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Abstract

A suite of highly depleted peridotite xenoliths in East Serbian Palaeogene basanites represents the lithospheric mantle beneath the
Balkan Peninsula. The xenoliths are harzburgites, clinopyroxene-poor lherzolites and rare dunites. They contain mostly <5 vol.% of
modal clinopyroxene and are characterized by high Mg# in silicates (>91), high Cr# in spinel (mostly 0.5–0.7), and by distinctively
low Al2O3 contents in orthopyroxene (mostly 1–2 wt.%). They have experienced some mantle metasomatism which has slightly
obscured their original composition. Nevertheless, the general characteristics of the xenoliths imply a composition which is signif-
icantly more depleted than most non-cratonic sub-continental mantle xenolith suites, as well as orogenic peridotites and abyssal
peridotites. Geological and compositional evidence suggests that the xenoliths do not represent Archean mantle. The existence of
Proterozoic mantle cannot be entirely excluded, although it is in disagreement with geological evidence. On the other hand, the
studied xenoliths are compositionally very similar to peridotites of modern oceanic sub-arc settings. The existence of such a depleted
lithospheric mantle segment is also inferred from the presence of rare orthopyroxene-rich xenoliths in the same suite. These are
interpreted to have originated as lithospheric precipitates of high-Mg, SiO2-saturated magmas that require a highly depleted mantle
source. Such source is typically required by boninitic-like magmas of intraoceanic suprasubduction settings. A proposed geody-
namic model to explain these observations involves accretion or underplating of the lower parts of the Tethyan oceanic lithosphere
during the Upper Jurassic closure of the eastern branch of the Vardar ocean.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Peridotite; Lithosphere; Depletion; Vardar ocean
1. Introduction

Ultramafic xenoliths in alkali basalts and kimberlites can yield significant information about the age and origin of
the sub-continental lithospheric upper mantle (e.g. Frey and Green, 1974; Menzies, 1983; Boyd, 1987; Griffin et al.,

∗ Corresponding author. Tel.: +381 11 630020; fax: +381 11 630020.
E-mail address: cvladica@mkpg.rgf.bg.ac.yu (V. Cvetković).
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998; Downes, 2001). Mineralogical and geochemical variations in such xenoliths are usually interpreted to reflect melt
xtraction followed by metasomatic re-enrichment (Maaloe and Aoki, 1977; Frey and Prinz, 1978; Herzberg, 1993;
arkinson and Pearce, 1998; Downes, 2001; Herzberg, 2004). Off-cratonic peridotite xenoliths are found in basalts
hich erupted under various geotectonic conditions and provide valuable information about mantle evolution during

arlier geodynamic events. Mantle-derived xenoliths erupted in post-collisional settings may be particularly interesting
s they give information about the composition of the deep lithosphere that can lead to a better understanding of terrane
malgamation.

Palaeogene basanites outcrop in a north–south line along the eastern margin of the East Serbian Carpatho-Balkanides
Fig. 1). Parallel to this line, the Carpatho-Balkanide chain is juxtaposed with the Dinaride branch of the Alpine orogen.
he asthenospheric-derived magmatic episode occurred between ∼60 and ∼40 Ma ago, at the beginning of the post-
ollision collapse of the Dinaride belt (Jovanović et al., 2001; Cvetković et al., 2004b; Prelević et al., 2005). Thus,
t post-dates Mesozoic convergent and collision processes related to the closure of the Tethys ocean (Robertson and
aramata, 1994; Karamata, 2006). Information provided by xenoliths entrained in these magmas is therefore important

or understanding the earlier convergent/collision processes which produced the present terrane collage.
Mantle-derived xenoliths are found in two localities in East Serbian Carpatho-Balkanides (Fig. 1). Cvetković et al.

2004a) gave the general characteristics of the East Serbian lithospheric mantle (ESLM) inferred from these rocks.

hey emphasized that most ESLM xenoliths have low contents of modal clinopyroxene and are characterized by
ncommonly low Al2O3 abundances in their orthopyroxenes, suggesting that the ESLM may be more depleted than
normal’ European lithospheric mantle (Downes, 2001 and references therein). In addition, Cvetković et al. (2007)
iscussed some orthopyroxene-rich xenoliths from the same localities and interpreted them as high pressure products

ig. 1. (A) Simplified geological sketch based on the Geological atlas of Serbia and adjacent regions. Legend: (1) Tertiary cover, (2) Tertiary plutonic
nd volcanic rocks, (3) occurrences of Palaeocene/Eocene East Serbian alkaline rocks, (4) Late Cretaceous calc-alkaline plutonic and volcanic rocks
f the Banatite magmatic and metallogenetic belt (Berza et al., 1998), (5) Vardar Zone ophiolites, (6) Dinaride ophiolites, (7) occurrence of Jurassic
oninites (Marroni et al., 2004), (8) Mesozoic and pre-Mesozoic units. The locations of studied mantle xenoliths are squared. The positions of the
resumed Upper Jurassic (A) and Late Cretaceous (B) sutures are also shown.
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of high-Mg and high-Si magmas. Such magmas commonly originate as melts of a highly depleted mantle source
(Kushiro, 1969; Morse, 1980) and their presence can imply a fore-arc setting.

Compositional characteristics of mantle peridotites are important because they may be used to infer geodynamic
settings (Herzberg, 2004). In general, xenolith suites in non-cratonic continental intraplate regions and peridotites from
orogenic massifs indicate a similar limited level of depletion, relative to primitive mantle. In contrast, cratonic, oceanic
arc and oceanic island xenolith suites usually are very depleted (e.g. Pearson et al., 2003, and references therein). The
aim of this study is to discuss the origin of depletion of the uppermost mantle underneath East Serbia, taking into
account any possible effects of metasomatism in order to recognize the least modified samples. Characteristics of the
ESLM xenoliths are then compared to the composition of upper mantle material from known geotectonic settings.
Finally, the major implications are placed within the regional geotectonical context in order to shed new light on the
Pre-Palaeogene geodynamic history of the Balkan Peninsula.

2. Samples of East Serbian lithosphere

According to the slightly modified division of Cvetković et al. (2004a), the ESLM xenoliths can be divided into
three groups, each of which has a bearing on specific mantle processes. The first group is most abundant and consists
of xenoliths of refractory (depleted) composition (Mg# in silicates > 90). They are the focus of this study and will be
hereafter referred as ‘depleted xenoliths’ (D/HZ/L group of Cvetković et al., 2004a). The second group comprises
fertile lithologies that ubiquitously contain Al–Ti–clinopyroxene, interpreted as having originated by modification of
pre-existing mantle by silicate melt metasomatism. The third group contains rare orthopyroxene-rich xenoliths, thought
to have been formed from high magnesian and Si-saturated magmas by igneous fractionation processes in the mantle
(Cvetković et al., 2007).

In the following sections we give petrographic and mineral chemistry data on depleted xenoliths from the ESLM
and present major characteristics of orthopyroxene-rich cumulitic xenoliths. More detailed mineral chemistry data on
the latter xenolith group and an interpretation of their origin can be found in Cvetković et al. (2007). The metasomatic
associations found in depleted xenoliths are also seen to a greater degree in the ‘fertile’ group and they will be only
briefly discussed in order to recognize effects which have slightly obscured the originally refractory mantle composition.

New mineral compositional analyses on the existing sample suite along with three new samples (see below) were
carried out on electron microprobes at the University of Frankfurt and at the University of Mainz. The average mineral
analyses including the values for coefficients of variation are shown in Tables 1a–1c. Two orthopyroxene grains
from a harzburgite xenolith were studied by a line-scan analysis and demonstrated uniform across-grain chemical
composition.

2.1. Characteristics of East Serbian depleted xenoliths

2.1.1. Petrography and modal compositions
In addition to the previous sample collection of depleted xenoliths (Cvetković et al., 2004a) three new samples,

labeled M/SB3 (dunite), and M/SB4 and M/SB5 (harzburgite) were also studied. These samples share general pet-
rographic characteristics of the ESLM-depleted xenoliths in having undeformed to slightly sheared protogranular
textures. There is no difference in texture between dunite (D) and harzburgite (HZ) and lherzolite (L) except that the
dunites are slightly more coarse grained.

