Su et al. Page 1

Melt penetration in oceanic lithosphere: Li isotope records from

the Pozanti-Karsanti ophiolite in southern Turkey

BEN-XUN SU "%, CHEN CHEN "2, KWAN-NANG PANG °, PATRICK ASAMOAH
SAKYI* IBRAHIM UYSAL °, ERDI AVCI ®, XIA LIU "7, PENG-FEI ZHANG ®

' Key Laboratory of Mineral Resources, Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing 100029, China

? University of Chinese Academy of Sciences, Beijing 100049, China

3 Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan

4 Department of Earth Science, University of Ghana, P. O. Box LG 58, Legon-Accra, Ghana

> Department of Geological Engineering, Karadeniz Technical University, 61080-Trabzon, Turkey

% Department of Geological Engineering, istanbul University, 34320, Istanbul, Turkey

7 College of Earth Sciences, Chendu University of Technology, Chengdu 610059, China

¥ Department of Earth Sciences, the University of Hong Kong, Pokfulam Road, Hong Kong, China

* Corresponding Author

subenxun(@mail.igcas.ac.cn

ABSTRACT

Understanding melt penetration in ophiolites is important in revealing the formation and
evolution of the oceanic lithosphere, as well as the formation of chromite deposits. We
conducted in situ Li isotope analysis of olivine grains from the harzburgite, podiform
chromitite and dunite envelope of the mantle sequence, and dunite and wehrlite
cumulates from the crustal sequence of the Pozanti-Karsant1 ophiolite. Olivine in the

different rocks has variable and distinctive Li concentrations (0.95 to 2.01 ppm) and 8’Li
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isotopic compositions (-5.43 to 16.65 %o). The olivine in the refractory harzburgite of the
Pozanti-Karsant1 ophiolite extends from MOR-peridotite-like compositions to lower 8'Li
values and higher Li concentrations, suggesting ingressive Li diffusion via melt
penetration. The Li isotopic compositions of the olivine in the dunite envelope and
podiform chromitite represent the compositions of their parental melts and thus their
sources. The dunite envelope has 8'Li values beyond MORB and OIB variations and
overlaps the arc lava range, suggesting an affinity with arc magmatism. The podiform
chromitite, on the other hand, shows wider 8’Li variation and overall lower values,
falling in the ranges of granulite and eclogite. The parental melts of the podiform
chromitite might: (1) originate from partial melting of a dehydrated and metamorphosed
subducted slab or (2) may initially have had the same isotopic composition as the
associated dunite, but later experienced compositional modification by fluids. The Li
isotopic compositions of the dunite and wehrlite cumulates fall between the OIB and arc
fields, supporting a subduction origin for these ultramafic cumulates and their arc-like
parental magmas. The Pozanti-Karsant1 ophiolite records various melt penetration agents
during its formation and evolution. The melts display progressive compositional
variations, mainly between OIB and immature and mature oceanic island arc magmatism,
pointing to their correlation with subduction initiation. The distinctive Li isotopic
compositions of the Pozanti-Karsanti, Luobusa and Trinity ophiolites suggest that the
generation and compositions of penetrating melts in oceanic lithosphere and subsequent
formation of chromite deposits are strongly controlled by tectonic setting. Consequently,
Li isotope systematics can be used as an indicator of the tectonic setting and

mineralization of ophiolites.
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INTRODUCTION

Ophiolites are remnants of ancient oceanic lithosphere and commonly preserve imprints
of mantle-derived melt invasion and differentiation (e.g., Pearce et al., 1984; Aitchison et
al., 2000). The melt imprints occur in a variety of forms, such as lavas and intrusions in
the crust and ultramafic veins and lenses in the mantle sequence of ophiolites (e.g., Dilek
& Furnes, 2009, 2011). They are directly linked to the generation and evolution of the
oceanic lithosphere as well as to the formation of chromite deposits (Ballhaus, 1998;
Rollinson, 2008; Arai & Miura, 2016). In general, supra-subduction zone (SSZ)
ophiolites are known to have experienced significant melt penetration relative to
mid-ocean ridge (MOR) ophiolites, resulting in the formation of high-Cr chromite
deposits compared to high-Al chromite deposits in the latter (Pearce et al., 1984; Arai &
Yurimoto, 1994; Zhou et al., 1994, 1998). The occurrence of chromite deposits is also
different at different structural levels within ophiolites, namely; podiform deposits occur
in the mantle peridotites, whereas stratiform deposits occur in crustal cumulate zones
(Paktunc, 1990; Saka et al., 2014; Arai & Miura, 2016). Therefore, the identification of
the nature and origin of the melts penetrating a given ophiolite is critical in addressing the
tectonic setting in which the ophiolite formed, as well as the type and scale of associated
mineralization. However, the genetic relationship between melt penetration occurring at
different levels of ophiolites is usually not fully constrained, partly due to isotopic data

