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We present new data on spinel peridotite xenoliths hosted in Agardag alkaline lamprophyres from the
Sangilen Plateau (Tuva, South Siberia, Russia), sampling at ~450 Ma the subcontinental lithospheric mantle
of the Tuva-Mongolian micro-continent that belongs to the accretionary Central Asian orogenic belt at the
southern edge of the Siberian craton. Xenoliths are spinel lherzolites principally showing poikilitic and sub-
ordinately coarse granular and coarse equigranular textures. Geothermobarometric calculations for pyroxene
yield a narrow range of equilibration temperature (ca. 1000–1100 °C) that corresponds to lithospheric depths
from 43 to 53 km (1.3–1.6 GPa) along a hot intracontinental geotherm. Variation of mean Mg# [100*Mg/
(Mg+Fe)] of olivine (87.9–90.9) with mean Cr# [100*Cr/(Cr+Al)] of spinel (9.5–45.7) indicates that spinel
lherzolites are mostly residues of up to 10% melting of a fertile peridotite source. In terms of normalized REE
(Rare Earth Element) and incompatible trace element patterns of clinopyroxene, the Sangilen xenoliths can
be classified into three types: Type I characterized by convex-upward REE patterns depleted in LREE
(0.10≤La/YbN≤0.49), and with relative negative anomalies of Rb, Pb, Hf, Zr and Ti and positive spikes of U
and Sr; Type II displaying variable LREE/HREE ratios (0.53bLa/YbNb2.17) but generally flatter REE patterns)
and similar abundances of other trace elements compared to Type I; and Type III showing a LREE enriched pat-
tern [(La/Sm)N=2.22; (La/Yb)N=8.42], high REE contents and no relative anomalies of U and Sr. The elevated
YbN concentration of one Type II clinopyroxene and the variable fractionation of LREE-MREE relative to HREE
in most xenolith types indicate Sangilen xenoliths underwent variable metasomatic enrichment. This enrich-
ment is well accounted by percolation‐reaction between depleted peridotite and small-melt fractions of alkaline
mafic melts precursor to the Agardag alkaline lamprophyres. The lack of correlation with depth of modal varia-
tions, textural types, inferred degrees ofmelting and trace element patterns in xenoliths indicates the absence of
a texturally or compositionally layered lithospheric mantle sampled by Ordovician lamprophyres beneath the
Sangilen plateau. The observed compositional variations are better accounted by depleted lithosphere variably
metasomatized along a network of percolating alkaline mafic melts heterogeneously distributed throughout
the Sangilen lithospheric mantle section.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Our knowledge of the composition and magmatic record of the sub-
continental upper mantle comes from the investigation of peridotite
from a variety of tectonic settings includingmantle sections tectonically
obducted as orogenic peridotitemassifs, peridotite xenoliths – primarily
spinel peridotite – erupted in tectono-magmatically active areas away
from cratons, and peridotite xenoliths – spinel and garnet peridotite –
34 958552620.
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carried by kimberlites erupted through both Archean and middle to
early Proterozoic crust (Bodinier and Godard, 2006; Carlson et al.,
2005; Downes, 2001; Pearson et al., 2003; and references therein). In
particular, the trace element geochemistry andmicrostructure ofmantle
xenoliths hosted in Paleozoic lamprophyre and lamproite at the south-
ern edge of the Siberian craton are poorly known, and their study
hence provides a unique opportunity to investigate the nature of the
subcontinental mantle beneath these terrains. In this paper we present
new data on spinel xenoliths hosted in Early Ordovician alkaline
lamprophyres from the Sangilen Plateau (Tuva, Russia) in the accre-
tionary Central Asian orogenic belt, (southern Siberia) (Fig. 1). These
lamprophyre-hosted spinel peridotite xenoliths allow us to investigate
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Fig. 1. (a) Simplified geological map of the Central Asian Orogenic Belt in southern Russia
(inset) (modified after Dobretsov and Buslov, 2007). AM and TM refers respectively to
the Gondwana derivedmicro-continents of Altai-Mongolian and Tuva-Mongolian. Legend
of tectonic units: 1: Hercynides; 2: Cambrian island arc calc-alkaline volcanic series;
3: Neoproterozoic-Cambrian accretionary prisms; 4: Neoproterozoic-Cambrian ophiolites;
5: Neoproterozoic supra-subduction ophiolites; 6: Neoproterozoic-Cambrian ophiolitic
basalts; 7: Middle-Late Paleozoic volcano-sedimentary basins; (b) Simplified geological
map of the Sangilen Plateau (see inset in Fig. 1a) showing the location of the intrusive
Ordovician Agardag lamprophyre dikes containing mantle peridotite xenoliths (modified
after Egorova et al., 2006).
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the composition and thermal structure of the circumcratonic subconti-
nental lithospheric mantle of the Tuva-Mongolian micro-continent
(Griffin et al., 1999b), (Fig. 1a). Sangilen mantle xenoliths therefore
offer complementary information on the Central Asia subcontinental
mantle lithosphere to that provided by mantle xenoliths in younger
Neogene basalts that sample the subcontinental mantle beneath the
Baikal rift and Mongolia (e.g., Ionov, 2002; Litasov et al., 2000; Wiechert
et al., 1997).
2. Geological setting

The Central Asian orogenic belt was formed by accretion of conti-
nental, oceanic and island arc tectonic blocks at the southern edge
of the Siberian craton during the Neoproterozoic and Paleozoic
(Berzin et al., 1994; Mossakovskii et al., 1993). One of the largest
blocks accreted during this orogeny was the Tuva-Mongolian micro-
continent, whose southwestern part is constituted by the Sangilen
Plateau (Fig. 1a) (Vladimirov et al., 2005). This plateau is primarily
made up of amalgamated metamorphic and igneous complexes
(Fig. 1b) thatwerefirst interpreted as theArchean-Paleoproterozoic base-
ment of the Tuva-Mongolian micro-continent (Ilyin, 1990; Zonenshain
et al., 1990). However, later studies have shown that these rocks are not
related to the Proterozoic accretion, but they are Cambrian-Ordovician
metamorphic and plutonic complexes (Izokh et al., 2001). These com-
plexes are intruded by ultramafic to felsic igneous rocks (Izokh et al.,
2001; Vladimirov et al., 2005) (Fig. 1b). One of the youngest igneous
episodes (447–441 Myr) formed the Agardag alkaline lamprophyre dike
complex (Gibsher et al., 2012; Izokh et al., 2001; Vladimirov et al.,
2005) (Fig. 1b; dark triangles). Agardag alkaline lamprophyres are
camptonites (Izokh et al., 2001); in terms of total alkalis (Na2O+
K2O) versus SiO2 content they are characterized by high alkalis
an low SiO2 contents similar to foidite and basanite lavas (Rock,
1991). These lamprophyre dikes are intrusive into the Moren meta-
morphic complex, the Cambrian volcanogenic-sedimentary units,
the Pravotarlaskhin troctolite-anorthosite-gabbro complex, and the
Ordovician Bashkymugur gabbronorite and monzodiorite (Fig. 1b)
(Izokh et al., 2001; Vladimirov et al., 2005). These lamprophyre
dikes contain rare mantle xenoliths (Egorova et al., 2006) that are
the subject of the present study and will be referred below to as
Sangilen xenoliths.