The modal analyses and recalculated bulk rock compositions (discussed below) are given in Table 2. Two lherzolite
samples (Sb-4 and X-20-1a) from the original xenolith collection of Cvetković et al. (2004a) are exceptionally small
(<2 cm in diameter) and therefore their modal composition was omitted from the study. However, these samples show
very similar mineral chemistry to that of other ESLM xenoliths and therefore they were included in discussions based on
mineral chemical compositions. On triangular diagram of Streckeisen (1973) shown in Fig. 2 twelve samples are spinel

harzburgites, five are clinopyroxene-poor lherzolites (<10 vol.% of modal clinopyroxene), and three are clinopyroxene-
bearing dunites. Significantly, in terms of modal composition, most of these xenoliths plot within the field of ophiolite
peridotites and occupy the most depleted part of the field of abyssal and orogenic peridotites (Bodinier and Godard,
2003). In addition, they are modally more depleted than the average composition of off-cratonic xenoliths given by
Pearson et al. (2003).
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Table 1a
Average microprobe analyses (number of analyses is given in brackets) and variation coefficients (italic) for olivine from East Serbian depleted xenoliths

Lithology Dunite Harzburgite

Sample M/SB3 (21) X-20-3 (15) Stz-20-6 (6) X-6 (8) X-9S (10) K-13 (6) K-19 (8) X-20-15 (7)

SiO2 40.77 0.006 41.35 0.006 41.21 0.003 42.17 0.006 42.00 0.002 40.87 0.005 41.06 0.021 40.90 0.009
FeO 8.72 0.027 8.68 0.002 9.39 0.009 7.51 0.011 8.78 0.013 9.32 0.010 8.04 0.042 8.25 0.061
MnO 0.14 0.107 0.09 0.671 0.07 0.610 0.13 0.105 0.10 0.609 0.08 0.891 0.11 0.832 0.27 1.078
MgO 50.50 0.004 49.82 0.005 48.77 0.007 49.01 0.005 48.29 0.004 48.96 0.005 50.58 0.021 49.08 0.004
CaO 0.09 0.311 0.10 0.703 0.07 0.710 0.07 0.108 0.05 0.713 0.11 0.970 0.08 0.857 0.09 0.933
Cr2O3 0.03 0.494 n.a. – n.a. – n.a. – n.a. – n.a. – 0.09 0.867 n.a. –
NiO 0.36 0.072 0.59 0.137 0.52 0.244 0.58 0.035 0.63 0.203 0.64 0.209 0.41 0.303 0.74 0.347

Total 100.67 0.002 100.63 0.005 100.03 0.005 99.47 0.006 99.85 0.004 99.98 0.005 100.39 0.009 99.42 0.006

Mg# = 100 × MgO/
(MgO + FeO)mol

91.17 0.003 90.51 0.008 90.33 0.029 91.85 0.001 90.74 0.001 90.35 0.001 91.78 0.003 91.38 0.006

Lithology Harzburgite

Sample M/SB4 (23) M/SB5 (18) Stz-20-3 (4) Stz-20-4 (7) Stz-20-9 (6) Stz-20-11 (4) Stz-20-12 (12)

SiO2 40.82 0.008 40.87 0.003 41.23 0.005 41.24 0.003 40.53 0.006 41.68 0.005 40.71 0.020
FeO 8.20 0.005 8.76 0.038 8.13 0.011 8.60 0.019 9.31 0.152 8.24 0.019 9.93 0.059
MnO 0.13 0.078 0.13 0.128 0.11 0.411 0.15 0.366 0.09 0.572 0.01 1.140 0.07 0.237
MgO 50.84 0.006 50.42 0.007 49.38 0.004 49.35 0.006 48.33 0.027 50.28 0.007 47.77 0.001
CaO 0.04 0.173 0.04 0.238 0.07 0.058 0.11 0.500 0.12 0.550 0.04 0.680 0.05 0.166
Cr2O3 0.01 1.080 0.01 0.925 n.a. – n.a. – n.a. – n.a. – n.a. –
NiO 0.42 0.051 0.39 0.058 0.49 0.161 0.49 0.251 0.60 0.147 0.59 0.132 0.76 0.087

Total 100.51 0.005 100.69 0.002 99.41 0.004 99.93 0.005 98.98 0.004 100.84 0.006 99.29 0.004

Mg# 91.70 0.001 91.11 0.004 91.68 0.001 91.10 0.002 91.22 0.007 91.71 0.001 89.55 0.001

Lithology Lherzolite

Sample X-11/2 (17) Sb-4 (11) X-20-1a (7) X-20-7 (6) Stz-20-1 (10) Stz-20-2 (14) Stz-20-7 (6)

SiO2 41.93 0.008 40.95 0.007 41.06 0.001 41.43 0.001 41.34 0.005 41.77 0.001 40.88 0.007
FeO 8.20 0.042 8.08 0.020 8.88 0.016 8.57 0.004 8.74 0.014 9.38 0.023 8.65 0.040
MnO 0.10 0.244 0.10 0.717 0.10 0.670 0.12 0.116 0.09 0.599 0.10 0.129 0.11 0.423
MgO 48.60 0.008 50.81 0.014 49.21 0.004 50.05 0.004 49.84 0.004 49.42 0.002 48.68 0.013
CaO 0.04 0.689 0.06 0.466 0.02 1.589 0.06 0.191 0.06 0.564 0.13 0.146 0.14 0.662
Cr2O3 n.a. – 0.13 1.291 n.a. – n.a. – n.a. – n.a. – n.a.
NiO 0.65 0.200 0.41 0.250 0.52 0.193 0.55 0.029 0.53 0.085 0.61 0.056 0.66 0.282

Total 99.52 0.010 100.65 0.008 99.79 0.004 100.78 0.003 100.6 0.004 101.41 0.002 99.11 0.007

Mg# 91.35 0.004 91.81 0.002 90.81 0.001 91.23 0.001 91.00 0.001 90.03 0.001 90.94 0.004



508
V.C

vetković
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Table 1b
Average microprobe analyses (number of analyses is given in brackets) and variation coefficients (italic) for pyroxene from East Serbian depleted xenoliths

Mineral Orthopyroxene (Harzburgite)

Lithology Sample X-6 (7) X-9S (28) K-13 (8) K-19 (13) X 20-15 (6) M/SB4 (14)

SiO2 58.09 0.006 58.22 0.006 56.86 0.014 58.40 0.010 56.40 0.002 56.50 0.002
TiO2 0.08 0.825 0.05 0.600 0.06 0.773 0.02 0.799 0.02 1.869 0.02 0.284
Al2O3 1.41 0.057 1.88 0.053 1.64 0.267 1.41 0.110 1.51 0.152 1.64 0.012
FeO 4.91 0.010 5.74 0.025 6.06 0.047 4.98 0.033 5.78 0.024 5.37 0.013
MnO 0.09 0.379 0.10 0.581 0.18 0.759 0.03 3.606 0.09 0.778 0.13 0.047
MgO 33.81 0.005 33.18 0.007 33.97 0.015 34.10 0.014 34.38 0.006 35.12 0.002
CaO 0.54 0.066 0.76 0.182 0.69 0.080 0.58 0.095 0.72 0.098 0.58 0.040
Na2O n.a. – n.a. – 0.13 0.241 0.07 0.001 0.62 0.233 0.04 0.071
Cr2O3 0.45 0.137 0.49 0.099 0.50 0.390 0.46 0.155 0.64 0.377 0.42 0.060

Total 99.38 0.005 100.43 0.006 100.32 0.006 100.03 0.007 99.85 0.004 99.93 0.002

Mg# 92.33 0.001 91.00 0.003 90.66 0.007 92.38 0.002 91.26 0.001 91.93 0.001

Mineral Orthopyroxene (Harzburgite)

Lithology Sample M/SB5 (5) Stz-20-3 (14) Stz-20-4 (7) Stz-20-9 (13) Stz-20-11 (13) Stz-20-12 (10)

SiO2 56.95 0.001 57.01 0.002 56.71 0.003 56.66 0.007 57.23 0.005 56.47 0.006
TiO2 0.02 0.794 0.03 1.024 0.03 1.178 0.05 1.000 0.07 0.148 0.04 1.176
Al2O3 1.43 0.022 1.73 0.022 1.70 0.026 2.20 0.080 1.80 0.011 1.42 0.126
FeO 5.62 0.009 5.22 0.035 5.56 0.011 5.35 0.040 5.44 0.012 6.14 0.038
MnO 0.14 0.109 0.18 0.183 0.21 0.214 0.11 0.005 0.09 1.000 0.24 0.334
MgO 35.10 0.002 34.55 0.004 34.42 0.004 34.21 0.007 34.89 0.003 33.99 0.006
CaO 0.58 0.021 0.61 0.067 0.62 0.059 0.70 0.078 0.72 0.005 0.68 0.060
Na2O 0.03 0.319 0.42 0.085 0.43 0.050 0.35 0.032 0.43 0.011 0.39 0.088
Cr2O3 0.38 0.078 0.43 0.119 0.46 0.121 0.54 0.043 0.43 0.050 0.41 0.093