not being obtained from rocks in the mantle sequence.
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Olivine is the major constituent mineral in both mantle rocks and crustal cumulates.
It is the dominant mineral phase of dunite that envelopes a podiform chromite body or is
interlayered with stratiform chromitite (Paktunc et al., 1990; Arai & Miura, 2016). Given
that the mineral assemblage in chromitites consists only of olivine + chromite in varying
modal proportions, and that chromite structurally contains minor or no Li, the Li contents
and isotopic compositions in olivine in chromitites are representative of the whole-rock
samples (Su et al., 2016). Olivine can preserve primary Li elemental and isotopic
compositions which may be used to trace high-temperature processes (Su et al., 2014;
Tang et al., 2014). This is due to the conspicuously slower diffusion rate of Li in olivine
than in pyroxene (Dohmen et al., 2010) and the immunity of Li in olivine to sub-solidus
Fe-Mg exchange between olivine and chromite (Bai et al., 2017; Su et al., 2017). Lithium
behaves as a moderately incompatible element during high-temperature magmatic
processes (Brenan et al., 1998; Woodland et al., 2004); however, no significant Li
isotope fractionation is believed to occur during partial melting and fractional
crystallization (Tomascak et al., 1999; Bryant et al., 2004; Teng et al., 2006; Magna et al.,
2010). Lithium isotope systematics have, thus, been used to constrain the nature and
origin of magmatism (e.g., Elliott et al., 2006; Chan et al., 2002) and melt infiltration
(Decitre et al., 2002; Lundstrom et al., 2005; Gao et al., 2011; Su et al., 2016) that have
contributed to the evolution of the oceanic lithosphere.

This study presents in situ Li isotopic data for olivine from ultramafic rocks and
associated chromitites from the Pozanti-Karsanti ophiolite in southern Turkey. We
examine the behavior of Li and its isotopes during serpentinization, and subsequently

attempt to constrain the nature, origin and genetic relationships among the parental melts
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responsible for the formation of podiform chromitites, the dunite envelope and crustal

cumulates.

GEOLOGY OF THE POZANTI-KARSANTI OPHIOLITE AND SAMPLE

COLLECTION

The Pozanti-Karsant1 ophiolite, exposed in the eastern Tauride belt, is located 60 km
north of the city of Adana in southern Turkey (Fig. la). It covers an area of
approximately 1300 km?, with a length of 100 km and width of 30 km (Fig. 1b). The
ophiolite is associated with an ophiolitic mélange and its metamorphic sole rests in
tectonic contact with underlying platform carbonates of Late Devonian to Early
Cretaceous age (Fig. 1c; Tekeli ef al., 1983; Dilek & Moores, 1990; Robertson, 2002).
The ophiolite sequence consists mainly of tectonized peridotites, mafic-ultramafic
cumulates and isotropic gabbros (Fig. 1c¢). The ultramafic cumulates occur as a large
massif of dunite and wehrlite (Figs 1b, 2a), with minor layers of dunite and
clinopyroxenite (Fig. 2b). The occurrence of rhythmic layers of chromitite and dunite in
the ultramafic cumulates (Fig. 2¢) is inferred to be close to the petrological Moho (Fig. 1c;
Parlak et al., 2000, 2002). The chromitite in the mantle harzburgite typically has a
podiform structure (Fig. 2d) and is variable in morphology, from massive and
disseminated to nodular and banded. Previous studies have suggested that the chromitite

is of the high-Cr variety formed from boninitic melts (Avc et al., 2017).
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Swarms of gabbro and diabase dykes cut the Pozanti-Karsant1 ophiolitic units at
different structural levels, as well as the metamorphic sole (Lytwyn & Casey, 1995; Dilek
et al., 1999; Parlak, 2000; Lian ef al., 2017a). Geochronological studies indicate ages of
107-83 Ma for the metamorphic sole (Thuizat et al., 1981; Dilek et al., 1999; Celik, 2008)
and 92-87 Ma for the mafic dykes and mafic cumulates (Dilek et al., 1999; Lian et al.,
2017a). These results suggest that the ophiolite formed during the Late Cretaceous,
presumably in the Neotethys Ocean (Dilek & Moores, 1990; Polat et al., 1996;
Robertson, 2002; Dilek & Furnes, 2009). The metamorphic sole, mafic cumulates and
dyke swarm all display transitional geochemical compositions between MORB and
typical island arc lavas (Lytwyn & Casey, 1995; Parlak et al., 2002; Celik, 2007; Lian et
al., 2017a). This has led to ongoing debates about the tectonic setting of the
Pozanti-Karsant1 ophiolite. Based on its SSZ nature, some authors have proposed that the
ophiolite resulted from immature island arc magmatism during subduction initiation (e.g.,
Pearce at al., 1984; Parlak et al., 2002; Dilek & Furnes, 2009), whereas others suggested
that it formed along a mid-ocean ridge north of the Tauride Platform and constituted part
of the forearc mantle wedge (e.g., Lytwyn & Casey, 1995; Polat et al., 1996; Saka et al.,
2014).