3. Sampling and petrography

The studied Sangilen xenoliths were sampled from different locali-
ties of the Agardag alkaline lamprophyre dike complex (Fig. 1b) and
are invariably spinel lherzolites. Peridotite xenoliths in these dikes
can be up to 10 cm in diameter, they are commonly highly altered and
friable. Fresh peridotite xenoliths are uncommon and small, limiting
the availability of samples for the present study and preventing their
bulk rock analysis. For this study, we selected highly fresh peridotite
xenoliths (up to 4 cm in size) representative of the textural and modal
variations of the suite (Table 1). The modal composition of xenoliths
was estimated by image analyses of thin sections (Table 1). The selected
xenoliths lack any vein or modal layering and are spinel lherzolites
with variable modal proportions of olivine, orthopyroxene and cli-
nopyroxene (Table 1). Sangilen xenoliths show principally poikilitic
texture (e.g., Downes et al., 1992; Gregoire et al., 1997; Mercier and
Nicolas, 1975; Xu et al., 1998) characterized by coarse (3–4 mm)
orthopyroxene enclosing olivine (1–2 mm) (Fig. 2a); less common
coarse equigranular texture has homogeneous (0.5–2 mm) grain size
(Fig. 2b), and coarse granular texture (Lenoir et al., 2000; Mercier and
Nicolas, 1975) has relatively large olivine (up to 3 mm) and pyroxenes
(1–2 mm) (Fig. 2c). Coarse equigranular and coarse granular xenoliths
not only differ in terms of olivine grain size but also in the shape of
grain boundaries, which is, respectively, straight (Fig. 2b) and curvilin-
ear (Fig. 2c). Pyroxenes show no exsolution lamellae and round sub-
hedral spinel grains occur either interstitially (sometimes with holy-
leaf shape) or as inclusions in silicates (Fig. 2b, c). Spinel grains are
always smaller (0.5–1 mm) than other rock-forming minerals. Sulfide
blebs (30–300 μm) are common in all samples.

4. Instrumental analysis

Electron probe microanalyses were carried out using a JEOL
Superprobe JXA 8100 and a CAMECA SX50 instruments at the Institute
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of Geology, Siberian Branch of the Russian Academy of Science in
Novosibirsk (Russia). Accelerating voltage was 20 kV, sample current
7 nA and beam diameter 5 μm. Counting time for each element was
10 s. Natural and synthetic silicate and oxide standards were used
for calibration and ZAF correction. The average major element con-
tents of minerals in the studied samples are reported in Table 1.

In situ analyses of trace elements in clinopyroxene were carried
out by Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS). Analyses were performed at Géosciences Montpellier
(CNRS-University of Montpellier II, Montpellier, France) using a
ThermoFinnigan ELEMENT XR sector field ICP-MS, coupled with a
Geolass (Microlas) automated platform housing a 193 nm Complex
102 laser from LambdaPhysik. Ablation was conducted in a cell of
ca. 30 cm3 in He atmosphere, which enhances sensitivity and reduces
inter-element fractionation. Signals were acquired devoting 2 min for
the background blank and 1 min for measurement of the sample. The
laser was fired at an energy fluency of 15 J/cm2 and a frequency of 6
and 8 Hz using circular spot sizes of 102 and 122 μm in diameter, re-
spectively. Concentrations were calibrated against the NIST Certified
Reference rhyolite glass 612, using the values compiled by Pearce
et al. (1997). Data were subsequently reduced using the GLITTER soft-
ware (Van Achtebergh et al., 2001) by inspecting the time-resolved
analyses to check for lack of heterogeneities in the analyzed volume.
CaO was used as internal standard and BIR-1 G (USGS basaltic glass
reference sample) was shot in every procedure for analytical quality
control. Average trace element analyses of clinopyroxene are given
in Table 2.

5. Mineral chemistry

5.1. Major elements

In terms of major elements, olivine, orthopyroxene, clinopyroxene
and spinel are homogenous at the thin section scale. Average Mg#
[100*Mg/(Mg+Fe)] of olivine is uncorrelated with the textural type
of xenoliths and ranges from 87.9 to 90.9 as characteristic for fertile
lherzolite (Fig. 3). Average Mg# of orthopyroxene ranges from
88.4 to 91.5, CaO from 0.85 to 1.08 wt.%, and Al2O3 from 4.18 to
5.70 wt.% except in lherzolites 3H‐2 and 5H‐13 where the Al2O3 con-
tent is significantly lower (2.79-2.88 wt.%) (Table 1). Clinopyroxene
(Mg-augite) has an average Mg# ranging from 88.2 to 91.8 and highly
variable Al2O3 content (3.49-7.64 wt.%). Cr2O3 and Na2O contents
span from 0.73 to 1.64 wt.% and 0.87 to 1.75 wt.%, respectively
(Table 1). Average Cr# [100*Cr/(Cr+Al)] of spinel (Mg-Al chromite)
is highly variable (9.5-45.7) (Fig. 3) and Mg# ranges between 63.9
and 78.2. These compositions are similar to those reported in previ-
ous studies of major elements in minerals from the Sangilen xenoliths
(Egorova et al., 2006; Gibsher et al., 2008) and are typical of mantle-
derived spinel lherzolite xenoliths (e.g., Maaloe and Aoki, 1977;
Pearson et al., 2003).