Total 100.34 0.001 100.18 0.003 99.92 0.004 100.17 0.007 101.1 0.004 99.52 0.007

Mg# 91.56 0.001 91.98 0.003 91.40 0.001 91.82 0.003 91.84 0.000 90.48 0.004

Mineral Orthopyroxene (Lherzolite)

Lithology Sample X-11/2 (16) Sb-4 (17) X-20-1a (10) X 20-7 (6) Stz 20-1 (8) Stz 20-2 (11) Stz 20-7 (13)

SiO2 57.83 0.806 56.55 0.368 56.46 0.147 57.39 0.237 56.98 0.186 56.20 0.611 56.86 0.003
TiO2 0.06 0.042 0.02 0.033 0.02 0.028 0.01 0.019 0.01 0.017 0.03 0.006 0.00 0.004
Al2O3 1.53 0.128 1.85 0.050 1.64 0.109 1.10 0.068 1.73 0.060 1.75 0.124 1.51 0.162
FeO 5.00 0.087 5.25 0.101 5.73 0.063 5.37 0.125 5.67 0.129 5.20 0.023 4.87 0.006
MnO 0.14 0.069 0.13 0.044 0.15 0.048 0.13 0.079 0.12 0.010 0.20 0.024 0.13 0.016
MgO 34.36 0.465 35.13 0.230 34.50 0.082 34.93 0.317 34.67 0.221 34.81 0.247 34.69 0.010
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Table 1b (Continued )

Mineral Orthopyroxene (Lherzolite)

Lithology Sample X-11/2 (16) Sb-4 (17) X-20-1a (10) X 20-7 (6) Stz 20-1 (8) Stz 20-2 (11) Stz 20-7 (13)

CaO 0.58 0.039 0.55 0.033 0.32 0.025 0.57 0.022 0.65 0.036 0.63 0.034 0.59 0.013
Na2O 0.02 0.021 0.03 0.183 0.42 0.018 0.45 0.057 0.38 0.014 n.a. – 0.45 0.004
Cr2O3 0.56 0.208 0.48 0.072 0.34 0.054 0.42 0.072 0.48 0.072 0.52 0.071 0.53 0.030

Total 100.09 0.656 100.06 0.572 99.58 0.131 100.13 0.353 100.70 0.518 99.35 0.413 99.63 0.303

Mg# 92.26 0.178 92.09 0.159 91.27 0.088 91.89 0.099 91.44 0.135 91.10 0.071 92.27 0.028

Mineral Clinopyroxene

Lithology Sample Dunite Harzburgite Lherzolite

M/SB3 (13) K-13 (8) X-20-15 (8) M/SB4 (12) M/SB5 (11) X 20-7 (6) Stz 20-1 (5)

SiO2 53.30 0.251 53.22 0.706 53.29 2.687 54.12 0.219 53.98 0.146 54.70 2.814 51.61 1.278
TiO2 0.13 0.028 0.16 0.260 0.07 0.827 0.06 0.006 0.04 0.019 0.05 0.217 0.45 0.813
Al2O3 2.80 0.180 1.99 0.812 1.79 2.808 1.86 0.091 1.62 0.043 1.49 3.100 3.04 0.702
FeO 2.63 0.146 2.59 0.712 2.50 1.149 2.31 0.057 2.42 0.084 2.37 0.251 2.82 1.597
MnO 0.09 0.017 0.18 0.318 0.10 0.111 0.08 0.005 0.09 0.013 0.13 0.189 0.15 0.062
MgO 17.40 0.137 17.66 0.600 17.64 1.481 17.70 0.163 17.61 0.088 17.08 1.747 16.12 0.833
CaO 21.85 0.491 23.16 1.035 22.91 1.681 22.70 0.156 22.57 0.077 23.33 1.803 22.68 0.975
Na2O 0.57 0.101 0.53 0.090 0.56 0.128 0.47 0.064 0.44 0.018 0.59 0.106 0.62 0.072
Cr2O3 0.75 0.047 0.60 0.297 0.69 1.163 0.75 0.047 0.69 0.030 0.49 1.854 1.81 1.198

Total 99.58 0.252 100.10 0.453 99.55 0.433 100.09 0.148 99.53 0.293 100.23 0.658 99.33 0.784

Mg# 91.93 0.373 91.89 1.891 92.31 4.183 92.97 0.229 92.61 0.218 92.13 1.140 90.62 4.874
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Table 1c
Average microprobe analyses (number of analyses is given in brackets) and variation coefficients (italic) for spinel from East Serbian depleted xenoliths

Lithology Dunite Harzburgite

Sample M/SB3 (13) X 20-3 (14) Stz-20-6 (11) X-6 (6) K-13 (7)

SiO2 0.12 1.517 0.21 0.205 0.28 0.358 0.27 0.076 0.29 0.136
TiO2 0.29 0.108 0.30 0.136 0.23 0.425 0.22 0.058 0.39 0.259
Al2O3 32.64 0.033 29.88 0.022 35.33 0.025 20.39 0.016 19.67 0.014
Cr2O3 33.92 0.024 34.49 0.032 29.54 0.033 47.84 0.005 41.96 0.028
FeOt 15.90 0.019 16.89 0.005 16.58 0.015 18.00 0.010 21.87 0.029
MnO 0.18 0.085 2.81 0.078 2.57 0.056 0.22 0.553 3.39 0.075
MgO 17.61 0.017 15.97 0.005 17.06 0.014 12.99 0.007 12.91 0.010
CaO 0.02 1.661 0.03 0.658 0.03 1.158 0.06 0.485 0.05 0.913
Mg/(Mg + Fe2+) 0.779 0.009 0.768 0.029 0.797 0.031 0.614 0.049 0.699 0.045
Cr/(Cr + Al) 0.411 0.030 0.439 0.031 0.359 0.036 0.611 0.008 0.588 0.016

Lithology Harzburgite

Sample K-19 (14) X-20-15 (7) M/SB4 (8) M/SB5 (14) Stz-20-3 (13)

SiO2 0.22 2.619 0.21 0.176 0.06 0.921 0.03 0.288 0.20 0.353
TiO2 0.08 0.867 0.13 0.431 0.15 0.152 0.17 0.095 0.28 0.532
Al2O3 20.33 0.050 21.76 0.016 21.71 0.035 18.24 0.041 21.69 0.058
Cr2O3 47.34 0.037 41.51 0.020 43.45 0.015 43.62 0.024 42.00 0.009
FeOt 17.44 0.049 19.98 0.113 19.52 0.023 24.35 0.011 20.68 0.105
MnO 0.22 0.078 3.35 0.032 0.21 0.085 0.26 0.088 3.07 0.017
MgO 15.55 0.048 13.72 0.149 15.01 0.024 13.71 0.016 13.87 0.111
CaO 0.02 1.007 0.04 0.536 0.05 2.203 0.00 1.993 0.01 1.000
Mg/(Mg + Fe2+) 0.735 0.049 0.741 0.138 0.720 0.009 0.687 0.013 0.719 0.099
Cr/(Cr + Al) 0.610 0.033 0.559 0.012 0.573 0.017 0.616 0.024 0.566 0.021

Lithology Harzburgite Lherzolite

Sample Stz-20-4 (13) Stz-20-9 (13) Stz-20-11 (4) Stz-20-12 (13) X-11/2 (15)

SiO2 0.10 0.787 0.16 0.300 0.39 0.225 0.24 0.239 0.20 2.149
TiO2 0.23 0.992 0.16 0.436 0.22 0.436 0.62 0.174 0.22 0.543
Al2O3 22.25 0.053 21.01 0.015 18.03 0.143 14.88 0.050 20.92 0.070
Cr2O3 42.55 0.014 40.86 0.010 41.84 0.021 43.32 0.016 44.99 0.018
FeOt 19.42 0.049 20.72 0.054 22.29 0.183 26.30 0.088 18.85 0.070
MnO 1.06 0.855 3.280 0.073 3.32 0.043 3.82 0.010 0.21 0.383
MgO 14.56 0.046 14.30 0.009 13.56 0.059 10.93 0.112 15.01 0.068
CaO 0.02 1.323 0.05 0.858 0.01 1.277 0.01 1.382 0.02 1.856
Mg/(Mg + Fe2+) 0.712 0.036 0.766 0.057 0.757 0.066 0.634 0.154 0.715 0.083
Cr/(Cr + Al) 0.562 0.027 0.559 0.002 0.609 0.051 0.661 0.014 0.591 0.033
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Table 1c (Continued )

Lithology Lherzolite

Sample Sb-4 (20) X-20-1a (7) X 20-7 (4) Stz-20-7 (3)

