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Abstract
To identify metasomatic overprints in the mantle xenoliths from Tethys orogenic
belt in NW Turkey, we report here in situ Li concentrations and isotopic compositions

of olivine, clinopyroxene and orthopyroxene along with major element compositions
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of minerals, and bulk rock trace element compositions of the mantle xenoliths
composed of refractory harzburgites with subordinate Iherzolites and one
olivine-websterite. Their non-depleted bulk rock light rare earth element (LREE)
patterns, enrichment in large ion lithophile elements and depletion of high field
strength elements, imply subduction-related metasomatism, while the Y-depletion may
indicate the derivation of the metasomatic melts/fluids from a garnet-bearing source.
Minerals from all the xenoliths display homogeneous major element compositions,
however they show large intra- and inter-mineral Li elemental and isotopic variations.
The Li contents of olivines range from 1.45 to 2.81 ppm with large variations in &'Li
values (+1.2 to +17.5%o). The orthopyroxenes have variable Li contents (0.07 to 16.6
ppm) and &’Li values (-71.6 to +10.8%o), with higher Li contents and lower &'Li
values in their cores. The clinopyroxenes show variable Li contents (2.16-22.0 ppm)
and 8'Li values (-54.6 to +1.9%o), with commonly higher Li contents and lower &'Li
values in their cores. The Li-isotopic zonation observed in most pyroxene grains is
most likely a recent-overprint of subduction-related fluids. In contrast, olivines with
fairly homogeneous low Li contents compared to pyroxenes appear to be less affected
by the metasomatic fluids/melts. The correlation between &’Li values and the
forsterite contents of olivines, along with the preferential uptake of Li in pyroxenes,
and the presence of light Li isotopic compositions in the cores of pyroxenes, indicate
the influence of silicate melt-rock interaction. We interpret these results as evidence
for a metasomatic overprint predating the zonation in the Tethys orogenic belt of NW
Turkey. Thus, both the recent fluid metasomatism and earlier silicate melt
metasomatism are strongly related with the successive subduction of the Tethyan
oceanic plate.

Keywords: Li isotopes; Mantle xenolith; Mantle metasomatism; Tethyan ocean,
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Turkey

1. Introduction

Mantle metasomatism plays a critical role in modifying the chemical properties
of the lithospheric mantle. Metasomatism can be divided into two types, namely,
modal and cryptic metasomatism (Harte et al., 1983; Dawson et al., 1984). Dykes,
melt veins, and the presence of secondary garnet, clinopyroxene and/or amphibole in
peridotites, are evidences for modal metasomatism (Menzies et al., 1987; Wilkinson
and Maitre, 1987; Green et al., 1988; Prouteau et al., 2001; lonov et al., 2010), while
cryptic metasomatism in peridotites is more difficult to identify as geochemical
modifications occur without apparent mineralogical or textural features (Zhang et al.,
2002; Rudnick et al., 2004; Menzies et al., 2007; Zhang et al., 2008; Tang et al., 2013).
Modified elemental concentration, incompatible trace element enrichment or distinct
isotope signatures may be indicative of melt-rock interactions (Dawson et al., 1984;
Menzies et al., 1987). However, trace element patterns alone can rarely pinpoint the
sources of the metasomatized melts/fluids, because similar chemical signatures can be
interpreted as either source characteristics or as a consequence of fractionation during
metasomatic processes (Bodinier et al., 1990). For example, it is more difficult to
constrain metasomatizing agents and their origin in refractory harzburgites or
peridotites which have undergone multi-stages of cryptic metasomatism. Nonetheless,
the application of in situ Li isotope analysis may provide solutions to this problem due
to its capability to detect elemental and isotopic heterogeneities at high spatial
resolution (e.g. Seitz and Woodland, 2000; Tang et al., 2007).