In this study, 75 samples were collected from different units of the Pozanti-Karsanti
ophiolite. After screening, 15 least-altered samples were selected for mineral separation
and chemical analysis. The sample set includes three harzburgites, three dunites and five
chromitite samples from the mantle sequence, and three dunite and one wehrlite samples
from the ultramafic cumulate unit. No fresh olivine was found in the chromitite samples
from the stratiform layers. The geographic locations and structural levels of these

samples are given in Table 1.
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ANALYTICAL METHODS

Li isotope analysis

Olivine grains were handpicked under a binocular microscope, and together with olivine
standard 06JY310L were mounted in an epoxy mount. The mount was then polished to
expose the crystals as shown in Fig. 3. Pre-analytical transmitted and reflected light
images of all the olivine grains were obtained for correct identification of the analyzed
grains. To reveal the spatial variations in Li concentrations and Li isotopic compositions,
a thin section was used for sample PK14-41. The samples were vacuum-coated with
high-purity gold and analyzed using Cameca IMS 1280HR SIMS at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). The O primary ion
beam was accelerated at 13 kV, with an intensity of about 15 to 30 nA. The elliptical spot
was approximately 20 % 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 60-second pre-sputtering with raster was
applied before analysis. The secondary ion beam position in apertures, as well as the
magnetic field and the energy offset, were automatically centred before each
measurement. Eighty cycles were measured with counting times of 7 and 2 seconds for
i and 'Li, respectively. The measured &'Li values are given as o'Li
([(Li/°Li)sampte/ (Li/°Li)Lsvec—1] x 1000) relative to units of the standard NIST SRM

8545 (L-SVEC) with 'Li/’Li of 12.0192. The instrumental mass fractionation is
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expressed in Ai = 87Li51Ms—67LiMC_ICpMS. The olivine standard 06JY310L with an Mg# of
91.2, Li concentration of 2.70 + 0.60 ppm and 8'Li of 4.51 + 0.33%o (Su et al., 2015) was
used as a standard; twenty one analyses of the standard in this study yielded a
homogeneous Li isotopic composition with an instrumental mass fractionation of Ai =
1.82 + 0.30%o (1SD). Lithium concentration of the samples was calculated on the basis of
"Li" count rates (cps/nA) relative to the standard. The detection limit of Li concentration
measurements is <1 ppb and uncertainty is mostly <0.90 ppm (1o). The internal errors of
the Li isotopic compositions for both the standard and the olivine samples are less than
1.20%o (1se), while internal errors for serpentine are less than 2.20%o. Matrix effects, in
which 8'Li increases by 1.0%o for each mole percent decrease in the Fo content of olivine

(Suetal., 2015), were considered for calibration.

Major element analysis

Major element compositions of minerals were determined by wavelength dispersive
spectrometry using JEOL JXA8100 electron probe microanalyzer (EPMA) at the
IGGCAS. Analytical spots were located close to the previous SIMS analytical spots, and
the analysis was conducted at the operating conditions of 5 um beam diameter, 10 nA
beam current, 15 kV accelerating voltage and 10-30 s counting time on peak. Natural
(jadeite [NaAISiOg] for Na, Al and Si, rhodonite [MnSiOs] for Mn, sanidine [KAISi;Og]
for K, garnet [Fe;Al,Si304;] for Fe, Crdiopside [(Mg, Cr)CaSi,O¢] for Ca, olivine [(Mg,

Fe),S104] for Mg) and synthetic (rutile for Ti, 99.7% Cr,O; for Cr, Ni,Si for Ni) minerals
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were used for standard calibration, and a program based on the ZAF procedure was used
for matrix corrections. Detection limits of of the major elements are <180 ppm, and

analytical uncertainty is better than 1.5% (1SD).