5.2. Trace elements in clinopyroxene

Clinopyroxene has homogenous trace element composition in each
sample. Three types of chondrite-normalized (Sun and McDonough,
1989) rare earth element (REE) patterns of clinopyroxene can be
differentiated:

(i) Type I: characterized by convex-upward patterns depleted in
light REE (LREE) with 0.12≤La/SmN≤0.45 and 0.10≤La/YbN≤
0.49 in samples 3H‐4, 3H-8, 5H‐7 and 5H‐9 (Fig. 4a);

(ii) Type II: characterized by relatively flat REE patterns with
0.65≤La/SmN≤1.59 and 0.53≤La/YbN≤2.17 in samples 3H‐2,
5H‐2, 5H‐3 and 5H‐10 (Fig. 4b);

(iii) Type III: characterized by enriched LREE patterns with average
(La/Sm)N=2.22 and (La/Yb)N=8.42 in xenolith 5H‐13 (Fig. 4c).
The shape of normalized patterns of clinopyroxene is unrelated to
its modal abundances and/or textural type of xenoliths.

Primitive upper mantle (PUM) normalized (Sun and McDonough,
1989) multi-element patterns of clinopyroxene in Sangilen xenoliths
also vary according to the groups differentiated on the basis of REE:
(i) Type I xenoliths have trace element abundances that generally
increase towards the least incompatible elements from ~0.01 to
10×PUM. Exceptions to this trend are relative negative anomalies
of Rb, Pb, Hf, Zr and Ti and positive spikes of U and Sr (Fig. 4d);
(ii) Type II xenoliths display concentrations and spikes similar to
Type I in the PUM normalizedmulti-element diagrams but less patent
positive anomalies of U (Fig. 4e); the trace element abundances of
clinopyroxene in 5H‐10 are remarkably higher than in other samples,
mostly >10×PUM; finally, (iii) Type III xenolith 5H‐13 generally dis-
plays trace element concentrations between 1 and 10×PUM with no
relative anomalies of U and Sr, and a negative Nb spike (Fig. 4f).

6. Discussion

6.1. Depth of provenance of xenoliths and thermal structure of the
lithospheric mantle beneath the Sangilen Plateau

The spinel lherzolite assemblage of the Sangilen xenoliths indi-
cates they are samples coming from lithospheric depths above the
spinel to garnet lherzolite facies transition (Fig. 5) Due to the lack
of accurate geobarometric formulations for spinel lherzolite (Nimis
and Grütter, 2010; Taylor, 1998; and references therein), the depth
of provenance of the Sangilen xenoliths can only be assessed com-
bining the calculated equilibration temperature of mantle xenoliths
with the inferred mantle paleogeotherm at the age of intrusion of the
Agardag lamprophyres. Calculated equilibration temperatures of Sangilen
xenoliths, obtained using several recommended geothermometric
formulations for spinel peridotite, are reported in Table 1 (TCpx-Opx,
two-pyroxene geothermometer of Taylor, 1998; TCa-Opx, Ca-in-
orthopyroxene geothermometer of Brey and Köhler, 1990; TCa-Opx-mod,
TCa-Opx formulation modified by Nimis and Grütter, 2010; and TCr-Al-Opx,
the Al-in-orthopyroxene geothermometer of Witt-Eickschen and Seck,
1991). Most geothermometric formulations yield a relatively narrow
range of equilibration temperature (~1000–1100 °C) (Table 1). An ex-
ception is sample 5H‐10 for which the TCpx-Opx geothermometer yields
an unusually low equilibration temperature (~850 °C) relative to that
obtained from other thermometric formulations (Table 1). This diver-
gence is common in spinel mantle xenoliths and reflects lack of chem-
ical disequilibrium between orthopyroxene and clinopyroxene (Nimis
and Grütter, 2010). The lack of textural evidence for secondary cli-
nopyroxene and the high temperature obtained for the TCr-Al-Opx and
TCa-in-Opx formulations in the orthopyroxene core of this sample indi-
cate that the anomalously low TCpx-Opx temperature may be the vestige
of an older low-temperature event as reported in other xenolith suites
(Foley et al., 2006). Egorova et al. (2006) (TCa-Opx=1020–1100 °C)
and Gibsher et al. (2008) (TCa-Opx=970–1100 °C) have reported a
similar range of equilibration temperatures for the Sangilen peridotite
xenoliths.

Several studies have shown that the Sangilen lithospheric mantle
records hotter geothermal regimes than the lithospheric mantle
in nearby areas of the Siberian platform (Djomani et al., 2003;
Khutorskoy and Yarmolyuk, 1989; Zorin et al., 1990). We hence as-
sume that the paleogeothermal gradient of the Sangilen mantle is
first approximated by a relatively hot geotherm as that derived
from studies of spinel mantle xenoliths in intracontinental regions
such as southeastern Australia (O'Reilly and Griffin, 1985). Calculated
temperatures of Sangilen xenoliths plot along this geotherm at pres-
sures ranging from 1.3 to 1.6 GPa, which correspond to lithospheric
depths from ~43 to 53 km (Fig. 5). This depth of provenance is
in good agreement with the crustal thickness seismically imaged
beneath the Sangilen plateau (Djomani et al., 2003; Khutorskoy and



Table 1
Average major element compositions (wt.%) of minerals, modal abundances and calculated equilibrium temperatures of the studied Sangilen xenoliths.

