts;
5 – Paleozoic mobile belts; 6 – ophiolites. B – Location map of the Agardag alkaline basalt
dikes of the Sangilen Plateau. 1 – Precambrian terrigenous – carbonaceous metamorphic
rocks of the Moren complex, 2 – Cambrian volcanogenic – sedimentary rocks; 3 – ser-
pentinites; 4 – gabbroids of the Pravotarlashkin intrusion (troctolites, anorthosites, gabbro,
gabbronorites); 5–7 – Bashkymugur intrusion: 5 – gabbroids (pyroxenites, gabbronorites,
anorthosites and monzogabbros), 6–7 – monzodiorites; 6 – porphyritic; 7 – non-porphyri-
tic; 8 – Ordovician granites; 9–11 – Ordovician Agardag alkaline basalt dikes; 9 – with
megacrysts only; 10 – with megacrysts and ultramafic and mafic xenoliths; 11 – mingling
dykes with syenites; 12 – faults
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mafic lenses. The Erzin Complex is composed of garnet-bearing gneisses, migma-
tites, granulites and metavolcanic rocks (tholeiites, andesites, dacites). The Naryn
Complex includes low-grade metapelites and calcareous quartzites.

These metamorphic complexes are intruded by Early Palaeozoic intrusions of
ultramafic to acidic compositions. Among the magmatic rocks, granitoids of differ-
ent composition and geological setting are widespread. Kozakov et al. (1999) pub-
lished U–Pb ages obtained from zircons, which indicate granite formation in the
Sangilen Plateau at 530 to 460 Ma. A wide development of high-grade metamorphic
complexes, as well as basic and granitoid magmatism in the CAOB is considered to
be a result of a plume activity during the Early Palaeozoic (Kovalenko et al., 2004).

Geochronological studies of basic magmatism revealed four age intervals for its
evolution, but all these intervals were related to the Cambrian-Ordovician: the
Pravotarlashkin troctolite-anorthosite-gabbro intrusion was dated at 524� 9 Ma, the
Bashkymugur gabbronorite-monzodiorite intrusion was formed at 465� 1.2 Ma,
the Bayankol gabbronorite-monzodiorite intrusion was formed at 489� 3 Ma,
and the Agardag dike complex of alkaline basalts and camptonites (Izokh et al.,
2001) represents the youngest episode of basic magmatism. They are dated at
447–441 Ma using the Ar–Ar method on megacrysts of phlogopite and amphibole
(Izokh et al., 2001).

The alkaline basalts are located in the north-western part of the Sangilen Pla-
teau and are predominantly northwest–southeast striking dikes. The dikes exten-
sion is rarely more than 100 meters, in some cases up to 1 kilometer, while the dike
thickness never exceeds 3–5 meters. Dikes intrude metamorphic rocks of the
Moren Complex and Cambrian volcanogenic-sedimentary rocks, as well as the
Pravotarlashkin and the Bashkymugur intrusions (Fig. 1B).

Large xenoliths are found only in two dikes. One of them is located in the
northern part of the Pravotarlashkin intrusion, and another one cuts the eastern part
of the Bashkymugur intrusion at the right bank of Tarlashkin-Khem River (Fig. 1B).
The xenoliths in the first dike are less than 12 centimeters in diameter. The xenolith
content is 25 vol.%. The second dike contains a large amount of xenoliths (more
than 75 vol.%), the size of which reaches up to 50 centimeters. The lithologies of
the xenoliths in both the dikes are the same comprising spinel lherzolites, garnet-
bearing and garnet-free clinopyroxenites, gabbronorite and gabbro with garnet
varieties. There are no granitic and metamorphic xenoliths, although these rocks
are widespread near the location of the alkaline basalts.

Analytical methods

Fresh xenoliths were selected for chemical and mineralogical analysis. Major
element compositions of minerals were analyzed on a Camebax electron micro-
probe in the Institute of Geology, Siberian Branch, Russian Academy of Sciences
in Novosibirsk. Accelerating voltage was 20 kV, a sample current of 40 nA and
a beam diameter of 2–3 mm were used. Natural and synthetic minerals were
used as standards, and raw data were corrected online using the PAP correction
program.

Whole-rock major elements were determined using the X-ray analyzer VRA-20 R
by standard X-ray fluorescence techniques at the Analytical Center of the Institute of
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Geology SB RAS, Novosibirsk. Trace elements for 4 lherzolite samples, 1 pyroxenite
and 8 gabbro xenoliths were analyzed by ICP-MS using the ‘‘Plasma Quad PQ II Turbo
Plus’’ mass spectrometer at the Institute of Geochemistry SB RAS, Irkutsk, Russia.
Relative errors were 5–10%, the detection limits were 0.1 to 1 ppm for various ele-
ments.