SiO2 0.06 1.162 0.27 0.180 0.24 0.584 0.35 0.013
TiO2 0.10 0.155 0.05 0.868 0.09 0.803 0.15 1.452
Al2O3 24.15 0.026 24.16 0.071 13.94 0.009 16.88 0.113
Cr2O3 42.01 0.008 38.68 0.017 49.03 0.006 44.35 0.015
FeOt 18.38 0.015 20.34 0.083 24.03 0.005 24.19 0.142
MnO 0.53 1.830 3.22 0.044 3.94 0.044 3.70 0.029
MgO 15.66 0.033 14.02 0.048 11.65 0.023 11.35 0.145
CaO 0.01 1.711 0.01 0.967 0.14 0.400 0.06 0.185
Mg/(Mg + Fe2+) 0.739 0.009 0.734 0.052 0.664 0.057 0.643 0.153
Cr/(Cr + Al) 0.538 0.012 0.518 0.029 0.702 0.002 0.638 0.036
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Table 2
Modal composition and recalculated bulk rock major element composition of East Serbian depleted xenoliths

Lithology Dunite Harzburgite

Sample X-20-3 Stz-20-6 SB-M-3 X-6 X-9S K-13 K-19 X-20-15 SB-M-4 SB-M-5

Modal composition (vol.%)
Ol 0.9 0.975 0.92 0.884 0.778 0.82 0.677 0.701 0.727 0.75
Opx 0 0 0 0.097 0.177 0.13 0.252 0.205 0.21 0.19
Cpx 0.069 0 0.07 0.016 0.045 0.037 0.051 0.081 0.045 0.04
Spl 0.031 0.025 0.01 0.003 0 0.011 0.02 0.013 0.018 0.02

Recalculated bulk rock major element composition (wt.%)
SiO2 40.71 40.16 41.24 43.80 45.19 42.88 45.28 44.56 43.98 43.63
Al2O3 1.35 0.88 0.55 0.21 0.69 0.50 0.88 0.74 0.83 0.71
FeO 8.54 9.59 8.36 7.22 7.98 8.77 7.18 7.43 7.54 8.23
MnO 0.17 0.12 0.14 0.13 0.10 0.13 0.09 0.26 0.13 0.14
MgO 46.40 48.07 47.86 46.95 44.09 45.36 44.02 43.06 45.40 45.46
CaO 1.61 0.06 1.61 0.42 1.14 1.03 1.30 2.06 1.18 1.05
Na2O 0.05 0.00 0.05 0.01 0.04 0.02 0.07 0.17 0.04 0.03
Cr2O3 1.15 0.74 0.42 0.20 0.23 0.55 1.21 0.73 0.91 0.98

Lithology Harzburgite Lherzolite

Sample Stz-20-3 Stz-20-4 Stz-20-9 Stz-20-11 Stz-20-12 X-11/2 X-20-7 Stz-20-1 Stz-20-2 Stz-20-7

Modal composition (vol.%)
Ol 0.688 0.728 0.852 0.86 0.723 0.711 0.7 0.635 0.725 0.806
Opx 0.3 0.233 0.119 0.105 0.242 0.201 0.221 0.299 0.168 0.124
Cpx 0.005 0.032 0.023 0.022 0.032 0.072 0.06 0.061 0.092 0.051
Spl 0.007 0.007 0.007 0.013 0.004 0.017 0.024 0.005 0.015 0.019

Recalculated bulk rock major element composition (wt.%)
SiO2 45.80 44.81 42.44 43.03 44.79 45.23 44.92 46.44 44.72 42.77
Al2O3 0.67 0.76 0.46 0.48 0.48 0.93 0.66 0.84 0.46 0.61
FeO 7.25 7.77 8.77 8.01 8.86 7.36 7.88 7.56 8.51 8.17
MnO 0.17 0.17 0.12 0.06 0.13 0.11 0.23 0.10 0.18 0.18
MgO 44.80 44.53 45.73 47.45 43.34 42.89 43.90 43.06 43.54 44.72
CaO 0.34 0.94 0.69 0.58 0.89 1.73 1.56 1.62 2.02 1.23

Na2O 0.00 0.12 0.02 0.02 0.12 0.06 0.13 0.04 0.06 0.03
Cr2O3 0.43 0.49 0.38 0.62 0.32 1.00 1.30 0.40 0.84 0.97

2.1.2. Major element data
Electron microprobe data (Tables 1a–1c) reveal that olivines and pyroxenes from harzburgite and lherzolite xeno-

liths have high Mg#s [Mg# = 100 × MgO/(MgO + FeO) mol] that lie in narrow ranges (i.e. olivine Mg# = 89.6–92;
orthopyroxene Mg# = 90.5–92.5). Orthopyroxene has unusually low Al2O3 contents (1–2 wt.%), while spinel has high
Cr# [Cr# = Cr2O3/(Cr2O3 + Al2O3)mol] of 0.36–0.75, mostly > 0.5. Only six of the harzburgite and lherzolite xenoliths
contain clinopyroxene which texturally and in terms of major element chemistry can be regarded as primary. They
occur as discrete, interstitial grains and have high Mg# (mostly > 92), and low Al2O3 (1.4–3.4 wt.%) and variable
Cr2O3 (0.5–2 wt.%) contents. Al2O3 is a convenient depletion index in peridotites and its contents are correlated in
coexisting pyroxenes and between orthopyroxene and spinel in these xenoliths (Fig. 3). Such a correlation of depletion
parameters suggests a change in residual composition due to progressive melt extraction. The ESLM xenoliths are gen-
erally more depleted than mantle unrelated to subduction and plot in the field of subduction-related mantle (see Fig. 5
for data sources and references). The presence of unusually low-Al orthopyroxene is a remarkable characteristic of
the ESLM-depleted xenoliths. In comparison, orthopyroxene from xenoliths found in off-cratonic settings commonly

contains between 3 and 6 wt.% Al2O3 (e.g. Pearson et al., 2003).

Dunite xenoliths from the ESLM have Mg# in olivine in the range 90.2–91.2, slightly less than most of the harzburgite
and lherzolite xenoliths, and their spinels are clearly less chromium-rich (Cr# = 0.36–0.44) (Tables 1a–1c). In addition,
two of them contain more clinopyroxene than do the ESLM harzburgites, implying that these dunites underwent meta-
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Fig. 2. Modal composition of East Serbian depleted and orthopyroxene-rich xenoliths plotted onto the olivine – orthopyroxene – clinopyroxene
diagram (Streckeisen, 1973). The compositional fields of ophiolite peridotites (1), orogenic and abyssal peridotites (Bodinier and Godard, 2003)
(2), and an average composition of off-cratonic xenoliths (Pearson et al., 2003) (3) are shown for comparison; gray circles – depleted xenoliths,
solid circles – orthopyroxene-rich xenoliths.

Fig. 3. Al2O3 (wt.%) in orthopyroxene vs. Cr# in spinel (A) and Al2O3 (wt.%) in clinopyroxene (B) for ESLM-depleted mantle xenoliths. For
comparison, composition range of mineral pairs in peridotites related and unrelated to subduction settings are also given; references for data sources
are in Fig. 5.



514 V. Cvetković et al. / Journal of Geodynamics 43 (2007) 504–527
Fig. 4. (A) Olivine mode vs. Mg#s. oceanic peridotite trend after Boyd (1987); other fields from Griffin et al. (2003) and reference therein. (B)
A forsterite (%) in olivine vs. Cr# in spinel; the olivine–spinel–mantle–array (OSMA) is from Arai (1994); fields of abyssal peridotites and of
peridotites from west Pacific arc settings are from Bernstein et al. (1998) and references therein.

somatic addition of clinopyroxene. A specific textural type found in dunite xenoliths are clinopyroxene–spinel–olivine
symplectites that texturally resemble metasomatic patches commonly found in harzburgite and clinopyroxene-poor
lherzolite ESLM xenoliths (Cvetković et al., 2004a). Spinel in these symplectites is rich in Fe–Ti–Al compared to
discrete spinel grains from the same xenolith. In addition, clinopyroxene from the symplectites is similar in compo-
sition to clinopyroxene from metasomatic pockets found in ESLM harzburgite xenoliths (Cvetković et al., 2004a).
Therefore, these symplectites can be regarded as evidence of metasomatic enrichment of the ESLM by silicate melts.
This enrichment has obscured the original depleted nature of the dunites and may have affected the other depleted
xenoliths to some extent.