The large mass difference (~16%) between the two stable isotopes of Li (°Li and
’Li) leads to strong isotopic fractionation (-20 to +40%o) during many geological
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processes (Tomascak, 2004; Jeffcoate et al., 2007). Equilibrium fractionation of Li
isotopes is likely to be negligible at high T/P mantle conditions (Tomascak et al.,
1999; Magna et al., 2006; Jeffcoate et al., 2007), and Li isotopic heterogeneity could
survive 1-2 billion years (Vlastélic et al., 2009). Therefore, Li isotopes have recently
become potential geochemical tracers employed to investigate mantle metasomatism
(Magna et al., 2008; Zhang et al., 2010; Su et al., 2012). Several studies on peridotites
have proposed that Li elemental and isotopic compositions show distinct
characteristics and partition behaviors during different kinds of metasomatism (e.g.
Seitz and Woodland, 2000; Ottolini et al., 2004; Woodland et al., 2004; Tang et al.,
2007; Wagner and Deloule, 2007; Su et al., 2014a). In particular, Li preferentially
partitions into pyroxene compared to olivine during silicate metasomatism, whereas it
becomes enriched in olivine over “pyroxene during carbonatite metasomatism.
Moreover, Li isotopes are also indicative of recycling process during subduction
(Chan et al., 1999; Elliott et al., 2004, 2006; Marschall et al., 2007). Furthermore, Li
is a fast diffusive, fluid mobile element and therefore, elemental and isotopic
fractionations of Li are very sensitive to melts/fluids-rock interactions and may record
brief and late metasomatic overprints. Thus, Li isotopes may allow us to better
understand the evolution of the lithospheric mantle in a subduction environment.

In this study, we present Li isotopic compositions of minerals from a suite of
mantle xenoliths (mainly harzburgites) from the Thrace Basin in NW Turkey,
determined by in situ analyses using Secondary lon Mass Spectroscopy (SIMS). We
use the extreme Li elemental and Li isotopic variability, present in the various
minerals of this suite, to attempt to unravel the nature and timing of the different
metasomatic overprints.

2. Geological background and sample descriptions
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Turkey consists of several continental fragments joined together into a single
landmass in the Miocene (Okay, 2008). The tectonic evolution of Turkey has been
influenced by successive subduction of Paleo- and Neo-Tethyan ocean during the
convergence between Gondwana and Laurasia (Sengor, 1987; Okay, 1996). The
ophiolites of Paleo-Tethyan ocean in Turkey were almost eliminated by continuous
tectonic activities, but the Triassic eclogites found in the south of Marmara Sea
recorded the subduction of Paleo-Tethyan ocean (Fig. 1b; Okay et al., 1997, 2002).
Compared to the Paleo-Tethys, the Neo-Tethyan ocean residues, such as the ophiolites
along the 1zmir-Ankara suture, are distributed over entire Turkey (Fig. 1a; Emre et al.,
1998; Girbuz and Gurer, 2008a, b). To the north of the Izmir-Ankara suture, late
Cretaceous arc volcanic rocks and porphyry copper deposits are widespread in the
Strandja Massif and to the north of it (Fig. 1b; Ohta et al., 1988; Ongen, 2000;
Karacik et al., 2010). During the Neo-Tethys period, the Thrace Basin evolved as a
fore-arc basin, linked to the subduction of the Intra-Pontide ocean (Gorir et al., 1996),
while the Black Sea Basin in the north developed as an oceanic back-arc basin (Gorr,
1988; Okay, 2008). In the Cenozoic, the widespread and active volcanism, namely
Hisarlidag volcanism, started in the Thrace Basin (Yilmaz and Polat, 1998; Kaymakg1
et al., 2007). The Miocene fine-grained basanites and alkali basalts (11.68 £+ 0.25 to
8.03 £ 0.19 Ma; Ercan et al., 1995; Aldanmaz et al., 2000) from the Thrace volcanic
field contain large amounts of mantle-derived peridotite xenoliths (Fig. 1b, Aldanmaz
et al., 2005, 2006; Kaymakei et al., 2007).