Petrography of xenoliths

36 xenoliths from the Agardag alkaline basalts were studied in this work. They
are subangular to round in shape and range in size from 2 to 20 centimeters. Three
major groups were distinguished based on mineral parageneses: Group I – spinel
lherzolite, Group II – spinel-garnet clinopyroxenite, and Group III – gabbroid with
two subgroups (IIIa – garnet gabbroids and IIIb – garnet-free gabbroids).

Group I – spinel lherzolite

Spinel lherzolite xenoliths are unusually fresh and are characterized by a four-
phase mineral assemblage: olivine, orthopyroxene, clinopyroxene and brown spi-
nel. No hydrous minerals were found. Peridotite textures are largely protogranular.
Olivine, clinopyroxene and orthopyroxene occur as equant grains sized from 3 to 5
millimeters. The grains generally have straight or gently curved boundaries and
show only little evidence of strain in the form of undulose extinction. Brown spinel
is found as weakly elongated euhedral crystals as well as anhedral.

Group II – spinel-garnet clinopyroxenite

Garnet-spinel clinopyroxenite samples contain clinopyroxene, garnet and green
spinel with minor amounts of plagioclase up to 3 vol.%. They display cumulate
texture. Clinopyroxene occurs as elongate green grains up to 8 millimeters in
length. Deep-green spinel forms grains of irregular shape and the spinel modal
content reaches 20 vol.%. Garnet occurs usually as euhedral and rounded crystals,
or, more rarely, forms chains within the clinopyroxene grains. Garnet grains are
replaced by dark kelyphitic rims, identical in bulk chemical composition to the
primary garnet. Plagioclase commonly occurs as subhedral to xenomorphic inter-
stitial grains between clinopyroxene grains.

Group III – gabbroid xenoliths

These xenoliths consist mainly of variable amounts of clinopyroxene, orthopyrox-
ene, plagioclase and amphibole (gabbronorite and gabbro). This group is subdi-
vided into two subgroups: garnet-bearing (Group IIIa) and garnet-free (Group IIIb)
gabbroids. Both subgroups are characterized by massive or banded textures, show-
ing alternation of plagioclase-rich and pyroxene-rich layers 2–3 centimeters wide,
as well as gabbroic and gabbro-ophitic textures. Grain size of the minerals is less
than 5 millimeters. Clinopyroxene forms brown–green unzoned euhedral, slightly
elongated, grains and often includes small sulfide globules. Orthopyroxene displays
strong pleochroism from deep rose to light green. Plagioclase occurs as slightly
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elongated subhedral grains, displaying weak zoning. Garnet forms subhedral to
euhedral grains, which are commonly surrounded by a brown cryptocrystalline kely-
phite aggregate. Kelyphitisation is commonly attributed to heating, either during
transport in the host magma or in a lower crustal heating event (Stosch et al., 1995)
or decompression (Rudnick and Jackson, 1995). The modal content of magmatic
brown amphibole reaches 20 vol.%. Amphibole occurs in xenoliths as anhedral
grains, filling interstices between the other minerals and forming replacement rims
around clinopyroxene crystals. Accessory minerals are magnetite, titanomagnetite,
apatite, ilmenite, titanite and pyrite. Biotite appears as tiny flakes and its amount is
usually less than 1–2 vol.%. Cumulate textures without any features of recrystalli-
zation suggest the magmatic nature of the gabbroic xenoliths. These xenoliths are
similar in texture and mineral composition to rocks of the Bashkymugur intrusion.

Mineral chemistry

Olivine occurs only in the Group I xenoliths. Its Mg number (Mg#) is usually 90
to 89, and NiO content reaches 0.4 wt.%. Only a single sample shows lower
Mg#¼ 86 (Table 1). The CaO content is rather low: 0.06 to 0.12 wt.%.

Clinopyroxenes from the Group I spinel lherzolites are aluminian chromian
augites according to the pyroxene nomenclature (Morimoto, 1988) (Fig. 2A,
Table 1). They are characterized by high Mg numbers (Mg#¼ 85–90), high
Cr2O3 (0.9–1.4 wt.%) and TiO2 (0.3–0.7 wt.%) contents. Al2O3 and Na2O contents
vary from 5.8 to 7.3 wt.% and 1.2 to 1.9 wt.%, respectively.