In the diagram combining the modal olivine contents with its Mg# values (Fig. 4A), ESLM-depleted xenoliths
scatter around the trend of oceanic peridotites (Boyd, 1987) which is coincident with the field of the Phanerozoic
sub-continental mantle. The studied xenoliths plot in the fields of arc- or ophiolite-related peridotites with the exeption
of three dunite samples that plot towards the left-hand side of the diagram. Nearly half of the samples plot in the
overlapping area of Proterozoic and ‘arc’-related mantle fields. The extent of depletion in these xenoliths can be also
seen in a plot of forsterite value in olivine versus Cr# in spinel (Arai, 1994) (Fig. 4B). The ESLM xenoliths plot in
the upper part of the olivine–spinel–mantle–array (OSMA) suggesting that they are more depleted in comparison to
abyssal peridotites and more similar to arc peridotites. In contrast, dunite show lower spinel Cr#s for a given forsterite
value of their olivine, implying that some refertilization has occurred in this lithology (discussed also below).

In Fig. 5 the mineral compositions of the studied xenoliths are compared to other xenolith suites and peridotite
massifs. Generally, minerals from European mantle xenoliths and those from most peridotite massifs display more
fertile characteristics (low Mg#, low Cr#, high Al2O3) than do minerals from ESLM xenoliths. Refractory samples do
occur at some places (e.g. Vaselli et al., 1995; Beccaluva et al., 2001), but they are extremely rare within these localities
and are still less depleted than the ESLM xenoliths. On the other hand, highly depleted xenoliths are far more abundant
within the ESLM xenolith suite and their minerals are clearly compositionally similar to minerals from mantle related
to subduction settings.

2.1.3. Bulk rock compositions
As pointed out by Herzberg (2004), sub-oceanic arc mantle peridotites and supra-subduction zone ophiolite peri-

dotites are usually Al2O3-depleted and SiO2-rich and do not follow major element trends of simple change in residual
composition. The ESLM xenoliths are too small to obtain whole-rock chemical analyses. To provide more information

about their compostion, we calculated their bulk major element abundances (Table 2), using modal abundance and min-
eral chemistry data from Table 1. For samples in which only secondary clinopyroxene has been found clinopyroxene
analyses from Cvetković et al. (2004a) and Cvetković (unpublished) were used. The calculated bulk Al2O3 contents
are mostly < 1%. Fig. 6 shows an overlap in MgO and Al2O3 contents between recalculated bulk rock compositions of
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ig. 5. A comparison between East Serbian depleted mantle xenoliths and peridotites of known geotectonic settings. Adopted mineral chemistry
arameters (Mg# in olivine and orthopyroxene, Cr# in spinel and Al2O3 contents in orthopyroxene) illustrate the degree of depletion (see refs. Arai
t al., 2003; Bali et al., 2002; Beccaluva et al., 2004; Coish and Gardner, 2004; Rampone et al., 1995; Schilling et al., 2005; Zangana et al., 1997).

he studied xenoliths and major element whole-rock composition of peridotites of the Vardar Zone ophiolite (Lenaz,
npublished). Fields of abyssal peridotites, Tethyan ophiolites and peridotites of active subduction zones are also shown
Herzberg, 2004). Similar to the Vardar Zone peridotites, the East Serbian depleted xenoliths depart from the residual
ine after low-pressure partial melting, which is generally followed by abyssal peridotites, and trend to lower Al2O3
oncentrations for a given MgO content. The composition of both ESLM xenoliths and Vardar Zone peridotites fall in
he field of peridotites of active subduction zones (see inset of Fig. 6).

.1.4. LA-ICP-MS data
LA-ICP-MS analyses were carried out at the University of Frankfurt. Operating conditions are given in Cvetković

t al. (2007). Tables 3a and 3b show trace element contents in orthopyroxene and clinopyroxene from two harzburgite
enoliths (samples M/SB4 and M/SB5).

Orthopyroxene shows a subparallel light rare-earth element (LREE)-depleted pattern with [La/Lu]N < 0.1 (Fig. 7A).
n primitive mantle-normalized trace element diagrams they show a slight increase of concentrations from incompatible
o more compatible elements and exhibit Rb, Th–U and Pb positive anomalies. Absolute trace element concentrations
re very similar in orthopyroxenes from both harzburgite xenoliths, although lower trace element concentrations are
bserved in orthopyroxene with slightly higher Mg#, suggesting a more refractory composition. Gregoire et al. (2001)
nalysed low-Al orthopyroxene in spinel peridotite xenoliths from a subduction-related setting of Lihir in Papua New
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Fig. 6. MgO (wt.%) vs. Al2O3 (wt.%) diagram for East Serbian mantle xenoliths (composition recalculated on the basis of modal analyses and
mineral chemistry data) and Vardar Zone peridotites (XRF whole rock analyses, Lenaz, unpublished). The curves display change in residual mantle

composition after fractional partial melting of fertile peridotite KR-4003 (Walter, 1998). The squared numbers mark pressure values at which partial
melting starts. The fields of abyssal peridotites, Tethyan ophiolites and peridotites of active subduction zones are given in the inset (for explanation
see Herzberg, 2004).

Guinea. In comparison to these xenoliths, the ESLM orthopyroxene is poorer in most trace elements, especially LREE
and LILE.

Trace element patterns of studied clinopyroxenes are illustrated in Fig. 7B. Clinopyroxenes from harzburgites exhibit
a moderately LREE-enriched ([La/Lu]N = 3.5–10) pattern and are depleted in HREE (e.g. Yb = 1.4–2.2× chondrite).

On primitive mantle-normalized diagrams they display negative anomalies at Rb–Ba, Zr–Hf and less distinctively at
Nb, as well as a pronounced peak at Sr. The trace element patterns of clinopyroxene from samples Sb-4 and X-6 reported
by Cvetković et al. (2004a) are also shown. These clinopyroxenes have higher contents of all incompatible elements in

Fig. 7. Chondrite-normalized REE and primitive mantle-normalized multielement variation diagrams for orthopyroxene (A) and clinopyroxene (B)
from depleted East Serbian mantle xenoliths (primitive mantle abundances after McDonough and Sun, 1995).
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Table 3a
LA-ICP-MS analyses of orthopyroxene from East Serbian depleted xenoliths

Sample no. M/SB4 M/SB5

Opx1 Opx2 Opx3 Opx1 Opx2 Opx3

Li 9.95 4.26 3.52 7.10 10.24 11.69
Sc 14.99 17.91 15.38 18.1 18.87 20.29
Ti 77.4 18.8 81.1 79.9 81.3 88.8
V n.a. n.a. n.a. n.a. n.a. n.a.
Cr 2911.8 2745.4 2938.4 2822.5 2566.8 2675.3
Co n.a. n.a. n.a. n.a. n.a. n.a.
Ni 853.5 1016.3 851.0 803.9 805.5 819.5
Rb 0.09 0.16 b.d.l. 0.056 0.01 0.05
Sr 0.116 0.793 0.151 1.007 0.104 0.912
Y 0.066 0.086 0.069 0.171 0.174 0.185
Zr 0.108 0.377 0.112 0.252 0.269 0.336
Nb 0.005 b.d.l. 0.004 0.005 0.003 0.019
Ba 0.013 0.205 0.011 0.313 0.011 0.334
La 0.003 b.d.l. 0.004 0.018 0.003 0.011
Ce 0.009 b.d.l. 0.013 0.023 0.009 0.030
Pr b.d.l. b.d.l. b.d.l. 0.003 0.003 0.005
Nd b.d.l. b.d.l. 0.013 0.032 0.012 0.013
Sm b.d.l. b.d.l. b.d.l. 0.013 b.d.l. b.d.l.
Eu b.d.l. b.d.l. b.d.l. 0.006 b.d.l. 0.004
Gd b.d.l. b.d.l. b.d.l. 0.019 0.013 b.d.l.
Tb b.d.l. b.d.l. b.d.l. 0.004 0.005 0.004
Dy b.d.l. b.d.l. b.d.l. 0.021 b.d.l. 0.041
Ho b.d.l. b.d.l. b.d.l. 0.013 0.005 0.017
Er 0.014 b.d.l. b.d.l. 0.023 0.027 0.033
Tm 0.004 b.d.l. b.d.l. 0.005 0.006 0.006
Yb 0.017 b.d.l. 0.026 0.048 0.065 0.041
Lu 0.004 b.d.l. 0.005 0.013 0.010 0.012
Hf b.d.l. b.d.l. b.d.l. 0.010 b.d.l. b.d.l.
Ta b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Pb 0.041 1.489 0.073 0.187 0.254 0.292
T
U

c
O
u
f
r

2

o
o
o

p
o
e
f
c

h 0.028 b.d.l. 0.015 0.004 0.006 0.034
0.002 b.d.l. 0.003 0.007 0.003 0.009

omparison to the clinopyroxene studied here and that can be related to progressive metasomatic effects in the former.
n the other hand, clinopyroxene from depleted peridotite xenoliths of Mt. Vulture, which is interpreted to have
ndergone extensive partial melting (Downes et al., 2002), has a similar pattern to those displayed by clinopyroxene
rom samples M/SB4 and M/SB5. Clinopyroxene from the ESLM samples overlaps in composition with the lower
ange of the clinopyroxene from Mt. Vulture xenoliths.