In this study, a suite of mantle xenoliths was collected from the Thrace Basin.
The contacts of these xenoliths (up to 30-40 cm in diameter) with the host magma are
fairly sharp (Fig. 2a). These xenoliths are all spinel facies and consist predominantly
of harzburgites, minor lherzolites and one olivine-websterite. In order to exclude or

5



minimize diffusional exchange and Li isotope fractionation between xenolith and host
lava, the analyzed specimens were selected from the central portion of each xenoliths.
2.1 Harzburgite

The harzburgite samples are commonly medium-grained rocks with
protogranular texture (Fig. 2b). They are composed predominantly of olivine
(60~80%), orthopyroxene (10~35%) and subordinate clinopyroxene (< 5%), with
dark-brown spinel (1~2%) as accessory minerals. Most of the silicate minerals show
undulated boundaries, coexisting with fine-grained spinel (Fig. 2h). The olivine grain
displays kink band texture (Fig. 2e), whereas the clinopyroxene and spinel lamellae
are commonly observed in the orthopyroxenes.
2.2 Lherzolite

The lherzolites are also medium-grained with protogranular texture (Fig. 2c). The
typical mineral assemblage of the Iherzolites consist of olivine (60~70%),
orthopyroxene (25~30%), clinopyroxene (5~10%), and spinel (< 5%). Coarse-grained
and granular olivines coexist with medium-grained pyroxenes and fine-grained spinels
(Fig. 2g). Orthopyroxene lamellae are common in the clinopyroxenes.
2.3 Olivine-websterite

This is the first olivine-websterite to be found in NW Turkey. It is
medium-grained with protogranular texture and curved grain boundaries (Figs. 2d, f).
The minerals are orthopyroxene (50~60%), clinopyroxene (~20%), olivine (~30%)
and minor spinel (~5%). Clinopyroxene lamellae are observed in orthopyroxene, as
well as orthopyroxene lamellae in clinopyroxene.
3. Analytical techniques
3.1 Sample preparation

For EMPA and SIMS measurements, olivine, clinopyroxene and orthopyroxene
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separates were handpicked under binocular microscope, and mounted in epoxy
together with matrix-matched standards for in situ measurements. The mounts were
then polished and minerals were characterized by transmitted and reflected light.
Optical microscope images of all the minerals served for navigation and identification.
For comparison, thin sections of samples BK15-19, BK15-21, BK15-27 and BK15-35
were used for analyses. Mounts and thin sections were carbon-coated for EPMA
analyses and gold-coated for SIMS.
3.2 Major elements

Major element compositions of minerals were determined by wavelength
dispersive spectrometry using a JEOL JXA8100 electron probe microanalyzer at the
Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS).
Operating conditions were 15 kV accelerating voltage, 10 nA beam current, 5 um
beam spot and 10-30 s counting time on peak. Natural minerals (jadeite [NaAISiO4]
for Na, Al and Si, rhodonite [MnSiO3] for Mn, sanidine [KAISizOg] for K, garnet
[FesAl,Siz012] for Fe, Cr-diopside [(Mg, Cr)CaSi,Og¢] for Ca, olivine [(Mg, Fe),SiO,]
for Mg) and synthetic minerals (rutile for Ti, 99.7% Cr,03 for Cr, Ni,Si for Ni) were
used for standard calibration. A program based on the ZAF procedure was used for
matrix corrections. Typical analytical uncertainties for all the elements analyzed are
better than 1.5%. Mineral major elements data are reported in Supplementary Table
S1.
3.3 Li isotopes

Lithium content and isotopic ratio were determined using a Cameca IMS
1280HR SIMS at IGGCAS. Well-characterized natural minerals, namely, olivine
(06JY310L) with fosterite content (Fo=100xMg/(Mg+Fe)) of 91.2, clinopyroxene
(06JY29CPX) with Mg# of 91.9 and orthopyroxene (06JY310PX) with Mg# of 90.8

7



(Su et al., 2015), that have compositions similar to those of analyzed minerals, served
as standards for the analysis. The O" primary ion beam was accelerated at 13 kV, with
an intensity of 15 to 30 nA. The elliptical spot was approximately 20 x 30 um in size.
Positive secondary ions were measured on an ion multiplier in pulse counting mode,
with a mass resolution (M/DM) of 1500 and an energy slit open at 40 eV without any
energy offset. A 180-second pre-sputtering without raster was applied before analysis.
The secondary ion beam position in the contrast aperture, as well as the magnetic field
and the energy offset, was automatically centered before each measurement. Eighty
cycles were measured with counting times of 7 and 2 seconds for °Li and ‘Li,
respectively. The measured &'Li values are given as &'Li ([('Li /6Li)samp|e/(7Li
I°Li)L.svec-1] * 1000) relative to units of the standard NIST SRM 8545 (L-SVEC)
with 'Li /°Li of 12.0192 (Flesch et al., 1973). The olivine standard (06JY310L) has Li
content of 2.70 + 0.60 ppm with 8'Li of 4.51 + 0.33%o, the clinopyroxene standard
(06JY29CPX) with Li content of 1.03 + 0.24 ppm shows &'Li of -2.56 + 0.53%o and
the orthopyroxene standard (06JY310PX) has Li content of 1.33 = 0.24 ppm with