Sample 3H‐2 3H‐4 3H‐8 5H‐2

Rock Texture Spinel lherzolite coarse granular Spinel lherzolite poikilitic Spinel lherzolite poikilitic Spinel lherzolite coarse equigranular

Mineral ol opx cpx spl ol opx cpx spl ol opx cpx spl ol opx cpx spl

SiO2 40.9 55.8 53.1 0.07 40.7 54.2 51.5 0.15 40.5 53.7 51.0 0.06 40.0 54.1 51.3 0.06
TiO2 b.d.l. 0.05 0.13 0.22 b.d.l. 0.14 0.55 0.18 b.d.l. 0.18 0.59 0.19 b.d.l. 0.14 0.53 0.14
Al2O3 b.d.l. 2.79 3.49 29.4 b.d.l. 5.70 7.64 57.8 b.d.l. 5.20 7.03 55.6 b.d.l. 5.04 7.20 57.2
Cr2O3 b.d.l. 0.70 1.27 36.8 b.d.l. 0.42 0.73 9.07 b.d.l. 0.40 0.78 9.99 b.d.l. 0.39 0.84 10.3
FeOtot 9.86 6.21 3.06 16.1 10.2 6.48 3.43 10.9 10.8 6.92 3.57 11.9 10.27 6.58 3.33 11.1
MnO 0.13 0.12 0.09 0.12 0.15 0.13 0.10 0.11 0.13 0.15 0.09 0.10 0.18 0.18 0.13 0.22
MgO 48.8 32.5 16.9 16.0 47.2 31.1 15.0 20.2 48.2 31.4 15.0 20.2 48.8 32.6 15.8 20.7
NiO 0.32 0.09 b.d.l. 0.19 0.34 0.11 b.d.l. 0.36 0.33 0.12 b.d.l. 0.33 0.39 0.11 b.d.l. 0.39
CaO 0.09 1.08 19.6 b.d.l. 0.11 1.01 19.2 b.d.l. 0.09 0.962 18.9 b.d.l. 0.08 0.85 18.6 b.d.l.
Na2O b.d.l. 0.08 0.87 b.d.l. b.d.l. 0.15 1.67 b.d.l. b.d.l. 0.15 1.69 b.d.l. b.d.l. 0.14 1.75 b.d.l.
Total 100.2 99.4 98.5 99.0 98.8 99.4 99.9 98.7 100.1 99.2 98.7 98.3 99.8 100.1 99.6 100.1
mg# 89.8 90.3 90.7 63.9 89.2 89.5 89.9 78.2 88.9 89.0 88.3 74.6 89.4 89.9 89.5 77.0
cr# 45.7 9.52 10.7 10.8
vol.% 63.4 26.5 7.6 2.5 51.1 32.7 15.2 1.0 52.8 31.9 15.0 0.3 54.7 29.1 15.7 0.5
TCpx-Opx (±31 °C) 1096 °C 1031 °C 1019 °C 1042 °C
TCa-Opx (±16 °C) 1075 °C 1060 °C 1047 °C 1014 °C
TCa-Opx-mod (±25–45 °C) 1072 °C 1055 °C 1041 °C 1003 °C
TCr-Al-Opx (±15 °C) 1020 °C 1038 °C 1009 °C 999 °C

b.d.l. — below dection limit.
Using thermometers: TCpx-Opx — Taylor, 1998; TCa-Opx — Brey and Köhler, 1990; TCa-Opx-mod — Nimis and Grütter, 2010; TCr-Al-Opx — Witt-Eickschen and Seck, 1991.
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Yarmolyuk, 1989; Zorin et al., 1990). Likewise, it is in good accordance
with the spinel lherzolite nature of the Sangilen xenoliths, as the
spinel-garnet peridotite transition at ~1000–1100 °C is approximately
a b

c

Fig. 2. Photomicrographs of representative textures of Sangilen mantle xenoliths:
(a) poikilitic texture with olivine enclosed in large orthopyroxene (sample 5H‐9);
(b) coarse-grained equigranular texture with straight grain boundaries (sample 5H‐
2); (c) coarse granular texture with curvilinear grain boundaries (sample 3H‐2). Cpx:
clinopyroxene; Ol: olivine; Opx: orthopyroxene; Spl: spinel.
located at 65 km (Fig. 5); significantly hotter or cooler paleo-
geotherms would have resulted in equilibration of some xenoliths at
plagioclase lherzolite or garnet lherzolite facies depths, respectively.
These results are in good accordancewith a Late Ordovician hot paleo-
geothermal regime inferred for the Sangilen plateau that is similar to
that recorded in younger, Neogene basalt-hosted spinel mantle xeno-
liths from the Baikal rift (Ionov, 2002).

In many suites of spinel peridotite xenoliths, samples with poikilitic
texture usually record the highest equilibration temperatures and
are commonly ascribed to recrystallization at near-solidus peridotite
temperatures under high melt-rock ratios near the lithosphere–
asthenosphere boundary (Embey-Isztin et al., 2001; Xu et al., 1998,
2003). The absence of correlation between equilibration temperature,
textural and trace element types (Fig. 5) and the coincident high equil-
ibration temperatures of Sangilen poikilitic xenoliths with those of
other textural types point to the absence of a layered spatial distribution
of the textural types in the sampled Sangilen lithospheric mantle.

6.2. Composition of the Sangilen Plateau lithospheric mantle:
geochemical record of partial melting and metasomatism

6.2.1. The partial melting record
The spinel Cr# and olivine Mg# variations in Sangilen peridotite

xenoliths indicate they are mostly residues of low to moderate (up
to 10%) degrees of partial melting of a fertile peridotite mantle source
(Fig. 3). Because clinopyroxene is the main carrier of trace elements
in upper mantle anhydrous spinel peridotite (Garrido et al., 2000;
McDonough and Frey, 1989; Rampone et al., 1991; Rivalenti et al.,
1996; Stosch, 1982), its trace element composition is of particular
interest to further constrain the magmatic processes that affected
the Sangilen lithospheric mantle. The YbN content of clinopyroxene
is particularly a good proxy for depletion of mantle peridotite during
spinel lherzolite facies melting because it mainly depends on the total
melt extracted irrespectively of the melting mechanism (i.e., batch,
fractional or incremental melting) (e.g., Johnson et al., 1990; Shaw,
1970) and it is hardly modified by post‐melting processes associated
with melt porous flow (Bodinier et al., 1988; Godard et al., 1995;
Ionov et al., 2002; Lenoir et al., 2001; Ozawa and Shimizu, 1995;
Soustelle et al., 2009; Suhr, 1999; Vernières et al., 1997). Fig. 6 dis-
plays the (Ce/Dy)N (Fig. 6a) and (Sm/Yb)N (Fig. 6b) versus the YbN
content of Sangilen peridotite clinopyroxenes and the variation of



5H‐3 5H‐7 5H‐9 5H‐10 5H‐13

Spinel lherzolite poikilitic Spinel lherzolite poikilitic Spinel lherzolite poikilitic Spinel lherzolite coarse
granular