RESULTS

The Li concentration, 8’Li and major oxide compositions of olivine in the studied
samples from the Pozanti-Karsant1 ophiolite are reported in Table 2. In general, the
olivine has a Fo content of 88.7-94.9, NiO of 0.11-0.51 wt % and MnO of 0.05-0.20 wt %,
all of which fall within the ranges of previously published data (Parlak et al., 2002; Saka
etal.,2014; Avc et al., 2017, Lian et al., 2017b). The Fo contents are well correlated with
both NiO and MnO contents (Fig. 4a, b), following the general trends of partial melting
and fractional crystallization. Relative to the olivine from the crustal cumulates, the rocks
of the mantle sequence display large Fe/Mn variations in olivine at a given Fo (Fig. 4c).
The studied olivine grains have Li concentrations varying from 0.95 to 2.01 ppm, a
range comparable with that of mantle olivines (1.0-1.8 ppm; Seitz et al., 2004; Woodland
et al., 2004; Su et al., 2014). The analyses yielded 8'Li values ranging from -5.43 to
16.65 %o. Both the Li concentrations and the 8’Li values of olivine in the chromitite and
the enveloping dunite exhibit roughly negative correlations with Fo and NiO, and
positive correlations with MnO (Fig. 5). The olivines in the dunite and wehrlite
cumulates have restricted Li contents of 1.2-1.7 ppm and plot away from the correlation
trends defined by those in the rocks of the mantle sequence (Fig. 5a-c), while their 8'Li

values are relatively homogeneous and generally higher than those in the mantle
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sequence (Fig. 5d-f). The serpentine in nodular chromitite sample PK14-41 has extremely
low Li concentrations of 0.09-0.24 ppm and low &’Li values of -23.14 to -8.73 %o (Table

2).

DISCUSSION

Behavior of Li isotopes during serpentinization

Lithium is a fluid-mobile element, implying that its concentration and isotopic
composition in rocks and minerals may vary during alteration. It has been documented
that variations in the Li concentration and Li isotope composition of altered basaltic and
peridotitic rocks depends on the nature of the fluid and temperature (Chan et al., 1992,
2002; Decitre et al., 2002; Lundstrom et al., 2005; Vils et al., 2008, 2009).
Seawater-basalt exchange at low temperatures could result in Li enrichment and a §'Li
increase in altered basalts, compared to fresh basalts, due to the uptake of seawater Li
into the alteration products (e.g., smectites) (Chan er al., 1992, 2002), whereas
hydrothermally altered rocks may become depleted in Li concentration and isotopically
light as a result of high-temperature hydrothermal extraction at crustal levels and
preferential partitioning of °Li into greenschist and amphibolite facies minerals and
serpentine (Chan et al., 2002; Vils et al., 2008, 2009). During serpentinization of oceanic
peridotites, “relict” minerals (olivine and pyroxenes) generally have lower Li
concentrations and higher 8’Li values, while the reverse is observed in serpentine and

chlorite (Decitre ef al., 2002). Decitre et al. (2002), therefore, inferred that the Li content
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of the initial hydrothermal fluid was dominated by oceanic basalt-derived Li, which
easily overwhelmed the very low Li content originally present in seawater. Accordingly,
the authors proposed that serpentine incorporated Li and preferentially °Li from the
hydrothermal fluid. A similar negative correlation between Li and 8’Li in olivine was
observed in a serpentinized peridotite sample from the Trinity ophiolite, but this was
interpreted as the result of preferential leaching of °Li from the mineral grains during
serpentinization (Lundstrom et al., 2005).

The Li depletion and low 8'Li values of the serpentine in the studied chromitite
(Table 2) cannot be ascribed to low-temperature seawater-rock exchange, whereas the
negative correlation (Fig. 6) also rules out high-temperature hydrothermal extraction at
near surface levels. Although the low 8'Li signature and its negative correlation with Li
concentration in the serpentine is consistent with the observations by Decitre et al. (2002),
the confirmed preferential partitioning of °Li in serpentine relative to fluid, and the Li
depletion (0.09-0.24 ppm) (Fig. 6) apparently differ from that of the serpentine (several to
tens of ppm) reported in Decitre et al. (2002). These discrepancies imply that the
serpentinizing fluids may have distinct compositions, possibly poor in Li and enriched in
SLi. Such fluids might be related to melting of a dehydrated subducted slab (Zack et al.,
2003; Nishio et al., 2004; Su et al., 2012, 2016; Tang et al., 2012, 2014), but whether an
isotopically light domain in the mantle could be produced via slab subduction and
dehydration is still contentious (Benton ef al., 2004; Marschall et al., 2007,
Penniston-Dorland et al., 2012).