8'Li of -0.19 +10.21%o (Su et al., 2015). The instrumental mass fractionation (IMF) is

expressed in 8"Li units: i = 8'Ligims — 8 Limc.icpms. The matrix effect, of which 8'Li

increased by 1.0%o for each mole percent decrease in Fo content of olivine (Su et al.,
2015), was considered for calibration. The Li isotopes data are reported in
Supplementary Table S1.
3.4 Whole-rock trace elements

Whole-rock trace elements were determined by inductively coupled plasma mass
spectrometry, using an Agilent 7500a system at IGGCAS. Whole-rock powders (40

mg, 200 mesh) were dissolved in distilled HF + HNO3 in Teflon beakers at 200 °C for



5 days, dried, and then digested with HNO3 at 150 °C for 1 day, and the final step was
repeated. International and Chinese standards (BCR-2, BHVO-2, GSR-1, and AGV-2)
were used for monitoring drift in mass response during the measurements. The
relative error of the ICP-MS analyses was generally better than 5% for most trace
elements. Whole-rock trace element data are reported in Supplementary Table S2.
4. Results
4.1 Mineral chemistry and L.i isotopes
4.1.1 Olivine

The studied olivines have homogeneous major element compositions. Their Fo
contents range from 89.5 to 91.4 in harzburgites, from 89.2 to 90.8 in the lherzolites
and from 88.7 to 89.0 in the olivine-websterite. Lithium contents and isotopic
compositions of the olivines, show distinct variations. Their Li concentrations vary
from 1.45 to 2.82 ppm, mostly within the normal mantle range (1-2 ppm) (an
unmetasomatized mantle, Seitz and Woodland, 2000). Lithium isotopic compositions
are highly variable, with 8’Li values of +1.2 to +17.5%o (Fig. 5a). The &'Li values in
the olivines are'negatively correlated with the Fo contents (Fig. 6a).
4.1.2 Orthopyroxene

In general, the orthopyroxenes display limited major element variations except
variable Al,O3 (1.93-5.53 wt.%) and CaO (0.33-1.29 wt.%) contents. Their Mg#s vary
from 89.2 to 91.7 and are negatively correlated with Al,O3 (Fig. 3). Lithium
concentrations in the orthopyroxenes are highly variable, ranging from 0.07 to 16.6
ppm. The highest values are recorded in the core of grains (up to 16.6 ppm in sample
BK15-9). Analytical spots in some grains show low Li concentrations (<1 ppm) in
both refractory harzburgites and fertile Iherzolites (e.g. BK15-12, BK15-35, Fig. 5b).
Lithium isotopic compositions of the orthopyroxene are extremely variable ranging
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from -71.6 to +10.8%.. Almost all the orthopyroxene grains exhibit distinct zonation
patterns from core to rim, with higher Li and lighter isotope contents in the cores than
the rims (Fig. 7b). Neither Li concentrations nor &’Li values are correlated with major
elements (Fig. 6b).
4.1.3 Clinopyroxene

Clinopyroxene has the highest Mg# in the range of 90.5 to 93.4 and high CaO
contents (19.8-23.6 wt.%) and Al,O3; contents (2.42-7.18 wt.%). There iIs a negative
correlation between Mg# and Al,O3; (Fig. 3b). Compared to orthopyroxene, the
clinopyroxene grains have similarly variable and overall higher Li contents (2.16-22.0
ppm), while the 8’Li values range from -54.6 to +1.9%.. A general trend from lower
8'Li in the core to higher &Li in the rim is evident in most clinopyroxenes. However,
variations in Li concentrations in clinopyroxene do not reveal a consistent trend with
the Li isotopic compositions, as it is for orthopyroxene (Fig. 7). There is also no
apparent correlation between the major elements, Li concentrations and Li isotopic
compositions (Figs. 5¢, 6¢).
4.2 Whole-rock trace elements