.2. Characteristics of orthopyroxene-rich xenoliths

Independent evidence that a highly depleted lithosphere is present underneath East Serbia comes from a group of
rthopyroxene-rich cumulate xenoliths (Cvetković et al., 2007). They are undeformed and predominantly composed
f tabular orthopyroxene (70 vol.%) (Fig. 2). In between the orthopyroxene crystals exists an interstitial association of
livine, clinopyroxene, Cr-rich spinel (Cr# > 0.8), Mg-bearing calcite, K-feldspar, apatite and ilmenite.

Cvetković et al. (2007) have made a detailed interpretation of this lithology and recognized two stages in its
etrogenesis. The first stage is attributed to high pressure igneous processes, while the second stage is a metasomatic

verprint similar to that which affected the depleted xenoliths. Relicts of cumulitic texture and the presence of spinel
xsolutions, as well as generally low Mg#s (∼86) in orthopyroxene and differences between Mg#s in orthopyroxene
rom coarse- and fine-grained orthopyroxene-rich xenoliths, all imply the role of fractional crystallization. This, in
ombination with the absence of fibrous orthopyroxene containing olivine inclusions, suggest that these xenoliths did
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Table 3b
LA-ICP-MS analyses of clinopyroxene from East Serbian depleted xenoliths

Sample no. M/SB4 M/SB5

Cpx1 Cpx2 Cpx1 Cpx2 Cpx3 Cpx4 Cpx5

Li 36.5 11.4 38.0 42.4 42.0 0.7 0.6
Sc 64.4 64.2 83.0 83.9 89.4 85.9 85.8
Ti n.a. n.a. n.a. n.a. n.a. n.a. n.a.
V 199 198 166 155 153 140 131
Cr n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Co 25. 8 32.3 32.2 21.1 21.8 19.1 19.1
Ni 567 715 757 434 452 429 430
Rb 0.22 0.78 0.39 0.22 0.07 b.d.l. b.d.l.
Sr 219.3 425.9 169.6 176.5 161.6 160.8 162.4
Y 1.24 1.27 2.72 2.65 1.89 2.31 2.23
Zr 3.51 3.37 6.26 5.56 4.49 3.45 3.63
Nb 3.32 0.66 1.06 0.53 b.d.l. b.d.l. b.d.l.
Ba 1.3 0.8 4.5 5.4 b.d.l. b.d.l. 0.3
La 2.95 4.61 2.40 2.30 1.81 1.30 1.91
Ce 6.92 9.64 6.16 5.99 5.01 5.01 4.95
Pr 0.74 0.93 0.79 0.83 0.70 0.64 0.67
Nd 2.8 3.3 3.5 3.6 3.0 2.7 2.7
Sm 0.5 b.d.l. 0.8 0.8 0.6 0.3 0.4
Eu 0.2 0.2 0.2 0.3 0.1 0.3 0.1
Gd b.d.l. 0.3 0.6 0.6 0.5 0.4 0.5
Tb b.d.l. b.d.l. 0.10 0.11 0.10 b.d.l. b.d.l.
Dy 0.4 0.4 0.6 0.4 0.5 0.5 0.4
Ho 0.05 b.d.l. 0.10 0.08 0.12 0.08 0.08
Er 0.19 0.26 b.d.l. 0.30 0.26 0.27 0.25
Tm b.d.l. 0.04 0.04 0.06 0.07 b.d.l. b.d.l.
Yb 0.2 0.2 0.3 0.4 0.4 0.2 b.d.l.
Lu 0.05 0.05 0.06 b.d.l. b.d.l. b.d.l. 0.06
Hf b.d.l. 0.2 b.d.l. b.d.l. b.d.l. b.d.l. 0.2
Ta b.d.l. 0.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Pb 0.8 1.0 0.9 0.7 1.0 0.6 0.5

Th 0.4 0.3 0.3 0.3 0.3 0.2 0.2
U 0.09 0.04 0.04 0.04 b.d.l. 0.03 0.03

not originate due to, for instance, deserpentinization in the upper mantle (e.g. Arai and Kida, 2000) or metasomatic
reactions (e.g. McInnes et al., 2001; Bell et al., 2005). Hence, it was concluded that these orthopyroxenites were
formed by fractionation of a SiO2-saturated and high-Mg (boninite-like?) primary magma with ∼54–55 wt.% SiO2
and Mg# > 0.65. Such magmas require melting of a highly depleted mantle source which is commonly found in
fore-arc settings where melting conditions are provided by a supply of hydrous fluids. In general, the East Serbian
orthopyroxene-rich xenoliths are comparable to similar orthopyroxene-rich rocks reported in sub-arc settings (e.g.
Wang et al., 2002) or in ophiolitic sequences (Edwards and Malpas, 1995; Orberger et al., 1995; Varfalvy et al., 1996,
1997).

3. Discussion

3.1. Metasomatic enrichment

Evidence of metasomatism by mafic alkaline silicate melts is known from many xenolith suites and peridotite massifs

and has been interpreted in a similar way (e.g. Frey and Prinz, 1978; Lloyd, 1987; Harte, 1987; Canil and Scarfe, 1989;
McGuire and Mukasa, 1997; Wilshire, 1987; Xu et al., 1996, 1998). A detailed discussion of metasomatic effects is
beyond the scope of the paper and will be presented elsewhere. Here we mention only the effects of refertilization
which are not easy to distinguish texturally, because they are of prime importance in discussing a depletion signature.
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According to variations in chemical compositions of their minerals, it is unlikely that the studied dunite, harzburgite
nd lherzolite xenoliths are related to progressive partial melting. The variations observed in Figs. 3 and 4 suggest:
i) that harzburgite and lherzolite ESLM xenoliths cannot be distinguished in respect to chemical composition of their
inerals, i.e. they show a roughly similar depletion signature, and (ii) that dunites show stronger effects of metasomatism

han do the harzburgites and lherzolites. Before we discuss problems of degree of depletion which is inferred from the
omposition of studied xenoliths, we first briefly address processes of metasomatic refertilization, which are strongest in
he dunite xenoliths. The similarity between symplectites in dunite and secondary patchy assemblages found in ESLM
arzburgite and clinopyroxene-poor lherzolite xenoliths implies a metasomatic origin. These metasomatic effects can
e responsible for slightly lower Mg# in olivine and Cr# in spinel in the dunites. Therefore, in the following discussion
e use only the composition of harzburgite and lherzolite xenoliths.
Even in the case of the harzburgites and lherzolites, slight metasomatic effects cannot be excluded. They are primarily

elated to the possibility that most of the clinopyroxene present in these xenoliths might have had a metasomatic origin
r at least might have its composition changed during metasomatism. The problem of discrete addition of clinopyroxene
o peridotites during metasomatic events and its implications for nomenclature of xenoliths was, for instance, already
ointed out by Erlank et al. (1987). The trace element pattern of interstitial clinopyroxene from the ESLM xenoliths is
enerally similar to metasomatic clinopyroxene reported by Cvetković et al. (2004a), although the latter shows overall
igher contents of all incompatible elements (see Fig. 7B).

.2. Degree of depletion of the ESLM

Depleted harzburgites and lherzolites predominate in the East Serbian xenolith suite. They display regular variations
n mineral chemistry (Fig. 3) that are commonly interpreted in terms of different degrees of partial melting and melt
xtraction from a fertile mantle source (Mysen and Kushiro, 1977; Jaques and Green, 1980; Frey et al., 1985). In
ontrast to most European xenolith suites and orogenic peridotites, there is an overlap in mineral chemical composition
etween the studied xenoliths and peridotites found in intraoceanic arc settings and ophiolites (Figs. 4–6). Finero is
he only orogenic peridotite massif showing similar degrees of depletion as ESLM xenoliths, however, it is pervasively

odally metasomatized. Zanetti et al. (1999) did not give much information about depletion processes which have
ffected Finero, but they considered that the metasomatic assemblages suggest a subduction-related setting. Recently,
odinier et al. (2005) pointed out that the orogenic massif of Lherz was originally depleted (harzburgitic) which

ubsequently underwent a strong refertilization. Unfortunately, there are little data about the origin and extent of
epletion of this lithospheric mantle section. Very recently Wittig et al. (2006) reported very high Lu/Hf and Hf-
sotope ratios in clinopyroxene in the xenoliths from beneath the French Massif Central and interpret them as evidence
f melt extraction in a mantle wedge during Variscan subduction.