Alternatively, the serpentinizing fluid could have been derived from the surface of
chromite crystals (Matveev & Ballhaus, 2002). It has been experimentally documented

that in immiscible basalt-water systems chromite and olivine can be physically
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fractionated due to the differential wetting properties of fluid and melt against oxide and
silicate surfaces; chromite collects the exsolved fluid, whereas olivine remains in the melt
(Ballhaus, 1998; Matveev & Ballhaus, 2002). Our field survey revealed that intense
serpentinization selectively occurs in the podiform chromitite body relative to the
enveloping dunite and harzburgite host. At a microscopic scale, the degree of
serpentinization decreases away from chromite bands (Su et al., 2016) or nodules (Fig.
6a). Also, there is a correlation between the Li concentration and 3’Li of the serpentine
away from chromite nodules (Fig. 6b). These features support the derivation of fluids
from the chromite surface. The spatial variations in the compositions of the serpentine
might reflect mixing of Li isotopes between relict olivine and serpentinizing fluids, and
further indicate the extreme depletion of Li in the initial fluids, thereby confirming the
preferential leaching of °Li from olivine grains during serpentinization (Lundstrom et al.,
2005). This implies that the surface fluids associated with chromite (Ballhaus, 1998;
Matveev & Ballhaus, 2002) differ from common hydrothermal fluids that evolve from

magmas (Li-poor vs. Li-rich).

Fe-Mg exchange and Li diffusion effects on the mantle sequence of the ophiolite

Fe-Mg exchange

Sub-solidus Fe-Mg inter-diffusion between olivine and chromite has been well
documented in studies of layered intrusions and ophiolites, during which there is an
exchange between Mg in chromite and Fe in olivine (Jackson, 1969; Melcher et al., 1997;
Xiao et al., 2016; Bai et al., 2017). This process would lead to relatively large variations

of Fo and Fe/Mn ratio and limited NiO and MnO variations in the olivine as observed in
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the dunite envelope and chromitite of the Pozanti-Karsanti ophiolite (Fig. 4). Nonetheless,
the Li isotope systematics of the olivine would not be affected by Fe-Mg exchange with
chromite because of the null Li content in chromite (Su ef al., 2016). The olivines in the
dunite and wehrlite cumulates exhibit homogeneous Fo and Fe/Mn ratios (Fig. 4),
indicating a negligible effect of Fe-Mg exchange between olivine and chromite or
clinopyroxene. As a consequence, the homogeneous Li element and isotopic
compositions in olivine individual grains (Table 2) should represent their initial

compositions after crystallization.

Li diffusion

Lithium diffusion may occur at intra- and inter-grain scales, and between melts and
minerals, generally inducing relatively heterogeneous compositions in individual mineral
grains in the former case (Seitz et al., 2004; Rudnick & Ionov, 2007; Richter et al., 2014,
Tomascak et al., 2016). Core-rim profile analyses on the olivine grains from all rock
types in this study reveal homogeneous Li concentrations within analytical uncertainty
and mostly <2%o &8'Li difference in individual grains (Table 2), ruling out the possibility
of intra-grain diffusion. Similarly, inter-grain diffusion would not account for the
above-mentioned olivine compositions of the dunite and chromitite, since the associated
chromite contains little or no Li.

The olivine grains in the Pozanti-Karsant1 harzburgites exhibit slightly higher Li
concentrations than those in MOR-peridotites (Fig. 7), reflecting Li diffusive ingress after
partial melting of the harzburgite. Their compositional variation also follows the Li

diffusion trend defined by a harzburgite-dunite sample transect from the Trinity ophiolite
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(Lundstrom et al., 2015). Generally, the Li concentrations and 8'Li values of olivine in
the Pozanti-Karsant1 harzburgites are equal to or slightly higher than those in the dunite
envelope and chromitites (Fig. 7). This is contrary to the theoretical prediction that a
mineral phase can potentially receive Li via diffusion, only if it has relatively low Li,
eventually resulting in low 8Li in the mineral (Jeffcoate et al., 2007; Magna et al., 2008;
Dohmen et al., 2010; Richter et al., 2014). Thus, it is most likely that the harzburgite
experienced percolation of the parental melts from which the dunite and chromitite had
formed because mantle-derived melts generally have higher Li concentrations than
residual harzburgites (e.g., Tomascak et al., 2008; Xiao et al., 2017). The overall low and
variable Li signatures of the olivine in the dunite envelope and chromitite (Fig. 5a-c)
probably resulted from fractional crystallization as olivine is the earliest crystallizing
phase and Li is a moderately incompatible element that prefers to stay in the melt during
magma differentiation (Brenan ef al., 1998; Tomascak et al., 1999; Chan & Frey, 2003;
Teng et al., 2006; Su et al., 2017). Therefore, the olivine in the dunite envelope and
chromitite, as well as the dunite and wehrlite cumulates, preserves the primary Li and
8'Li signatures from when they were formed. Taking into account that there is no Li
isotope fractionation during partial melting and fractional crystallization (e.g., Tomascak
et al., 1999; Teng et al., 2006), the Li isotopic compositions of these olivine grains

should represent the compositions of their parental magmas and their sources.