The harzburgites display variable trace element patterns which are mainly
characterized by depleted or flat light rare earth elements (LREE) (Fig. 4a). The
Iherzolites and the olivine-websterite show depleted LREE patterns (Fig. 4c). Nearly
all the samples have slight depletions in the high field strength elements (HFSE) and
positive anomalies in large ion lithophile elements (LILE) (Figs. 4b, d). The trace
element contents of the harzburgites are generally lower than those of the primitive
mantle, while the lherzolites and olivine-websterite trace elements contents are
slightly lower or equal to those of the primitive mantle (Figs. 4b, d). Limited range of
whole-rock Li contents are recorded in the harzburgite (1.41-1.92 ppm), lherzolite
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(1.48-2.37 ppm), olivine-websterite (2.41 ppm), all of which are quite close to that of
the upper mantle (< 2 ppm, Tomascak et al., 2016).
5. Discussion
5.1 Origin of lithospheric mantle beneath the Thrace Basin

Aldanmaz et al. (2005) reported the whole rock and mineral geochemical data of
the mantle xenoliths from the Thrace Basin and proposed that the mainly refractory
harzburgites as well as, the more refractory dunites are residues after melt extraction.
The high Fo contents in olivines (~90.0) and the lower whole-rock REE contents
(compared to primitive mantle), observed in samples from this study, indicate a partial
melting origin. The negative correlation between Mg# and Al,Os in pyroxenes (Fig. 3)
confirms the significant partial melting. Olivines in the harzburgites have higher Fo
contents than those in the lherzolites and olivine-websterite, consistent with higher
degrees of melt extraction within the harzburgites. However, the lherzolite and the
olivine-websterite are more depleted in LREE than some refractory harzburgites but
no accessory minerals, such as amphibole or phlogopite were observed in the
harzburgite (Fig. 4), which is inconsistent with melt extraction. The flat REE patterns
of the harzburgites are also inconsistent with their formation as single-stage melting
residues of a fertile source, indicating the occurrence of cryptic metasomatism.
5.2 Li diffusion

The minerals investigated in this study display large Li elemental and isotopic

heterogeneity within and between grains. (Figs. 5, 7). Because Li diffusive rate is
slower in olivine than in clinopyroxene and °Li diffuses faster than ’Li (Richter et al.,
2003; Coogan et al., 2005; Lundstrom et al., 2005), light Li isotope signatures in
clinopyroxene and heavy Li isotopic compositions in olivine in mantle xenoliths, have
generally been explained by prolonged cooling upon eruption (Coogan et al., 2005;
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lonov and Seitz, 2008; Gao et al., 2011), or by the interaction of percolating
melts/fluids with the peridotitic mantle (Rudnick and lonov, 2007; Jeffcoate et al.,
2007; Aulbach and Rudnick, 2009). Yakob et al. (2012) measured D{©"™ = 2.0 +
0.2 at 1.5 GPa between 700-1100 °C, which is consistent with estimated P-T condition
of the mantle xenoliths from the Thrace Basin in NW Turkey (Aldanmaz et al:, 2005).
Thus, the two times higher Li content in olivine than clinopyroxene would trigger Li
diffusion from olivine to clinopyroxene and this diffusion process should have been
ended when Li content in clinopyroxene was equilibrated to that in olivine (Seitz and
Woodland, 2000). However, the large difference in Li contents of up to ~20 ppm
between some clinopyroxenes (22.0 ppm) and olivines (2.11 ppm) (e.g. BK15-10)
indicate disequilibrium fractionation. The record of such an extreme disequilibrium
points toward ingress of Li-rich metasomatic melts or fluids, the preferential uptake of
Li in pyroxenes over olivines and insufficient time to achieve equilibrium partitioning.
Furthermore, the host magma-rock reaction leads to increasing Li concentrations with
lighter 8’Li in the rims (Jeffcoate et al., 2007; Rudnick and lonov, 2007), whereas
mantle metasomatism may result in reverse correlation (Tang et al., 2007). Generally,
the studied pyroxenes, especially the orthopyroxenes, reveal lower Li content and
heavier Li Isotopic compositions in the rims (Figs. 7b, ¢). Thus, it is likely that mantle
metasomatism (Zhang et al., 2010; Tang et al., 2011; Su et al., 2012, 2014a, b; Xiao et
al., 2015; Gu et al., 2016), rather than the host magma, contributed dominantly to the
observed disequilibrium of Li isotopic compositions in lithospheric mantle beneath
the Thrace Basin. Although the orthopyroxene in sample BK15-10 shows Li
enrichment in the rim (Fig. 7c), its heaviest Li isotopic composition still refutes the
diffusion between minerals and/or host magma-rock.