Clinopyroxenes from spinel-garnet clinopyroxenites (Group II) are aluminian
diopsides (Morimoto, 1988) with Mg#¼ 87–89 (Fig. 2A, Table 1). They con-
tain more Al2O3 (9–11.5 wt.%) compared to clinopyroxenes of Group I, but
have lower contents of sodium, titanium and chromium (Na2O¼ 1–1.3 wt.%,
TiO2¼ 0–0.23 wt.%, Cr2O3¼ 0.15–0.30 wt.%).

Clinopyroxenes of the two gabbroid subgroups are aluminian augites and alu-
minian diopsides (Morimoto, 1988) (Fig. 2A, Table 1). They are characterized by
low chromium contents (0.03–0.22 wt.%), which are common for lower crust
xenoliths (Rudnick, 1992). The Group IIIa clinopyroxenes associated with garnet
have Mg# 57 to 80 relatively high contents of Al2O3 (5.1–8.4 wt.%) and Na2O
(0.7–1.28 wt.%). Clinopyroxenes whose Al-content is highest are also Na-rich
(Fig. 3).

Clinopyroxenes in garnet-free samples (Group IIIb) are subdivided into two
varieties: with high Al2O3 (6.5–7.8 wt.%) and Na2O (0.7–1.3 wt.%) contents, and
with low contents of Al2O3 (1.6–3.5 wt.%) and Na2O (0.35–0.55 wt.%) (Fig. 3).
The Mg# of the Group IIIb clinopyroxenes greatly varies from 62 to 80 in high-Al
clinopyroxenes and from 56 to 76 in low-Al ones. The Mg# of the clinopyroxenes
correlates positively with those of the whole rock compositions of the xenoliths and
with Mg# of garnet. The low-Al clinopyroxenes from Group IIIb gabbroic xeno-
liths fall within the compositional field of clinopyroxenes from the Bashkymugur
intrusion (Fig. 3).

Orthopyroxene from spinel lherzolite are chromian enstatite, which have high
Mg# of 86–90 and Al2O3 contents of 3.9–5.3 wt.%. The Cr2O3 content varies
from 0.35 to 0.61 wt.% (Fig. 2A, Table 1). Orthopyroxenes from gabbroid xenoliths
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correspond in composition to enstatite with a Mg# of 63 to 77 in Group IIIa and 55
to 72 in Group IIIb. Like clinopyroxenes, the Group IIIb orthopyroxenes are
subdivided into two varieties according to their alumina content: (a) high-Al (4.3
to 5.2 wt.% of Al2O3), (b) and low-Al (0.9 to 1.8 wt.% of Al2O3). High-Al ortho-
pyroxenes are associated with high-Al clinopyroxenes. The Group IIIb low-Al
orthopyroxenes show similar chemical compositions with orthopyroxenes of
Bashkymugur intrusion.

Garnet from the garnet clinopyroxenites is rich in pyrope and almandine end-
members (Prp62–69, Alm16–23, Grs13–16), Mg#¼ 78–81, with no compositional

Fig. 2. Compositional range of pyroxenes (A) and garnets (B) from the xenoliths of the
Sangilen Plateau

Fig. 3. Diagram Al2O3 and Na2O contents of clinopyroxenes from the xenoliths of the
Sangilen Plateau. Gray field: clinopyroxenes from rocks of the Bushkymugur intrusion
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zoning (Fig. 2B, Table 1). Garnet grains are replaced by dark kelyphitic rims, with
an identical bulk chemical composition to the primary garnet. Garnet from the
gabbroid xenoliths of Group IIIa is also unzoned pyrope-almandine (Prp25–52,
Alm33–54, Grs15–20), but its Mg# is lower ranging from 32 to 61. The CaO content
reaches up to 7 wt.% (Table 1). Kelyphitic rims correspond in composition to
garnet; only some analyses display high contents of Na2O up to 3.4 wt.%. The
Mg# of garnet increases with increasing Mg# of coexisting pyroxenes.

Plagioclase from the spinel-garnet clinopyroxenite (Group II) are generally
labradorite (An52–66) (Table 1). Gabbroid xenoliths plagioclases vary from labra-
dorite-bytownite (An60–83) to andesine (An47–49). Grains are generally homo-
geneous; however, minor normal zoning (2–7 mol% An) was detected in a few
samples. The Mg# of coexisting pyroxenes decreases regularly with a decrease of
the anorthite content in plagioclases in Groups IIIa and IIIb. The low magnesian
pyroxenes coexist with andesine, while high magnesian pyroxenes coexist with
labradorite-bitownite. This is a specific feature of fractional crystallization of a basalt
melt in a magmat chamber.