Melt penetration in the Pozanti-Karsanti ophiolite

Melt penetration in the mantle harzburgite
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The harzburgite from the Pozanti-Karsanti ophiolite preserves refractory chemical
compositions (e.g., high Mg# and Cr#) in minerals (Fig. 4; Saka ef al., 2014; Lian et al.,
2017b) and depletions in whole-rock Al,O3;, CaO and rare earth element (REE) contents
(Saka et al., 2014). It has, therefore, been suggested that the harzburgite was residual
after partial melting in a MOR environment (Saka ef al., 2014). This inference could be
argued based on the major element and Li isotopic compositions of the major minerals.
Low Al,O; and TiO; in pyroxene and chromite in the harzburgite are more comparable
with those in SSZ-type peridotites (Saka et al., 2014; Lian ef al., 2017b). The 8’Li values
of the olivine in the Pozanti-Karsant1 harzburgite only partially overlap the range of those
in the Gakkel Ridge peridotites, but the former mostly extend to lower values (Fig. 7).
Furthermore, the harzburgite is also characterized by slight to moderate whole-rock
enrichments in light REE and large ion lithophile elements, reflecting variable
metasomatism (Saka er al., 2014). These results suggest that the Pozanti-Karsanti
harzburgite more likely formed in a SSZ setting and suffered a high degree of melt
extraction and subsequent melt percolation. The similar Li isotopic composition to the
Luobusa harzburgite (Fig. 7) implies that the metasomatic melts might be arc-like lavas

with low 8Li values (Su et al., 2016).

Parental melts of the dunite envelope and podiform chromitite

It is widely accepted that the podiform chromitite and dunite envelopes of ophiolites are
of magmatic origin and normally show variable compositions, depending on the nature of
the parental melts and tectonic setting (Arai & Miura, 2016 and references therein). The

dunite and chromitite in the mantle sequence of the Pozanti-Karsanti ophiolite exhibit
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larger variations in the major element compositions of their constituent minerals than
other rock units in the same ophiolite (Fig. 4; Saka et al., 2014; Avc et al., 2017), and
these major element variations are not well correlated with Li concentration and 8'Li (Fig.
5). These features indicate that the dunite-chromitite association, despite its similar
occurrence (Fig. 2d), did not form from a single parental melt but was different from pod
to pod. Nonetheless, the compositional variation of their parental melts might be
continuous, as reflected in the good correlation between Li and 8’Li in the dunite
envelopes (Fig. 7). The 8’Li values of the dunite envelopes extend beyond MORB and
OIB (ocean island basalt) variations and overlap the arc lava range (Fig. 7), suggesting
their affinity with arc magmatism.

Relative to the dunites, the podiform chromitites show wider 8’Li variations and
overall lower values, and roughly negative correlation between Li and 8'Li (Fig. 7).
These differences can be ascribed to two possibilities: (1) The decrease in 8'Li from
dunite to chromitite is comparable to that in the Luobusa ophiolite, which is in the range
of granulites and eclogites (Fig. 7; Su et al., 2016). It was previously interpreted that the
parental melts of the podiform chromitite might have originated from the melting of a
dehydrated and metamorphosed subducted slab. Such melts, together with the
abovementioned arc-like melts, continuously and progressively reacted with the oceanic
lithospheric mantle, resulting in the formation of the dunite and chromitite, and
accounting for the observed Li isotope heterogeneity; (2) The podiform chromitite and
associated dunite were generated from a common arc-like melt and initially had the same
isotopic compositions. Subsequently, the olivine in the podiform chromitite was
compositionally (Li isotopes at least) modified by surface fluids from the chromite as

discussed above. As the amount of surface fluids depends on the size and quantity of
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chromite grains, the occurrence of more chromite grains in chromitite will favor the
release of more fluid, which will result in significant modification of the olivine
composition. This can explain the larger 8’Li variations in the banded and massive

chromitite samples than in the disseminated ones (Fig. 5).

Magmatism events at crustal level and implications for initial subduction

Previous studies have revealed that the ultramafic cumulates of the Pozanti-Karsanti
ophiolite are compositionally distinct from those in MOR and back-arc basin ophiolites,
and represent part of the plutonic core of an intra-oceanic island arc (Parlak et al., 2002;
Saka et al., 2014) or that formed in a fore-arc tectonic setting (Polat et al., 1996). The Li
isotopic compositions of the ultramafic cumulates plot away from MORB and fall
between OIB and arc lava fields (Fig. 7), further supporting the subduction origin of these
ultramafic cumulates and their arc-like parental magmas. Furthermore, the overlapping
and restricted 8'Li ranges of the cumulate dunites and wehrlites (Fig. 7) suggest their
derivation from a common parental magma. In addition, the absence of plagioclase and
enrichment of clinopyroxene in the ultramafic cumulates (Dilek & Furnes, 2009; Parlak
et al., 2009; Saka et al., 2014) indicate that the parental magmas are hydrous in nature
(Niu, 2005) and are likely related to dehydration of a subduction slab.