Spinel lherzolite poikilitic

ol opx cpx spl ol opx cpx cpx ol opx cpx spl ol opx cpx spl ol opx cpx spl

40.5 53.8 51.8 0.06 40.7 55.0 52.7 0.05 40.3 54.6 51.7 0.05 41.1 54.9 52.0 0.12 40.9 56.2 53.2 0.06
b.d.l. 0.04 0.11 0.06 b.d.l. 0.07 0.23 0.08 b.d.l. 0.16 0.48 0.28 b.d.l. 0.11 0.31 0.21 b.d.l. 0.08 0.19 0.24
b.d.l. 4.64 5.52 50.2 b.d.l. 4.80 6.53 54.0 b.d.l. 4.68 6.03 48.7 b.d.l. 4.18 5.95 44.7 b.d.l. 2.88 3.95 31.1
b.d.l. 0.55 0.92 16.17 b.d.l. 0.53 1.03 14.43 b.d.l. 0.61 1.06 17.4 b.d.l. 0.63 1.38 22.82 b.d.l. 0.77 1.64 37.02
9.9 6.17 3.15 11.7 10.1 6.37 3.10 11.1 11.73 7.45 3.90 14.2 9.9 6.27 3.12 13.4 8.81 5.57 2.75 14.0
0.13 0.14 0.09 0.08 0.16 0.17 0.13 0.27 0.18 0.18 0.13 0.33 0.14 0.15 0.09 0.15 0.15 0.16 0.12 0.54
48.8 31.5 16.4 19.5 48.9 32.8 16.0 20.1 47.6 31.9 16.4 18.5 48.2 32.0 15.4 18.2 49.6 33.7 17.2 16.5
0.32 0.09 b.d.l. 0.28 0.39 0.10 b.d.l. 0.36 0.37 0.10 b.d.l. 0.31 0.36 0.10 b.d.l. 0.27 0.38 0.11 b.d.l. 0.20
0.10 1.09 20.0 b.d.l. 0.07 0.88 19.1 b.d.l. 0.09 1.03 19.0 b.d.l. 0.08 0.96 19.3 b.d.l. 0.08 0.96 19.8 b.d.l.
b.d.l. 0.10 0.92 b.d.l. b.d.l. 0.13 1.59 b.d.l. b.d.l. 0.09 1.19 b.d.l. b.d.l. 0.15 1.61 b.d.l. b.d.l. 0.08 1.14 b.d.l.
99.7 98.1 98.9 98.1 100.4 100.8 100.5 100.3 100.4 100.8 99.9 99.9 99.8 99.4 99.3 99.8 99.9 100.5 100.1 99.7
89.8 90.1 90.3 74.9 89.6 90.2 90.2 76.4 87.9 88.4 88.2 70.0 89.7 90.1 91.0 74.0 90.9 91.5 91.8 67.8

17.8 15.2 19.4 25.5 44.4
65.5 20.1 13.4 1.1 68.4 20.7 9.8 1.1 72.6 20.9 6.3 0.2 81.5 11.2 6.9 0.4 82.5 10.9 6.1 0.5
1082 °C 1065 °C 1093 °C 847 °C 1063 °C
1083 °C 1021 °C 1062 °C 1047 °C 1043 °C
1081 °C 1012 °C 1057 °C 1041 °C 1037 °C
1048 °C 1038 °C 1059 °C 1056 °C 1041 °C

Table 1 (cont.)
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these parameters calculated for clinopyroxene in spinel peridotite
residues of variable degrees of non-modal batch and fractional melt-
ing. In good accordance with their olivine and spinel compositions
(Fig. 3), the YbN content of clinopyroxene in xenoliths 3H4, 3H8 and
5H‐2 records low degrees of partial melting (Fig. 6). The YbN content
of clinopyroxene in other Sangilen xenoliths indicates they are residues
of up to ~40% batch melting or 15% fractional melting of a depleted
mantle source; however, the lherzolite mineral assemblage of Sangilen
xenoliths is more consistent with the lower melting degree estimates.
The highest inferred melting degree corresponds to Type II 3H‐2 and
Type III 5H‐13 xenoliths (Fig. 6), in good agreement with their highly
Table 2
Average trace element abundances (ppm) of clinopyroxenes from the Sangilen xenoliths.

Sample 3H‐2 (st. dev.) 3H‐4 (st. dev.) 3H‐8 (st. dev.) 5H‐2 (st. dev.) 5H‐3

Li 0.992 0.104 1.50 0.09 1.27 0.16 1.27
Rb 0.043 0.038 0.024 0.008 0.032 0.012 0.247 0.238 0.019
Th 0.039 2.1E-04 0.013 0.005 0.031 0.002 0.060 0.001 0.033
U 0.013 0.003 0.005 0.002 0.012 0.003 0.016 0.001 0.016
Nb 0.291 0.009 0.102 0.054 0.279 0.006 0.648 0.017 0.311
Ta 0.035 0.002 0.006 0.004 0.037 0.002 0.037 0.005 0.032
La 1.36 0.02 0.319 0.013 1.21 0.02 1.35 0.04 0.88
Ce 3.72 0.05 2.15 0.03 4.32 0.09 3.68 0.14 2.25
Pb 0.043 0.010 0.034 0.025 0.046 0.021 0.043 0.021 0.045
Sr 50.4 1.7 60.0 1.1 60.7 0.5 75.5 3.0 25.9
Pr 0.579 0.008 0.545 0.008 0.790 0.022 0.577 0.012 0.293
Nd 3.13 0.04 3.82 0.08 4.68 0.12 3.31 0.04 1.28
Hf 0.531 0.010 0.982 0.023 0.853 0.010 0.798 0.021 0.105
Zr 15.3 0.2 26.7 0.4 25.9 0.2 23.0 0.3 4.60
Sm 1.01 0.01 1.74 0.07 1.72 0.06 1.34 0.01 0.36
Eu 0.362 0.005 0.730 0.021 0.675 0.013 0.571 0.018 0.142
Gd 1.20 0.01 2.73 0.10 2.45 0.05 2.16 0.04 0.65
Tb 0.190 0.003 0.509 0.013 0.436 0.006 0.413 0.005 0.139
Ti 722 18 3788 25 3841 17 3067 178 955
Dy 1.16 0.01 3.79 0.09 3.11 0.04 3.04 0.05 1.20
Ho 0.223 0.002 0.805 0.028 0.666 0.011 0.672 0.013 0.285
Y 5.26 0.07 20.0 0.6 16.8 0.2 16.7 0.6 7.46
Er 0.559 0.008 2.35 0.07 1.92 0.02 1.93 0.06 0.896
Tm 0.074 0.001 0.338 0.010 0.274 0.004 0.281 0.007 0.141
Yb 0.448 0.006 2.21 0.07 1.79 0.03 1.81 0.06 0.950
Lu 0.065 0.002 0.314 0.009 0.253 0.004 0.265 0.009 0.143
(La/Sm)N 0.85 0.11 0.44 0.63 1.54
(La/Yb)N 2.06 0.10 0.46 0.51 0.63