Amphiboles from xenoliths of Group III range from titanian magnesio-hasting-
site to pargasite (Leake et al., 1997) (Table 1). Their Mg# ranges from 54 to 76.
The titanium content varies from 0.18 to 3.37 wt.%, garnet-bearing samples contain
1.25 to 2 wt.% of TiO2.

Spinel in the Group I xenoliths is a brown Cr-spinel with Mg#¼ 55–76, and
Cr#¼ 9–31 (Table 1). Its NiO content is 0.32 to 0.35 wt.%. Spinel-garnet clino-
pyroxenites contain green Cr-free Al-rich spinel (Cr#<5) with Mg#¼ 69–79. It
has lower contents of NiO (0.15–0.21 wt.%). Sometimes, a green Cr-free Al-rich
spinel, but with lower Mg-number (Mg#¼ 58) is present in the gabbroid xenoliths,
as well as in the Group II xenoliths.

Equilibrium pressure and temperature

Several geothermobarometers were used to estimate equilibrium T–P conditions of
the Sangilen Plateau xenoliths. The pyroxene geothermometers of Brey and K€oohler
(1990) is commonly used for temperature estimates of mantle xenoliths. Tempera-
tures obtained from the spinel lherzolites range from 1028 to 1124 �C using the
two-pyroxene thermometer and from 1020 to 1100 �C using the Ca in orthopyroxene
thermometer (Brey and K€oohler, 1990). Calculated pressures are from 18 to 23 kbar (Cr
in spinel barometer; Webb and Wood, 1986) and from 19 to 21 kbar (clinopyroxene
barometer; Mercier, 1980). The results are close to the depth of the transition from
spinel to garnet lherzolites. The garnet-spinel clinopyroxenites equilibrated over a
pressure range of 12.7 to 14.2 kbar (Mercier, 1980) or 9.7 to 10.6 kbar (Grt-Pl-Cpx
barometer; Newton and Perkins, 1982) and a temperature range from 930 to 1010 �C
from the Grt-Cpx thermometer (Powell, 1985) (Table 2). These calculated P–T con-
ditions imply that the xenoliths are derived from both the lower crust and the uppermost
mantle.

The presence of aluminous pyroxenes in the gabbroid xenoliths is consistent
with a high pressure origin. The presence of pyrope-almandine garnet in the Group
IIIa xenoliths suggests a pressure of more than 12–14 kbar at 900–1050 �C (Irving,
1974; Gasparik, 1984). The estimates of temperatures and pressures for the
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gabbroid xenoliths group were obtained using the garnet-clinopyroxene (Powell,
1985; Ellis and Green, 1979), and the two-pyroxene (Sen and Jones, 1989) ther-
mometers and the garnet-orthopyroxene barometers (Harley, 1984; Nickel and
Green, 1985). Finally, for amphibole-bearing varieties we used three amphibole
barometers (Hammarstrom and Zen, 1986; Hollister, 1987; Schmidt, 1991).

The equilibrium temperatures and pressures for xenoliths of Group IIIa were
estimated to be 1000–1070 �C (Powell, 1985, Ellis and Green, 1979) and 11–13 kbar
(Harley, 1984). Two-pyroxene thermometers gave similar results (Table 2). The
temperature estimates (940–1000 �C) obtained using the two-pyroxene thermometer
are similar for garnet-free varieties and garnet-bearing samples.

The pressure determination for garnet-free varieties (Group IIIb) presents diffi-
culties for lack of any barometers for basic systems, based on equilibrium of garnet-
free parageneses. Therefore the pressures were estimated using the amphibole
barometers. In addition, for garnet-free xenoliths we used the pyroxene barometer
(Nimis, 1999), which allows determination of crystallization pressure for magmat-
ic assemblages containing Cpx�Opx� Pig� Pl� Spl�Mgt�Amp� Ilm, based
only on clinopyroxene composition. Group IIIb xenoliths with high-alumina clino-
pyroxene have equilibrated over a pressure range of 8.5 to 10.6 kbar, based on
amphibole barometry, and 8 to 9.8 kbar, based on clinopyroxene barometry. Gab-
broid xenoliths with low-alumina clinopyroxene equilibrated at T¼ 1000–1100 �C,