From ultramafic to mafic cumulates, progressive changes in the geochemical
compositions in terms of both major and trace element concentrations (Polat et al., 1996;
Saka et al., 2014) indicate their genetic relationships. This was controversially interpreted
as compositional changes in their source, from felsic upper crust to mafic-dominant

immature oceanic island arc crust (Polat ef al., 1996) and also attributed to variable
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degrees of fractional crystallization of a parental melt (Saka et al., 2014). The consensus
is that the parental melts of the ultramafic and mafic cumulates were derived from typical
arc magmatism. In contrast, rocks of the earlier metamorphic sole show a progressive
compositional variation from N- to E-MORB, through OIB to island arc tholeiites (IAT)
(Polat et al., 1996; Celik, 2007), while the latest mafic dykes intruding the
Pozanti-Karsant1 ophiolite and metamorphic sole are compositionally similar to island arc
lavas and are thought to have been produced during intra-oceanic subduction (Lytwyn &
Casey, 1995; Polat et al., 1996; Lian et al., 2017a).

In summary, the Pozanti-Karsanti ophiolite records the penetration of various melts
during its formation and evolution. These melts display progressive compositional
variations mainly between OIB and immature and mature oceanic island arc magmatism,
pointing to their correlation with initial subduction. During the initial stage of subduction,
diverse materials including marine sediments, altered and fresh oceanic crust were
probably incorporated into the melt or were part of the package of rocks that underwent
partial melting (Fig. 8). These materials had highly variable in Li isotope compositions
(Tang et al., 2007; Tomascak et al., 2016) which could account for the large Li isotopic
variations in the Pozanti-Karsant1 ophiolite. In comparison, the Luobusa ophiolite hosting
an economic chromite deposit was believed to have formed in a mature island arc (Zhou
et al., 1996; Su et al., 2016), whereas the chromite-barren Trinity ophiolite formed in a
back-arc basin (Lundstrom et al., 2015). The distinct Li isotopic compositions among
these three ophiolites (Fig. 7) suggest that the generation and compositions of penetrating
melts in the oceanic lithosphere and subsequent formation of the chromite deposits were

strongly controlled by tectonic setting.

Downl oaded from https://academni c. oup. coni petrol ogy/ advance-articl e-abstract/doi/10. 1093/ pet rol ogy/ egy023/ 4911783
by University of Manchester user

on 27 February 2018



Su et al. Page 19

CONCLUSIONS

The olivine of the Pozanti-Karsant1 ophiolite has variable Li concentrations (0.95 to 2.01
ppm) and &’Li values (-5.43 to 16.65 %o). The refractory harzburgite preserves only
partly MOR-peridotite-like Li isotopic compositions and mostly extends to lower &'Li
values and higher Li concentrations, suggesting a high degree of initial melt extraction
and subsequent arc-like melt penetration processes. The 8'Li values of the dunite
envelope reveal the affinity of their parental magmas to arc magmatism, while the
parental melts of the podiform chromitites: (1) might have originated from melting of a
dehydrated and metamorphosed subducted slab, or (2) were the same as the associated
dunite but later suffered compositional modification by surface fluids associated with
chromites. The Li isotopic compositions of the dunite and wehrlite cumulates fall
between OIB and arc lava fields, supporting the subduction origin of these ultramafic
cumulates and their arc-like parental magmas. These results, together with previous
studies of the metamorphic sole rocks and mafic cumulates and dykes, indicate that the
Pozanti-Karsant1 ophiolite formed in a SSZ environment during initial subduction and
experienced percolation by various melts. Comparisons with data for the Luobusa and
Trinity ophiolites suggest that tectonic setting controls the generation and compositions
of penetrating melts in the oceanic lithosphere and the subsequent formation of chromite

deposits.
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FIGURE CAPTIONS

Fig. 1. (a) Distribution of ophiolites in Turkey (after Robertson, 2002), (b) geological
map (after GDMRE, 2002) and (c) vertical section (after Parlak et al., 2009; Dilek & Thy,
2009) of the Pozanti-Karsant1 ophiolite.