The ESLM xenoliths are very poor in modal clinopyroxene (Fig. 2), like arc-related oceanic peridotites in general.
his characteristic is not commonly found in peridotites which were depleted in mid-ocean ridge environments.
xperiments show that clinopyroxene is exhausted at melting degrees of 20–30% in the pressure range of 1.5–4 Ga

Herzberg, 1992; Elthon, 1993; Hirose and Kushiro, 1993; Takahashi et al., 1993; Niu et al., 1997; Walter, 1998). In this
ontext, an important part of the interpretation is an estimation of the degree of melting. Trace element composition of
esidual clinopyroxene has been extensively used for such purposes because clinopyroxene accounts for 70–100% of
he HREE and 40–60% of LREE contents of whole rock peridotites (e.g. Wiechert et al., 1997). We used the approach
f Norman (1998) to estimate the degree of fractional melting on the basis of YN and YbN contents in clinopyroxene
Fig. 8A). The obtained values indicate up to 20% of melting which is at the lower end of the melting range for the
linopyroxene-out in the spinel stability field suggested by the experiments. This method assumes that metasomatism
oes not change the HREE contents of clinopyroxene. This is explained by a much slower HREE chromatographic
ront associated with melt porous flow (Navon and Stolper, 1987). However, there are examples in which clinopyroxene
tself was precipitated from metasomatic melts (Simon et al., 2003). Thus, REE-enriched clinopyroxene could have
een produced either via direct precipitation of small isolated crystals or by recrystallization of already present residual
linopyroxene grains. An LREE-enriched pattern and generally elevated incompatible element concentrations in the

SLM clinopyroxene indicate that metasomatism probably resulted in addition of secondary clinopyroxene and it may
lso have caused a slight elevation of HREE contents in the primary clinopyroxene, perhaps associated with small
mounts of trapped melts. In Fig. 8A the plotted YN and YbN contents of clinopyroxenes of a clear metasomatic origin
ollow the trend of more fertile residual compositions. This suggests that metasomatic infiltration, at least in some
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Fig. 8. (A) A fractional melting model showing change in YN and YbN contents in residual diopside assuming a primitive mantle source (McDonough
and Sun, 1995). The approach of Norman (1998) with Melt/CpxD = 0.42 for Y and 0.40 for Yb, and CpxC0 = 0.2 has been used. (B) Non-modal batch
and fractional melting models of REE concentrations in residual orthopyroxene compared with REE contents in orthopyroxene from depleted ESLM
xenoliths. A spinel peridotite mantle source with the following modal composition: 0.55 Ol 0.25 Opx, 0.18 Cpx and 0.02 Sp was used; the melting

mode was assumed to be 0.1 olivine, 0.2 orthopyroxene, 0.68 clinopyroxene and 0.2 spinel. Melting equations of Johnson et al. (1990) and partition
coefficients after Johnson et al. (1990) and Ozawa and Shimizu (1995).

cases, was characterized by complete solidification and equilibration near solidus conditions, resulting in the lack of
textural evidence and producing fertile peridotites with compositions that will roughly plot on the element covariation
trends related to depletion (Bodinier and Godard, 2003).

Following the approach of Parkinson et al. (2003) we used REE concentrations of orthopyroxene to estimate the
extent of melting in the ESLM. The results of non-modal fractional and batch melting models are given in Fig. 8B
(see caption for Fig. 8B for explanation and conditions used for modeling). For most REEs only very high degrees of
batch melting (�30%) can produce the REE concentrations in orthopyroxene. On the other hand, the observed HREE
concentrations in residual orthopyroxene are produced by 20–22% of a non-modal fractional melting. Much higher
LREE concentrations in the ESLM orthopyroxene are most likely due to metasomatic overprints.

Summarizing, mineral chemistry data provide strong evidence that the ESLM underwent a very high degree of
depletion by extraction of basaltic melts, probably approaching a clinopyroxene-out point. Such high depletion is
not normally found in relatively young (<1 Ga) subcontinental lithosphere. Griffin et al. (1999) have shown a striking
increase in degree of depletion in the mantle from Phanerozoic (<1 Ga), to Proterozoic (2.5–1 Ga) to Archean (>2.5 Ga)
regions. A possibility that the mantle underneath East Serbia is very old (>1 Ga) is not supported by geological evidence.

This region consists of Palaeozoic microcontinents which docked to the Moesian platform slightly before the Permian
(Krstić and Karamata, 1992). However, it is known that many younger crustal sections overlie mantle segments which
reveal old (Proterozoic) Re–Os depletion ages (e.g. Handler et al., 1997; Alard et al., 2002). Therefore, the geological
evidence must be taken with some caution, at least until Re–Os isotope data became available for the ESLM.
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Table 4
Results of thermometric calculations (in ◦C)

Sample Rock [BKN] [KB]1 [KB]2 [Wells] [BM] [Ca-in-opx] [cpx] [OW]

X-6 HZ 955 712
X-9small HZ 1033
K-13 HZ 842 1176 1118 870 798 1002 828 664
K-19 HZ 969 770
x 20-15 HZ 862 1142 1206 894 818 1015 849 654
M/SB4 HZ 950 1160 993 949 906 974 944 693
M/SB5 HZ 952 1168 1000 951 907 971 951 639
stz 20-3 HZ 1001 639
stz 20-4 HZ 987 703
stz 20-9 HZ 1025 695
stz 20-11 HZ 1019 630
stz 20-12 HZ 967 1172 1058 943 904 1010 941 620
X-11/2 LHZ 973 727
sb 4 LHZ 959 695
x 20-1a LHZ 853 640
x 20-7 LHZ 819 1186 1035 857 779 965 805 647
stz 20-1 LHZ 851 1142 1076 861 787 997 815
stz 20-7 LHZ 979 604

Explanation: [BKN]—Two pyroxene-thermometer of Brey and Köhler (1990); [KB]1—Fe–Mg-ol/cpx thermometer (Brey and Köhler, 1990);
[
p
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KB]2—Ca-ol/cpx-exchange (Köhler and Brey, 1990) used as thermometer; [Wells]—two pyroxene-thermometer (Wells, 1977); [BM]—two
yroxene-thermometer (Bertrand and Mercier, 1985); [Ca-in-opx]—Ca-in-opx thermometer (Brey and Köhler, 1990); [cpx]—cpx thermometer
Nimis and Taylor, 2000); [OW]—Fe-Mg-ol/sp thermometer (O’Neill and Wall, 1987).

.3. Thermometric calculations

Table 4 shows temperature estimates for the ESLM harzburgite and lherzolite xenoliths. The thermometric calcu-
ations were performed using mineral analyses from Table 1 and applying different thermometers (see explanation of
able 4). The obtained temperatures are somewhat lower than those reported by Cvetković et al. (2004a). The reason for

his may be that, in the present study, clinopyroxene which is texturally metasomatic in origin was omitted from the cal-
ulations. Thermometers based on the olivine–clinopyroxene cation exchange ([KB1] and [KB2]) reveal less uniform
nd considerably higher temperatures (above 1000 ◦C) than the two-pyroxene, single-pyroxene and olivine–spinel
hermometers (600–950 ◦C). This suggests that olivine and clinopyroxene record equilibration during metasomatic
vents related to host alkaline magmatism. These thermal perturbations produced smaller effects on orthopyroxene
nd on cation exchange between orthopyroxene and clinopyroxene and between olivine and spinel.

The lower range of the obtained temperatures might indicate temperature conditions in the ESLM before the host
lkaline magmatism occurred. In this context, it can be stressed that they are lower than those reported from xenoliths
ound in adjacent extensional area of the Pannonian basin (e.g. Falus et al., 2000; Embey-Isztin et al., 2001) but are
ore similar to recent subduction zones (e.g. Franz et al., 2002).

.4. A possible geodynamic scenario

The composition of the subcontinental lithospheric mantle varies systematically with respect to the age of the last
ectonothermal event in the overlying crust (Griffin et al., 2003). Therefore, information about its composition yields
mportant geodynamic constraints. The uncommonly depleted signature displayed by East Serbian xenoliths, especially
nomalously low Al2O3 in orthopyroxene and high Cr# in spinel, and low temperature estimates calculated on the
asis of minerals and mineral pairs unaffected by host alkaline magmatism, indicate that the regions of the ESLM
ampled by Palaeogene basanites are akin to a sub-arc oceanic mantle wedge. The observed compositional variations

long with geological evidence rules out a possibility that the ESLM can represent an Archean mantle. On the other
and, the compositional and geological evidence is not sufficient to exclude a possibility that in this region Proterozoic
antle slices might be coupled with presumably younger crust, as was reported from other areas (e.g. Handler et al.,

997). However, the presence and character of orthopyroxene-rich xenoliths, interpreted as cumulates from a boninite-
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like magmas, can be regarded as an independent evidence that the ESLM represents mantle that originated in an arc
environment.