5.3 Cryptic metasomatism and origin of metasomatized fluids/melts inferred
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from Li contents and isotopic compositions

We propose that the mantle section represented by xenoliths studied here, were
affected by partial melting. Because Li is a moderate incompatible element (Brenan et
al., 1998a, b), it becomes depleted in the mantle upon partial melting. In equilibrated
unmetasomatized ‘normal’ to slightly depleted mantle, Li contents of minerals
decrease from 2 to 1 ppm with the following sequence of Lio; > Liopx = Licpx (Seitz
and Woodland, 2000). Sample BK15-12, with low whole-rock Al,O3; content (0.66
wt.%, unpublished data), is the most refractory harzburgite and its low Li
concentrations (0.15-0.30 ppm) in the orthopyroxenes also indicate high degree melt
extraction. Furthermore, Os isotope ratios (0.1190) of sample BK15-12 indicate an
ancient melt extraction possibly as old as Meso-Proterozoic (unpublished data), which
is consistent with the previous study by Aldanmaz et al. (2012). However, Li
concentrations in most pyroxenes from this study are significantly higher than in
olivine, clearly manifesting melt/fluid-rock interaction (Figs. 5b, c). In addition, the
clinopyroxene in the harzburgites and Iherzolites reveal high Li contents and light
8'Li values compared to olivine (Table S2; Fig. 5). The lack of secondary minerals
and the very different Li signatures from ‘normal’ mantle are likely the result of
cryptic metasomatism.

Additionally, a single metasomatic agent or event cannot explain the zonations of
pyroxenes with light 8’Li core and heavy rim compositions. The zonation in a single
grain generally represents the effect of a relatively recent ingress of metasomatic
agent(s) (Rudnick and lonov, 2007), as displayed by the Li elemental and isotopic
compositional profiles in orthopyroxene grains in our study (Fig. 6a). We argue that
the orthopyroxene cores likely preserved the signatures (high Li content and light Li
isotopes down to ~ -70%o) of a previous metasomatic overprint.
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5.3.1 Fluid metasomatism

Subduction-related fluid-rock interaction is commonly characterized by
whole-rock LILE (e.g. Pb, Sr, U) enrichment and HFSE (e.g. Nb, Ta) depletion
(Morten and Obata 1990; Downes et al., 2001; Rampone and Morten 2001; lonov,
2010). The progressive increase in Pb and depletion in Nb-Ta-Ti (Fig. 4) in-most of
our sample suggest the influx of slab-derived aqueous fluids. Fluids released from the
subducted slab are variable in composition, depending on the mode of dehydration.
However, because ’Li preferentially enters the fluid phases'(e.g. Huh et al., 2001;
Kisakiirek et al., 2004; Wunder et al., 2006, 2010), Li isotopic composition of the
subducted slab would become progressively lighter during dehydration (e.g.
Tomascak et al., 2002; Elliott et al., 2004, 2006). Dehydration also may significantly
change the Li budgets of submarine vent fluids, which can be as low as ~ 1 ppm for
marine sediment-starved hydrothermal systems or as high as ~ 40 ppm for marine
sediment-hosted sites (Araoka et al., 2016).