The subscript N denotes chondrite-normalized element ratio (Sun and McDonough, 1989).
refractory spinel Cr# (Fig. 3). Only the elevated YbN content of cli-
nopyroxene in 5H‐10 (Fig. 6) cannot be accounted for by partialmelting
from usual peridotite mantle sources and it most likely reflects enrich-
ment by post-melting magmatic processes discussed below. So, partial
melting alone cannot explain the REE variability of clinopyroxene
in Sangilen mantle xenoliths (Fig. 6). Although the (Ce/Dy)N of cli-
nopyroxene in Type I xenoliths 5H‐7 and 5H‐9 is consistent with
being melting residues of variable degrees of batch melting (Fig. 6a),
batch melting cannot reproduce their (Sm/Yb)N ratios (Fig. 6b). Fur-
thermore, the (Ce/Dy)N ratio of clinopyroxene in xenoliths 3H‐2, 5H‐3
and 5H‐13 is higher than that calculated for clinopyroxene residual of
(st. dev.) 5H‐7 (st. dev.) 5H‐9 (st. dev.) 5H‐10 (st. dev.) 5H‐13 (st. dev.)

0.25 1.21 0.07 1.16 0.01 371 194 1.00 0.10
0.011 0.054 0.062 0.157 0.128 0.263 0.133 0.018 0.014
0.001 0.006 3.4E-04 0.006 0.000 1.16 0.07 0.668 0.019
0.007 0.010 0.013 0.012 0.016 0.359 0.060 0.171 0.020
0.007 0.063 0.003 0.079 0.004 10.3 0.4 2.70 0.02
0.002 0.007 0.001 0.004 3.7E-04 1.07 0.06 0.479 0.012
0.01 0.331 0.003 0.141 0.008 27.0 1.2 8.09 0.20
0.03 1.27 0.09 0.688 0.038 76.7 4.8 18.5 0.7
0.034 0.021 0.003 0.024 0.004 0.270 0.034 0.080 0.005
0.6 41.2 0.3 19.7 5.6 496 17 158 2
0.006 0.244 0.003 0.176 0.012 12.2 1.1 2.41 0.08
0.02 1.51 0.01 1.36 0.08 67.8 6.7 10.6 0.3
0.005 0.182 0.006 0.495 0.042 6.89 1.34 1.34 0.08
0.03 7.85 0.05 9.49 0.80 268 36 52.4 1.5
0.01 0.655 0.015 0.777 0.029 21.3 2.2 2.35 0.10
0.002 0.292 0.003 0.312 0.020 8.697 0.808 0.752 0.020
0.02 1.09 0.02 1.30 0.08 23.7 2.2 2.27 0.05
0.002 0.222 0.003 0.237 0.014 4.46 0.29 0.320 0.008
37 1707 82 3106 279 24224 2939 1991 98
0.02 1.79 0.02 1.66 0.09 29.0 1.6 1.94 0.03
0.003 0.421 0.008 0.342 0.024 5.95 0.29 0.347 0.008
0.10 10.8 0.1 8.41 0.61 144.0 5.4 8.65 0.10
0.007 1.29 0.01 0.931 0.057 15.5 0.7 0.877 0.006
0.003 0.201 0.004 0.129 0.011 2.15 0.09 0.116 1.9E-04
0.024 1.37 0.02 0.804 0.049 14.0 0.5 0.689 0.018
0.002 0.204 0.004 0.117 0.008 2.00 0.07 0.097 0.003

0.32 0.11 0.79 2.16
0.16 0.12 1.31 7.99



Fig. 3. Plot of spinel Cr# [100*Cr/(Cr+Al)] versus olivine Mg# [100*Mg/(Mg+Fe)].
The Olivine-Spinel Mantle Array (OSMA) and degrees of partial melting are from Arai
(1994). FMM (open star) is the Fertile MORBMantle after Pearce et al. (2000). Ol: olivine;
Spl: spinel.

Fig. 5. Estimated equilibrium temperature of Sangilen spinel peridotites plotted along the
SE Australia paleogeotherm (dashed black curve) (O'Reilly and Griffin, 1985). This paleo-
geotherm is taken as representative for intracontinental areas with high heat flow as
suggested for the Sangilen plateau lithosphere at the time of intrusion of Ordovician
Agardag lamprophyres. The spinel to garnet peridotite transition (solid black line) is
calculated for a fertile lherzolite composition (O'Neill, 1981; Webb and Wood, 1986)
and the crustal thickness (dashed gray line) is that of off-craton continental crust (Rudnick
and Gao, 2003).
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different melting mechanisms. These variations of (Ce/Dy)N and
(Sm/Yb)N in clinopyroxene unexplained by melting most likely in-
dicate that mantle xenoliths underwent post-melting modifications
by metasomatism.

Irrespective of the melting mode, the depletion of Sangilen mantle
xenoliths is not correlated either with textural type or their depth of
provenance (cf. Figs. 5 & 6). Some cratonic and circumcratonic xeno-
lith suites reveal compositionally and texturally layered lithospheric
mantle related to different mechanisms of accretion of the continen-
tal and/or subducted lithosphere (e.g., Carlson et al., 2005; Foley et al.,
2006; Griffin et al., 1999a, 2003, 2004; Pearson et al., 2007; Rudnick
a

b

c

Fig. 4. Geochemical classification of Sangilen spinel peridotite xenoliths based on C1 chondr
element patterns (d–f) of clinopyroxenes (see text for further details). Reported values are t
in panels d–f are 2 SD (standard deviation) only shown for analyses where the relative err
et al., 1993, 1998; Simon et al., 2007). The absence of layered struc-
ture in the sampled lithospheric mantle from the Sangilen plateau is
instead consistent with growth by the succession of the accretionary
tectonic processes associated with the building of the Tuva-Mongolia
micro-continent (Djomani et al., 2003; Khutorskoy and Yarmolyuk,
1989; Zorin et al., 1990).