Incorporation of younger mantle to older lithospheric domains is relatively rarely reported (e.g. Xu and Bodinier,
2004). Nevertheless, Boyd (1989) argued that Mg-rich, ultradepleted xenoliths from mafic volcanics erupted in con-
tinental areas marginal to cratons may be derived from oceanic lithosphere that has been accreted to Archean nuclei.
Furthermore, peridotite xenoliths from the Colorado Plateau were interpreted as fragments of an island-arc or oceanic
lithosphere accreted to the continent during the Proterozoic (Roden et al., 1990).

To fully elaborate the problem of relicts of a suboceanic arc wedge beneath East Serbia would require a number
of additional geological and geochronological details, particularly the age of mantle depletion. This information is
lacking for this xenolith suite. Therefore, this paper offers only a possible scenario for Pre-Palaeogene geodynamics
of this region rather than giving an unequivocal explanation. Taking into account the existing terrane framework,
we present some evidence suggesting that a slice of the arc-mantle could have been accreted to the subcontinental
lithosphere during closure of an Upper Jurassic Tethyan oceanic realm. This idea has also been proposed by Prelević
et al. (2007), who established a crucial genetic link between lamproites and oceanic lithospheric mantle originated in a
suprasubduction zone environment, which is accreted and further metasomatized during orogenesis by the subduction
of crustal sediments (see below).

The Dinaride branch of the Alpine orogen underwent complex convergent-collisional processes at the Meso-
zoic/Cenozoic transition. This produced a composite suture zone of dismembered ophiolite bodies and sedimentary
trench units. The prevailing opinion is that the Mesozoic Tethys consisted of several partly coeval oceanic basins (e.g.
Robertson and Karamata, 1994; Flower and Dilek, 2003; Robertson, 2002). This interpretation is mainly based on
the ophiolitic evidence for repeated episodes of subduction and backarc opening prior to the final closure of Tethyan
oceans. One of the ophiolitic sub-units is the easternmost part of the Vardar zone which continues to the Mures and
Guevgueli ophiolites to the north and south, respectively (An –delković and Lupu, 1967). Eastern Vardar zone ophio-
lites are associated with a pre-Upper Jurassic trench complex and covered by an Upper Jurassic overstep sequence
(Dimitrijević, 1974; Karamata et al., 1996/1997). This unit differs from the other Balkan Peninsula ophiolites because
it is almost entirely composed of igneous members of ophiolites with rare cumulitic peridotites and because it contains
calc-alkaline intermediate/acid rocks with a volcanic-arc affinity (Bortolotti et al., 2002; Resimić-Šarić et al., 2000).
In addition, within the same ophiolitic zone, Marroni et al. (2004) have found boninitic dykes that also suggest sub-
duction processes. Accordingly, the geological evidence implies that the closure of an Upper Jurassic Tethyan oceanic
realm, which left behind relicts as the eastern Vardar Zone, was associated with an intra-oceanic subduction, probably
followed by immature volcanic arc-continent collision. During this closure, small blocks of the upper oceanic crust
may have been scrapped off while the rest of the plate was subducted. Such an event is in accordance with modelling
of arc-continental collision by Boutelier et al. (2003). Our study suggests that relicts of the lithosphere related to this
earlier intra-oceanic subduction may have been accreted to the subcontinental mantle.

Additional constraints of the nature of lithospheric mantle beneath this region are also provided by later igneous
events, in particular by the Oligocene–Pliocene ultrapotassic magmatism which predominantly occurred along the
Vardar Zone. Prelević et al. (2005) recognized two distinctive rock suites in the east and west of the zone and argued
that they were related to lithospheric segments of different metasomatic history. Very low Al2O3 contents and extremely
MgO-rich olivines of these volcanic rocks suggest a very high degree of pre-metasomatic depletion of their lithospheric
mantle source.

A geodynamic model suggested below is aimed at explaining the presence of an oceanic sub-arc mantle slice within
a subcontinental environment. Although this paper focuses on the Upper Jurassic episode, the model comprises the
whole period of closure of the Tethyan oceanic realm. The major reason for that is to present the whole tectonomagmatic
history of the ESLM, from its formation in Upper Jurassic times until the entrainment in alkaline rocks during the
Palaeocene/Eocene. It is, therefore, necessary to underline the geological evidence and assumptions, which are of
critical importance for the model. Firstly, we take into account the growing evidence that, after the Upper Jurassic
collision along the present eastern Vardar Zone, an oceanic realm still remained open in the west (e.g. Karamata,
2006; Schmid et al., 2005). Accordingly, in our model, closure of the Vardar Tethys ocean occurred in two phases,

Middle/Upper Jurassic and Cretaceous one, respectively. Secondly, we suggest an eastward subduction in both phases.
For the Jurassic convergence this is suggested by other authors (e.g. Robertson and Karamata, 1994) and is essential
for explaining the accretion of a suboceanic mantle slice beneath the southwest European margin. An eastward Late
Cretaceous convergence is also suggested by the Late Cretaceous–Palaeogene magmatism in East Serbia, which youngs
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ig. 9. A possible geodynamic model of the Late Mesozoic/Early Tertiary evolution of the Central Balkan Peninsula. See text for explanations.

owards the west, i.e. towards the presumed trench (von Quadt et al., 2003; Clark and Ullrich, 2004; Cvetković et al.,
004b).

Our model illustrated in Fig. 9 is divided into six stages. The first two display the closure of the Jurassic eastern
ardar ocean. This is related to the formation of an intraoceanic volcanic arc, remnants of which are found in many
laces as ophiolite slices along the present eastern Vardar zone (Resimić-Šarić et al., 2000). Partial melting in the fore-
rc region produced boninites, presently found on the presumed Jurassic suture (see Fig. 1). The orthopyroxene-rich
enoliths found in East Serbian mafic alkaline magmas could possibly be relicts of high pressure cumulates of similar
agmas. The upper Jurassic closure terminated by obduction of the upper part of the sub-arc oceanic lithosphere, as
ell as by accretion of the highly depleted mantle lithosphere. Afterwards, during the Cretaceous, convergence and

losure of the western branch of the Vardar ocean occurred. The eastward subducting and dehydrating slab produced
volcanic front along the present easternmost margin of the Timok (‘Banatite’) calc-alkaline magmatic complex. The
ate Cretaceous magmatic events are characterized by a constant westward (trenchward) shift of magmatism that was
ollowed by formation of Palaeogene basanites. This can imply a continual roll-back or even breakoff of the subducting
late. The precursors of basanitic magmatism, i.e. small scale asthenospheric melts, metasomatized the base of the
ithosphere and produced the metasomatised xenoliths. Finally, partial melts at the asthenosphere–lithosphere boundary
roduced basanite magmas which brought to the surface fragments of the highly depleted ESLM.
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Although many aspects of this interpretation may be arbitrary or insufficiently constrained, it sheds much light on the
terrane organization in the Balkan Peninsula. We suggest here that the formation of terrane collages, usually resulting
from complicated convergent/collision/accretion processes, can be better understood if compositional constraints on
lithospheric roots of the terranes are available. Information from mantle xenoliths erupted in post-orogenic settings can
be a very powerful tool in understanding terrane assembly when integrated into the existing geological data-base. Study
of such xenoliths, which are not related to massive extension processes and hot mantle upwellings, can be particularly
significant.

4. Concluding remarks

Mantle xenoliths found in Palaeogene basanitic rocks in East Serbia have more depleted modal and mineral chemistry
characteristics than do xenoliths of most European off-cratonic suites, as well as most orogenic peridotites. They
are compositionally more similar to refractory peridotites found in modern oceanic sub-arc settings and ophiolite
peridotites. This suggests that the lithosphere underneath East Serbia likely contains some parts of an oceanic mantle
of supra-subduction zone affinity. A possible geodynamic scenario involves an Upper Jurassic closure of the eastern
Vardar ocean during which upper parts of the oceanic-arc crust were obducted while parts of the subducting lithosphere
were accreted to the subcontinental mantle.

Acknowledgements

This work has been supported by a Lise Meitner Fellowship granted to V. Cvetković by the Austrian Science
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