Table 2. P–T calculations for xenoliths of the Sangilen Plateau

Sample T, �C P, kbar

(Group)
1 2 3 4 5 6 7 8 9 10 11 12

439 (I) 1073 1056 – – – 19.0 19.5 – – – – –
I-39 (I) 1124 1100 – – – 21.1 23.2 – – – – –
I-40 (I) 1028 1020 – – – 19.1 18.5 – – – – –
145 (II) – – 1010 1100 – 13.7 – 10.4 – – – –
I-35 (II) – – 934 1140 – 12.7 – 9.7 – – – –
T1 (IIIa) 861 – 1040 1048 934 – – – 11.0 9.2 – 8.8
T6 (IIIa) 1049 – 1045 1057 983 – – – 12.6 10.5 – 8.3
KB2 (IIIa) 1163 – 1066 1075 1013 – – – 11.6 12.0 – –
N5g (IIIa) – – 890 910 – – – – – – – –
T3 (IIIb) 1020 – – – 1000 – – – – – 9.2 9.0
T5 (IIIb) – – – – – – – – – – 10.4 9.4
KB3 (IIIb) – – – – – – – – – – 9.5 8.5
KB6 (IIIb) – – – – – – – – – – 10.6 10.0
KB1 (IIIb) 1023 – – – 1041 – – – – – 5.0 5.5
KB8 (IIIb) 1010 – – – 1097 – – – – – 5.3 6.7
KC17 (IIIb) 1020 – – – 1049 – – – – – 2.5 3.9

Note: Using thermometers – 1 – Opx-Cpx, Brey and Kohler, 1990; 2 – Ca in Opx, Brey and Kohler,
1990; 3 – Grt-Cpx, Powell, 1985; 4 – Grt-Cpx, Ellis and Green, 1979; 5 – Opx-Cpx, Sen and Jones,
1989; and barometers – 6 – Cpx, Mercier, 1980; 7 – Cr in Spl, Webb and Wood, 1986; 8 – Grt-Pl-Cpx,
Newton and Perkins, 1982; 9 – Grt-Opx, Harley, 1984; 10 – Grt-Opx, Nickel and Green, 1985; 11 – Cpx,
Nimis, 1999; 12 – Am, Hammarstrom and Zen, 1986
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based on the two-pyroxene thermometer, and P¼ 4–8 kbar from amphibole barom-
eter or P¼ 3.9–6.7 kbar from pyroxene barometer (Table 2).

Whole rock composition

Major elements

Major and trace element compositions of xenoliths are given in Table 3. Group I
xenoliths are ultramafic and are distinguished from the other considered xenoliths
by their high MgO contents (>37 wt.%), coupled with low concentration of Al2O3

(2.8–3.5 wt.%), CaO (3.1–3.9 wt.%), alkalis (Na2OþK2O¼ 0.1–0.14 wt.%) and
TiO2 (0.15 wt.%) Peridotite xenoliths vary in composition from undepleted (low
MgO – 37.8–38.9 wt.%, high Al2O3, high CaO) to somewhat more depleted
(higher MgO – 40.6–41.1 wt.%, lower Al2O3 and CaO).

Group II xenoliths are also of ultramafic composition (SiO2 – 39–46 wt.%), but
are characterized by considerably lower MgO contents of 16–19 wt.%, with
Mg#¼ 70–79 and high contents of Al2O3 ranging from 14 to 21 wt.% and CaO
(10–15 wt.%). The Group II xenoliths low TiO2 contents with a maximum of
0.15 wt.%, suggest that these rocks are not high-pressure cumulates of alkaline ba-
salt magma.

All Group III xenoliths have mafic compositions, with SiO2 ranging from 44.5
to 52.5 wt.%. Mg# ranges from 28 to 64 and total alkalis from 2.2 to 5.4 wt.%.
They are characterized by moderate MgO contents of 4.8–11.2 wt.% and high
Al2O3 contetns ranging from 11–23 wt.%. CaO shows a significant variation
between values of 8.5 and 18 wt.%. TiO2 content varies from 0.18 to 2.5 wt.% and
along with alkalis shows a fairly well-developed negative correlation with the MgO
content (Fig. 4). In this case Ti behaves as incompatible element and along with Na
and K accumulates in a melt. The enrichment of the xenoliths in Ti, Na, K suggests
fractionation in a magma chamber.

Trace elements

Rare earth element contents in two analyzed spinel lherzolites are low and similar
to those estimated for the primitive mantle (Sun and McDonough, 1989). They are
characterized by flat primitive mantle-normalized patterns with slight LREE deple-
tion in sample I-40 (Fig. 5A). La=Yb ratios vary from 0.9 to 1.2.

Group II xenoliths have higher HREE contents than spinel lherzolites (Fig. 5A,
Table 3), but are depleted in LREE with (La=Sm)n¼ 0.08. Garnet pyroxenites
display REE patterns typical of these rocks with enrichment in HREE and deple-
tion in LREE, with (La=Yb)n ratio is 0.02.