6.2.2. The mantle metasomatism record
Enrichments of incompatible trace elements relatively to predictions

of partial melting models are commonly observed in mantle-derived
peridotite (Bodinier and Godard, 2006; Downes, 2001; Hawkesworth
d

e

f

ite-normalized REE patterns (a–c) and Primitive Upper Mantle (PUM) normalized trace
he average composition of several clinopyroxene analyses per sample (n>6). Error bars
or is larger than 10%. Normalizing values after Sun and McDonough (1989).



a

b

Fig. 6. YbN contents versus (Ce/Dy)N (a) and (Sm/Yb)N (b) of clinopyroxene (N=chondrite-
normalized after SunandMcDonough, 1989) in Sangilen Plateaumantle xenoliths compared
with those of spinel peridotite residues of non-modal fractional (dashed lines) and batch
(solid curves) melting of depleted MORB mantle (open star) (Salters and Stracke, 2004).
The source and melting modal proportions (ol:opx:cpx) are taken for peridotite melting at
2 GPa after Niu (1997) and are, respectively, 0.57:0.28:0.15 and −0.03:0.50:0.53. Number
labels in melting curves indicate degrees of partial melting. The bulk composition partition
coefficients are taken from Bedini et al. (1997) and Su et al. (2003). Black arrows indicate
variations that cannot be accounted for by melting models and are most likely due to post-
melting, mantle metasomatism (see text for further details).

a

b

Fig. 8. C1 Chondrite normalized REE patterns of clinopyroxene in the Sangilen spinel
lherzolite (a) (symbols as in Fig. 3) compared with (b) those for clinopyroxene
obtained from modeling of melt-peridotite reaction using the plate model of Vernières
et al. (1997) for the simulation of the trace element fractionation during partial melting
and magma transport in the upper mantle. The REE composition of the melt reacting
with mantle peridotite is that in equilibrium with clinopyroxene sample 5H‐13 (see
Fig. 7). The REE and modal compositions of the peridotite source are those of the
depleted MORB mantle (Salters and Stracke, 2004). The melt-rock reaction used in
the simulation is: 0.9 Opx+0.45 Cpx=0.35 Ol+1 Melt. The number of reaction cells
and dissolution increment (Vernières et al., 1997) are, respectively, 100 and 0.0024.
The curve shows the best fits to clinopyroxene compositions of all Sangilen xenoliths
(Fig. 8b) but sample 5H‐10; labels on dashed patterns indicate the instantaneous
melt/rock ratio. Partition coefficients are from Bedini et al. (1997) and Su et al. (2003).
Normalizing values after Sun and McDonough (1989).
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et al., 1984; Pearson et al., 2003; and references therein). These compo-
sitional modifications, which are collectively referred to as mantle meta-
somatism (Menzies and Hawkesworth, 1987a; and references therein),
Fig. 7. C1 chondrite-normalized REE patterns of clinopyroxene (open squares) of
Sangilen xenolith 5H‐13 and the calculated melt (open diamonds; partition coefficients
from McKenzie and O'Nions, 1991) in exchange equilibrium with it compared with the
REE patterns of common alkaline lamprophyres (after Rock, 1991). Normalizing values
after Sun and McDonough (1989).
are generally ascribed to post-melting magmatic processes caused by
melt/rock reactions involving percolation of small fractions of fluids,
volatile-rich silicate melts and/or carbonate melts through astheno-
spheric or lithospheric mantle (e.g., Bell et al., 2005; Bodinier et al.,
1990; Dautria et al., 1992; Garrido and Bodinier, 1999; Gregoire et al.,
2001; Harte et al., 1993; Ionov et al., 2002; Lenoir et al., 2001;
McKenzie, 1989; Soustelle et al., 2009). Transient chromatographic
chemical fractionation produced by metasomatic melts/fluids percolat-
ing through a peridotite matrix may account for the variable fraction-
ation of LREE-MREE relative to HREE observed in Sangilen xenoliths
(Fig. 6). According to the chromatographic fractionation model, porous
flow of melt/fluid through peridotite generates chromatographic fronts
for trace elements of different compatibility; accordingly, LREE chro-
matographic fronts travel significantly faster than those of more com-
patible MREE and HREE. This dynamic chemical fractionation creates
transient enrichment of incompatible elements in both the percolated
peridotite and the metasomatic melt (Bodinier et al., 1990; Godard
et al., 1995; Navon and Stolper, 1987; Soustelle et al., 2009; Takazawa
et al., 1992; Vernières et al., 1997). For a constant integrated melt/rock
ratio and absence of mineralogical reaction, peridotite affected by the
highest melt/rock ratio are in closer trace element exchange equilibrium



Fig. 9. Cartoon of conceptual model (right panel) to account for the trace element variability of Sangilen plateau peridotite xenoliths by mantle metasomatism produced by a veined
network of parental alkaline-rich melts reacting with variable depleted source lithospheric peridotites. See text for further details.

260 Z. Konc et al. / Lithos 146–147 (2012) 253–263
with the primordial metasomatic melt (Navon and Stolper, 1987;
Vasseur et al., 1991; Vernières et al., 1997).