Most pyroxene grains in the studied xenoliths have &’Li values that consistently
become heavier from core to rim, with decreasing Li contents towards the rim (Figs.
7b, ¢), suggesting metasomatic overprint by a fluid or melt with low Li content and a
heavy &'Li composition. The relatively low and homogeneous ‘normal’ mantle Li
concentrations in olivines indicate negligible influence by the metasomatic agent(s)
(Fig. 7a), reflecting the faster diffusion of Li in pyroxene compared to olivine
(Parkinson et al., 2007; Rudnick and lonov, 2007; Dohmen et al., 2010; Richter et al.,
2014). The distinct zonation in the orthopyroxene compared to olivine and
clinopyroxene implies that orthopyroxene is more sensitive and reactive to the
metasomatic fluids or melts. The clinopyroxenes have light &’Li core compositions
and heavier compositions in the rim. Li contents, however, show disordered
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tendencies (Fig. 7c¢), implying a high variability of Li contents in the metasomatic
agents. It is also suggested that metasomatism happened briefly before the
entrainment of the xenoliths by the host lavas. Thus, olivines and the cores of the
pyroxenes should be unaffected by such fluid metasomatism and therefore may record
ancient metasomatic agents.
5.3.2 Silicate metasomatism

Contrary to the samples containing Li-poor orthopyroxenes that formed by
partial melting and affected by a metasomatic agent with low Li contents, samples
with pyroxenes that have high Li contents and light &'Li are remnants of a previous
melt metasomatism (Fig. 5a). During metasomatism by silicate melts, Li preferentially
enters the pyroxenes, whereby °Li is taken up faster by the crystal lattice, leading to
Kinetic isotopic fractionation and resulting in high Li contents and light Li isotopic
compositions (Wagner and Deloule, 2007; Su et al., 2014a). The more sluggish
reacting olivines are driven to_heavier Li isotopic compositions, which is also in
accordance with observations in this study. The Li concentration gradients cause
diffusion to result-in uniform Li content relative to &'Li of olivine in an individual
sample, since it takes longer time for Li isotopes, compared to Li concentration to
achieve compositional uniformity (Richter et al., 2014). This appears to be consistent
with our data, pointing to the limited Li variations compared to the wide range of &'Li
values in the olivines. Moreover, the olivines, which are apparently not much affected
by the fluid metasomatism, show negative correlation between Fo contents and &'Li
values, indicating the influence of silicate melts (Fig. 6a).

In this study, the metasomatic silicate melts most likely resulted in high Li
contents and light &'Li compositions in the pyroxene cores. The lack of correlation
between &'Li and major elements (Figs. 5c, 6b), is likely due to low degree of
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melt-rock interaction and subsequent disturbance by fluids. Generally,
olivine-websterite is thought to be product of silicate metasomatism and expected to
show enrichment of Li in orthopyroxene (Su et al., 2014a). The olivine-websterite
sample studied here has relatively low Li contents in orthopyroxene (1.52-1.78 ppm),
with 8’Li values ranging between -3.11 and 2.16%o (Table S2), more likely reflect a
cumulative origin and a production from previous stage of crystalfractionation
process, which is evident by its depleted whole-rock LREE (Fig. 4c). Notably, the Li
signatures of the silicate metasomatic agent have been recorded in the mineral cores
and the fluid-related metasomatism lead to the observed Li zonation. Because of the
lack of the major element zonation of minerals, we further conclude that Li isotope
systematics are more sensitive to cryptic metasomatism.
5.4 Implications

The previous work on the mantle xenoliths from NW Turkey proposed a partial
melting origin of the underlying Cenozoic lithospheric mantle, but did not discuss the
processes of melts/rock interaction (Aldanmaz et al., 2005, 2012). Neither was the
clarification of the mantle metasomatism, nor the origin of the fluids/melts
constrained. The recycling of crustal materials needs to be considered and can give
valuable insights into the evolution of Tethyan ocean. The low Li contents (< 1 ppm)
In orthopyroxenes, together with normal-mantle bulk Li contents, indicates the low
degree of melt/fluid-rock interaction, which has not been detected in previous studies.
This also may explain the more depleted LREE patterns in the Iherzolites compared to
some harzburgites (Fig. 4).