Gabbroid rare earth element contents are 2–35 times the primitive mantle
values. All the Group III xenoliths have similar LREE-enriched patterns with a
(La=Yb)n ratio ranging from 1.4 to 9. The only difference between samples of this
group is the level of total REE content, which increases with decreasing Mg# in
both of Group IIIa and Group IIIb xenoliths. This suggests the increase of total
REE content during fractional crystallization. Gabbroic xenoliths of Groups IIIa
and IIIb have minor positive Eu anomalies ((Eu=Eu�)n¼ 1.1–2.5). However, two
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Group IIIb xenoliths have a negative Eu anomaly ((Eu=Eu�)n¼ 0.5–0.86), despite
of their high REE contents and low Mg#.

Most of the gabbroic xenoliths have very similar mantle-normalized trace ele-
ment patterns characterized by enrichment in LIL elements (Cs, Rb, Ba) and LREE
(Fig. 5B). They show characteristic depletion in Nb, Hf, Zr relative to LREEs, Ba,
Sr, Rb. Such geochemical features are typical of subduction-related magmatic
rocks. The contents of incompatible trace elements such as Sr, Zr and REE increase
with decrease in MgO in the gabbroid xenoliths (Fig. 4). This also could reflect
melt differentiation in a magma chamber.

Fig. 4. Major element variation diagrams for xenoliths of the Sangilen Plateau. Data for
the rocks of the Bushkymugur intrusion are shown for comparison
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A comparison of the Group III gabbroid xenoliths with rocks of the Bashky-
mugur intrusion shows similarities in several major and trace element character-
istics (Fig. 5B). They are characterized by negative HFSE anomalies and by
enrichment in LILE and Sr. Similar spectra are noted for most of the gabbroid
intrusions in the western part of the Sangilen Plateau. The similarity of rock che-
mical compositions of the Bashkymugur intrusion and gabbroic xenoliths can sug-
gest their genetic relationship, or the resemblance of geochemical types of parental
melts for the rocks of both the Bashkymugur gabbronorite-monzodiorite intrusion
and gabbroid xenoliths.

Discussion

Origin of xenoliths

Spinel lherzolite xenoliths of the Sangilen Plateau have major element concentra-
tions that fall within the normal variation of mantle-derived spinel peridotites

Fig. 5. Primitive mantle-normalized REE patterns (A) and trace elements diagram (B) for
the xenoliths of the Sangilen Plateau; the shaded field gives the range of trace element
concentrations in rocks of the Bushkymugur intrusion
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(Maaløe and Aoki, 1977; McDonough, 1990). Relative to the primitive mantle
composition two of the samples are enriched in MgO and depleted in CaO,
Al2O3 and TiO2. Two other samples have major element contents approaching
those of the undepleted mantle (McDonough, 1990). Their REE patterns are similar
to those of the primitive mantle (Fig. 5A). Thus, spinel lherzolite xenoliths of
Sangilen Plateau generally have major and trace element features that are typical
of mantle peridotites that have undergone variable depletion due to partial melting.

Several models have been proposed concerning the origin of spinel-garnet
clinopyroxenite xenoliths: Such rocks may be high-pressure cumulates of alkaline
basalt melt, by analogy with megacryst assemblages. They could also represent
inclusions of upper mantle rocks. Finally they may be regarded as cumulates,
which are cogenetic with gabbroic xenoliths similar to Group IIIa in magma cham-
bers occurring near the crust-mantle boundary.

The low Ti content in clinopyroxenes of Group II xenoliths in comparison with
clinopyroxenes of the megacryst assemblage of the alkaline basalt host, repre-
sented by titanaugite, as well as the low Ti and alkali contents in the rocks suggest
that Group II xenoliths are not high-pressure cumulates of alkaline basalt magma.
The relatively low Mg# number, high Al and Fe contents in spinel-garnet clino-
pyroxenite, the low Cr content in their clinopyroxene, coupled with geothermo-
barometric estimations, show that they could not be magmatic cumulates within the
lithospheric mantle.

Many of the major element characteristics of the spinel-garnet clinopyroxenites
are similar to those of the gabbroid xenoliths. REE patterns of Group II xenoliths
show similarities to the gabbroid xenoliths in relation to MREE and HREE contents.
The low LREE contents may be due to the absence or minor amount of plagioclase
in spinel-garnet clinopyroxenites. The pressure estimatesobtained frommineral thermo-
barometry showed that these xenoliths were formed at pressures of 10–13 kbar. These
values coincide with pressure estimates of garnet gabbroid formation conditions.
Thus, the Group II xenoliths may have originated as ultramafic cumulates cognate
with the garnet gabbroid (Group IIIa) close to the crust-mantle boundary. A similar
origin has been suggested for lower crustal xenoliths from other areas (Downes et al.,
2001; Upton et al., 1998; Litasov et al., 2000; Kempton et al., 2001).