A potential candidate for unraveling the trace element composi-
tion of the parental metasomatic agent in Sangilen peridotites is
Type III xenolith 5H‐13. The LREE-enriched normalized pattern of
clinopyroxene in this sample (Fig. 4c) is in trace element exchange
equilibrium with mantle-derived alkaline melts (Fig. 7). Several stud-
ies have reported genetic links between alkali basalts and precursor
metasomatic agents that metasomatized their hosted spinel mantle
xenoliths (Bedini et al., 1997; Dautria et al., 1992; Downes, 2001); it
is hence conceivable that the Sangilen mantle was metasomatized by
alkaline melts similar – or precursor – to the Agardag lamprophyres.
Carbonate melts are also extremely rich in incompatible trace ele-
ments and effective metasomatic agents due to their capability of
easily migrating through peridotite owing to low melt-solid dihedral
angles (Dautria et al., 1992; Ionov et al., 1993; Rudnick et al., 1993;
Watson and Brenan, 1987; Yaxley et al., 1991). Although clinopyroxene
in some Types II and III Sangilen xenoliths is LREE-enriched (Fig. 4b–c),
it lacks the trace element signature that characterizes peridotite cli-
nopyroxene metasomatized by carbonate melts; namely, negative
anomalies of high field strength elements (Ti, Nb, Ta, Zr and Hf) relative
to REE and Th-U, and low Ti/Eu ratios (Fig. 4 e–f) (Coltorti et al., 1999;
Dautria et al., 1992; Foley et al., 2009; Gregoire et al., 2000; Ionov
et al., 1993; Klemme et al., 1995; Rudnick et al., 1993). Although the
physical nature of the metasomatic agent that affected Sangilen
xenoliths remains mostly unconstrained, trace element variations in
clinopyroxene suggest that it was alkaline silicate melt, similarly to
spinel peridotite xenoliths fromWest Eifel (Zinngrebe and Foley, 1995).

Fig. 8 shows the results of melt/rock reaction simulation using
the plate numerical model of Vernières et al. (1997) aiming to test
whether variable REE patterns of clinopyroxene in Sangilen xenoliths
(Fig. 4a–c) may be reproduced by reaction between depleted perido-
tite and a percolating alkaline melt in equilibrium with the cli-
nopyroxene of 5H‐13 (Type III sample in Fig. 4c) as shown in Fig. 7.
Modeling results show that clinopyroxene REE patterns of Sangilen
xenoliths (Fig. 8a) can be reproduced satisfactorily by variable inte-
grated melt/peridotite ratios and constant melt mass of a LREE-rich
alkaline parental melt percolating through a depleted lithospheric
peridotite (Fig. 8b). Only the clinopyroxene composition of 5H‐10
cannot be ascribed to the percolation metasomatic model described
above, as its trace element contents are too high (Fig. 8a). In a melt-
peridotite percolation scenario, such high concentrations can be
explained by percolation of the same parentalmetasomaticmelt coupled
with fractional crystallization and reaction with host peridotites at de-
creasing melt mass (the percolative fractional crystallization model of
Harte et al., 1993). As reported for othermantle spinel peridotites, perco-
lation of metasomatic melts reacting with host peridotite at decreasing
melt-rock ratios causes substantial enrichment of trace elements
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(Bedini et al., 1997; Bodinier et al., 2008; Soustelle et al., 2009) and may
account for their high contents in clinopyroxene in 5H‐10 (Fig. 4e).

Fig. 9 gives a portrait of a conceptual model for metasomatism
by alkaline melts in the Sangilen lithospheric mantle. As for melting-
induced compositional variations, trace element variations due to
metasomatism in Sangilen xenoliths are not correlated with the
xenolith textural type and equilibration temperature and, therefore,
depth of provenance (cf. Figs. 4, 5 & 8). In contrast with other subcon-
tinental lithospheric mantle sections, where correlation between
texture and equilibration temperature of spinel peridotite xenoliths
reveals systematic variations of metasomatic reactions with depth at
lithospheric length scales (Bedini et al., 1997), Sangilen xenoliths
seem to reveal a more heterogeneous metasomatic imprint that may
be better explained by variable, vein-related reactions throughout
the lithospheric section (Bodinier et al., 1990, 2004; Harte et al.,
1993;Wilshire, 1987) (Fig. 9). The absence in Sangilen xenoliths of hy-
drousminerals distinctive ofmodalmetasomatism, such as amphibole
or phlogopite, indicates incompatible trace element enrichmentswere
generated by cryptic metasomatism (Harte et al., 1993; Hawkesworth
et al., 1984; Menzies and Hawkesworth, 1987a, 1987b). As hydrous
minerals are common liquidus phases in alkaline mafic magmas and
lamprophyres at depth of equilibration of spinel peridotites (Foley,
1984, 1990; Foley et al., 2009), cryptic metasomatism further con-
strains metasomatism at elevated temperature that can only be
accounted in the wall rock of veins where super solidus alkaline
melt circulated. Near-isothermal, melt-peridotite metasomatic reac-
tions at constant melt mass (Figs. 8 & 9 right panel) along wall perido-
tite of intrusive dikes may be responsible for variable REE variations
observed in clinopyroxenes from Sangilen xenoliths (Fig. 9). Further
crystallization of metasomatic melts at decreasing temperature away
from dykes would result in over-enrichment of trace elements in
metasomatized peridotite as seen in sample 5H‐10 (Fig. 9 left panel).
Far from intrusive dykes, lithospheric mantle section is characterized
by depleted mantle composition. If melt intrusion occurred at tem-
perature above the stability of hydrous phases in the metasomatic
alkaline melts, once the magmatic activity ceased no trace of meta-
somatism would remain other than its cryptic imprint.

7. Conclusions

On the basis of our petrological and geochemical study of Sangilen
mantle xenoliths, the following conclusions can be drawn:

i. Sangilen xenoliths record a narrow range of equilibration tem-
perature (ca. 1000–1100 °C) plotting along a relatively hot
intracontinental geotherm at lithospheric depths from ~43 to
53 km (1.3 to 1.6 GPa).

ii. Their variation of olivine Mg# (87.9–90.9) with spinel Cr#
(9.5–45.7) indicates xenoliths are mostly residues of up to
10% melting of a depleted peridotite source.

iii. The elevated YbN content of clinopyroxene in sample 5H‐10
and the variable fractionation of LREE-MREE relative to HREE
in clinopyroxene from other xenoliths indicate they underwent
variable metasomatic processes. These processes probably con-
sisted of episodes of percolation-reaction through peridotite
of small-melt fractions of alkaline mafic melts precursor to
Agardag alkaline lamprophyres.

iv. The lack of correlation with depth of modal variations, textural
types, inferred degrees of melting and trace element patterns of
clinopyroxene indicates the absence of a texturally or composi-
tionally layering in the lithospheric mantle beneath the Sangilen
plateau sampled by Ordovician lamprophyres. The observed
compositionally variation of xenoliths is better accounted by
depleted lithosphere variably metasomatized along a network
of percolating alkaline mafic melts heterogeneously distributed
throughout the Sangilen lithospheric mantle section.
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