The overall high &’Li values in olivine and extremely low &'Li values in
pyroxenes (Fig. 5) suggest the importance of kinetic isotope fractionation during the
interaction with silicate melts. The Y-depleted whole-rock signatures present in most
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harzburgites from our study (Fig. 4) indicate that the melts originated in a
garnet-bearing source (Green, 1982; Martin, 1999). Thus, the silicate melts derived by
partial melting of the dehydrated eclogitic slab produced light 8’Li pyroxenes and
heavy olivines. The Triassic eclogites found in the southern Marmara Sea (Fig. 1;
Okay et al., 1997, 2002) are a record of the subduction history of the Paleo-Tethys and
confirm the existence of eclogites source in this region. After: the silicate
metasomatism events, which occurred during the Paleo-Tethys subduction,
subduction-related fluids with low Li contents and heavy isotopic compositions may
have been associated with the closure of the Intra-Pontide ocean, briefly before the
eruption of the Miocene basalt in the Thrace Basin, NW Turkey.
6. Conclusions

We conclude that Li isotope systematics is very sensitive to cryptic
metasomatism. The Li contents and isotopic compositions of minerals recorded in
mantle xenoliths from the Thrace Basin, reveal disequilibrium distributions between
coexisting minerals.-and extremely heterogeneous Li isotopic compositions. These
features, together with whole rock trace element and mineral chemistry, demonstrate
that these rocks have undergone a two-stage metasomatism: 1) a silicate melt
metasomatism after melt extraction and 2) an overprint by fluids. The metasomatizing
silicate melts are inferred to have been generated by partial melting of a dehydrated
eclogitic slab during the subduction of the Paleo-Tethyan ocean, while the more recent

metasomatic fluids are likely related to the closure of Intra-Pontide ocean.
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Figures:

Figure 1. (a) The tectonic outline of Turkey and the eastern Mediterranean area
(modified after Okay et al., 1996). (b) Simplified geological map of NW Turkey,
showing the localities of xenolith-bearing Cenozoic basalts (modified after Ersoy. et

al., 2017). NAFZ: North Anatolian Fault Zone.

Figure 2. Petrography of the mantle-derived xenoliths from NW Turkey. (a) Sharp
contact of peridotite with host basalt. (b) Medium-grained harzburgite (sample
BK15-12). (c) Medium-grained lherzolite (sample BK15-14). (d) Medium-grained
olivine-websterite (sample BK15-15). (e) Olivine kink band in harzburgite BK15-7. (f)
Medium-grained silicate minerals with fined-grained spinel in olivine-websterite
BK15-15. (g) Coarse-grained and granular olivine with medium-grained pyroxenes
and spinel in lherzolite BK15-19. (h) Undulated boundaries between the
medium-grained major minerals in harzburgite BK15-11. Ol, olivine; Cpx,

clinopyroxene; Opx, orthopyroxene; Sp, spinel.

Figure 3. Mg# versus Al,O3; correlation diagrams for orthopyroxenes (a) and

clinopyroxenes (b) in mantle xenoliths from NW Turkey.

Figure 4. Chondrite-normalized rare earth element and primitive mantle-normalized
trace element patterns for mantle xenoliths from NW Turkey. The chondrite and
primitive mantle values are from McDonough and Sun (1995). Symbols are same in

Fig. 3.

Figure 5. &'Li versus Li contents correlation diagrams for (a) olivines, (b)
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orthopyroxenes and (c) clinopyroxenes in mantle xenoliths from NW Turkey. Normal
mantle values are from Seitz et al. (2004), Magna et al. (2006), Jeffcoate et al. (2007)
and Tomascak et al. (2008). Symbols are same in Fig. 3. Harz.: harzburgite; Lhz.:

lherzolite.

Figure 6. Correlation diagrams of 8'Li versus (a) Fo contents in olivines, (b) A0z in
orthopyroxenes and (c) CaO in clinopyroxnes in mantle xenoliths from NW Turkey.

Symbols are same in Fig. 3
Figure 7. Profiles of Li contents and isotopic compositions of orthopyroxenes (Opx)

and clinopyroxenes (Cpx) of the mantle xenoliths from NW Turkey. Harz.:

harzburgite; Lhz.: Lherzolite.
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Highlights

(1) in-situ Li isotope measurement of olivine, orthopyroxene and clinopyroxene of a
suite of mantle xenoliths from NW Turkey; (2) silicate melt metasomatism and recent
fluid metasomatism revealed by Li isotope systematics; (3) silicate melts<from
dehydrated slab and subduction-related fluids inferred as metasomatic melts and
fluids; (4) sensitivity of Li isotope systematics to cryptic metasomatism.
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