The mineral assemblages, the mineral chemical characteristics, in particular the
Al-content of pyroxenes, and thermobarometric estimates of the gabbroic xenoliths
are consistent with a formation at three depth levels of crystallization of basalt
melt. The deepest formations are represented by gabbroids with garnet and high-Al
pyroxenes. Garnet-free gabbroids with high-Al pyroxenes are formed at intermedi-
ate depth, and gabbroids with low-Al pyroxenes are related to crystallization at
shallow levels. Each rock type can contain pyroxenes and garnet with both high
and low Mg# numbers, suggesting fractional crystallization within magma cham-
bers located at different depths. The alumina content in clinopyroxenes of the
Bashkymugur intrusion intruded by dikes of alkaline basalt, is 1–3 wt.%. The pres-
sure during formation of the Bashkymugur gabbroids was estimated to be 3–4 kbar
(Izokh et al., 2001). Thus both, the products of deep crystallization of basalt melts
in intermediate chambers, and the fragments of rocks, crystallized at levels close to
the formation depths of layered mafic intrusions occur among the gabbroid xeno-
liths of the Sangilen Plateau.
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Most of the gabbroic xenoliths are similar in petrography, mineralogy and
chemistry to rocks of the Bashkymugur intrusion. This intrusion is a large
body of 20�5 kilometer size, elongated in north–south direction and com-
posed of gabbroids and monzodiorites, intruded in two phases. The gabbroids
are characterized by primary magmatic layering, composed of a cyclic alter-
nation of plagiowebsterites, gabbronorites and anorthosites, sometimes with
monzodiorites in upper parts of the cycles. The quantity of monzodiorites of
the early phase is small, but their volume in the second phase greatly exceeds
the volumes of layered gabbroids of the first phase. Such a volume of mon-
zodiorites can only be obtained through the presence of a large intermedi-
ate magma chamber. Shelepaev et al. (2003) showed that the rocks of the

Fig. 6. Model chondrite-normalized REE patterns for crystal fractionation of
clinopyroxeneþ orthopyroxeneþ plagioclaseþ garnet and clinopyroxeneþ orthopyroxeneþ
plagioclase cumulates from melts parental to the Bushkymugur rocks (SH3); the model
REE patterns are shown for varying degrees of fractionation from F¼ 0.1 to F¼ 0.9, where
F is the fraction of melt remaining. 1 – model patterns; 2 – parental melt; 3 – garnet
gabbroids; 4 – garnet-free gabbroids; The shaded field indicates the range of REE con-
cetnrations in rocks from the Bushkymugur intrusion
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Bashkymugur intrusion were formed from a high-alumina moderately alkaline
basalt melt.

Using a simple Rayleigh fractional crystallization model and mineral=basalt
partition coefficients (McKenzie and O’Nions, 1991), the REE patterns of the gab-
broic xenoliths Group III can be modeled reasonably from the melt, which is
parental for rocks of the Bashkymugur intrusion. A sample of olivine microgab-
bronorite (SH-3) was used as a compositional analogue of parental melt for the
simulation of cumulate compositions. The simulation results are given in Fig. 6.
For the selected parent composition the REE patterns of the Bashkymugur in-
trusion rocks and gabbroid xenoliths lie above the line of fractionation degrees
of 0.5; this suggests considerable fractionation of the melt before crystallization
of the considered rocks. The composition of gabbroic xenoliths and conducted
simulations suggest the possibility of formation of gabbroic xenoliths and the
Bashkymugur intrusion from the same moderately alkaline basalt melts. The occur-
rence of gabbroic xenoliths is a direct evidence for the existence of deep-seated
chambers, in which fractionation of moderate-alkaline basaltic melt took place.

The composition of the lithosphere beneath the Sangilen Plateau

This is the first study focusing on the upper mantle composition, and the thickness
and composition of the crust beneath the Sangilen Plateau. Inasmuch as the age of
the host rocks is Late Ordovician, the data obtained from the xenoliths relate to
composition and structural features of the lithosphere beneath the Sangilen Plateau
during the Palaeozoic.

Spinel lherzolites have temperatures of equilibration ranging from 1040 to
1120 �C and equilibration pressures from 18 to 21 kbar (�54–63 km). The results
are close to the transition depth between spinel and garnet lherzolites. Based on
calculated P–T conditions, these deep-seated xenoliths were derived from the
uppermost mantle. Thus, the Ordovician lithospheric mantle beneath the Sangilen
Plateau was mainly composed of spinel lherzolites.

The estimated pressure range of spinel-garnet clinopyroxenites and garnet gab-
broids is 10–13 kbar (�33–40 km). 14 kbar is the highest value reported for crustal
xenoliths worldwide (Rudnick, 1992). Thus, the pressure estimates indicate a depth
of origin for these xenoliths near the crust-mantle boundary and a crust thickness of
about 40 kilometers beneath the Sangilen Plateau. P–T estimates and mineral
compositions suggest that the garnet-free Group IIIb xenoliths were also formed
under lower crustal conditions, but at a slightly shallower level than the Group IIIa
garnet gabbroids. Pressure estimates indeed indicate that the Group IIIb xenoliths
with high-Al pyroxenes were derived from depths of �24–30 km. Moreover, some
Group IIIb xenoliths containing low-Al pyroxenes, originated from a level close to
that of gabbroid massifs occurring in the area, i.e. in the uppermost crust of the
Sangilen Plateau. This is supported by P–T estimations that give lower pressure
values in the range of 4–7 kbar for such xenoliths, which corresponds to a depth of
12–21 kilometers. Figure 7 illustrates the inferred Early Palaeozoic crust-mantle
structure of the lithosphere beneath the Sangilen Plateau, in particular it shows the
location of upper mantle peridotite xenoliths and the intermediate magma cham-
bers within the crust.

436 V. V. Egorova et al.



Spinel lherzolite types closely define a local paleogeotherm substantially hotter
(�70–80 mW=m2) than that of the lithospheric mantle beneath the Siberian plat-
form (45 mW=m2) and close to estimates of thermal flow for the Baikal rift zone
(70 mW=m2) (Khutorskoy and Yarmolyuk, 1989; Zorin et al., 1990). Such a hot
geotherm points towards the existence of a hot plume under the Sangilen Plateau
during the Ordovician, as proposed by other investigators (Kovalenko et al., 2004).
The relatively high equilibration temperatures of garnet-spinel clinopyroxenites
and gabbroids are probably also largely attributable to such a hot plume. The
abundance of Ordovician high-magnesian intrusions and picrite lavas in CAOB
(Kuznetsk Alatau, Mongolian Altai, Southeastern Tuva), which were formed by

Fig. 7. Schematic representation of the crust – upper mantle structure beneath the Sangilen
Plateau in Early Palaeozoic times according to data from peridotite, pyroxenite and gab-
broic xenoliths. A – Cambrian volcanogenic – sedimentary rocks; B – Moren complex; C,
D – lower crust; E – Pravotarlashkin intrusion; F – gabbroids of the Bushkymugur intru-
sion; G – monzodiorite of Bushkymugur intrusion; H, I, J – intermediate magmatic cham-
bers; K – overlaps. 1–5 – xenoliths: 1 – spinel lherzolite, 2 – spinel-garnet clinopyroxenite,
3–5 – gabbroids: 3 – garnet, 4 – with high – Al clinopyroxenes, 5 – with low – Al
clinopyroxenes
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high degree partial melting of the mantle (15–25%) (Izokh et al., 2004; Borodina
et al., 2004), corroborate the existence of such a mantle plume during the Early
Palaeozoic.

Conclusions

The spinel lherzolite xenoliths represent the uppermost lithospheric mantle beneath
Sangilen Plateau and give evidence of the existence of both depleted and unde-
pleted lithospheric mantle domains. Spinel-garnet clinopyroxenite and gabbroid
xenoliths are of igneous origin and are the fragments of intrusive bodies crys-
tallized at depth levels close to the mantle-crust boundary, as well as in the lower
and upper crust. The gabbroid xenoliths are the crystallization products of melts
similar in major and trace element composition to the parental magma of the
Bushkymugur gabbronorite-monzodiorite intrusion. Based on mineral composi-
tions of gabbroid xenoliths, as well as their P–T estimations, three depth levels
of crystallization of moderately alkaline basaltic magma, occurring in intermediate
chambers beneath Sangilen Plateau, were established for the Early Palaeozoic.
Fractional crystallization taking place in each chamber stipulated for the wide com-
positional range of gabbroid xenoliths. The lower crust beneath the Sangilen
Plateau is mainly mafic in composition and is represented by gabbroic rocks
formed as cumulates from basaltic magmas. The relatively high equilibration tem-
peratures of the mantle and lower crust xenoliths in the Agardag alkaline basalt
dikes are probably attributable to a plume occurring beneath the Sangilen Plateau
during the Ordovician.
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