Fig. 2. Field outcrops and petrological features of the studied samples from mantle-crust

transition zone (a-c) and mantle sequence (d) of the Pozanti-Karsanti ophiolite. (a) Field
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relations between dunite and wehrlite cumulates; (b) Inter-layered dunite and
clinopyroxenite cumulates (1.5 cm diameter of coin used for scale); (c) Inter-layered
dunite and chromitite; (d) Podiform chromitite with very thin dunite envelope in

harzburgite host.

Fig. 3. Scanned image of a mount showing olivine separates from the Pozanti-Karsanti

ophiolitic rocks with an olivine standard for in situ Li isotope analysis.

Fig. 4. Diagrams of Fo vs NiO (a), MnO (b) and Fe/Mn (c) for olivine in the

Pozanti-Karsant1 ophiolitic rocks.

Fig. 5. Diagrams of Li (a-c) and 8'Li (d-f) vs Fo, MnO and NiO for olivine in the

Pozanti-Karsant1 ophiolitic rocks. Symbols are same as in Fig. 4.

Fig. 6. Profile analysis of Li isotopes of serpentine in chromitite sample PK14-41

showing Li and §’Li variations with distance away from nodular chromite.

Fig. 7. Variation of Li vs 8'Li for olivine in the Pozanti-Karsant1 ophiolitic rocks. Olivine
data for the Luobusa (Su ef al., 2016) and Trinity (Lundstrom et al., 2005) ophiolites and
Gakkel Ridge peridotites (Gao et al., 2011) are plotted for comparison. The 8’Li ranges
of MORB, OIB, arc lavas, eclogite + granulite, altered MORB and marine sediment are
from Tomascak et al. (2016) and references therein. The trend of Li diffusion or melt
percolation is defined on the basis of the Trinity data (Lundstrom et al., 2005). Partial
melting and fractional crystallization trends are defined on the basis of the
incompatibility of Li and its insignificant isotope fractionation during high temperature

processes.

Fig. 8 A cartoon of initial subduction showing the diverse materials incorporated into

partial melts which penetrate the mantle wedge.
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Fig. 2. Field outcrop and petrological features of the studied samples from mantle-crust transition zone (a-c)
and mantle sequence (d) of the Pozanti-Karsanti ophiolite. (a) Field relation between dunite and wehrlite
cumulates; (b) Inter-layered dunite and clinopyroxenite cumulates (1.5 cm diameter of coin used for scale);
(c) Inter-layered dunite and chromitite; (d) Podiform chromitite with very thin dunite envelope in
harzburgite host.
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Fig. 3. Scanned image of a mount showing olivine separates in the Pozanti-Karsanti ophiolitic rocks with
olivine standard for in situ Li isotope analysis.
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Fig. 4. Diagrams of Fo vs. NiO (a), MnO (b) and Fe/Mn ratio (c) for olivine in the Pozanti-Karsanti ophiolitic
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Fig. 5. Diagrams of Li (a-c) and &87Li (d-f) vs. Fo, MnO and NiO for olivine in the Pozanti-Karsanti ophiolitic
rocks. Symbols are same as in Fig. 4.
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Fig. 6. Profile analysis of Li isotopes of serpentine in chromitite sample PK14-41 showing Li and &7Li
variations at a distance away from nodular chromite.
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Fig. 7. Diagram of Li vs. 87Li for olivine in the Pozanti-Karsanti ophiolitic rocks. Olivine data of the Luobusa
(Su et al., 2016) and Trinity (Lundstrom et al., 2005) ophiolites and Gakkel Ridge peridotites (Gao et al.,
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diffusion or melt percolation is defined on the basis of the Trinity data (Lundstrom et al., 2005). Partial
melting and fractional crystallization trends are defined on the basis of incompatibility of element Li and
insignificant isotope fractionation during these high temperature processes.
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Table 1 GPS locations of the studied samples collected from the Pozanti-Karsant1 ophiolite, south Turkey.

Sample Rock type Latitude Longitude Comment

PK14-35  Harzburgite 37°37'45"N  35°29'05E  Mantle harzburgite hosting chromitite
PK14-40  Harzburgite 37°38'58"N  35°29'03"E  Mantle harzburgite hosting chromitite
PK14-05  Harzburgite 37°39'58"N  35°25'13"E  Mantle harzburgite hosting chromitite
PK14-38  Dunite 37°38'58"N  35°29'03"E  Mantle dunite envelope of chromitite
PK14-20  Dunite 37°36'38"N  35°28'43"E  Mantle dunite envelope of chromitite
PK14-54  Dunite 37°36"28"N  35°26'11"E  Mantle dunite envelope of chromitite
PK14-16  Dunite 37°37'06"N  35°23'39"E  Cumulate in mantle-crust transition zone
PK14-70  Dunite 37°36'14"N  35°24'24"E  Cumulate in mantle-crust transition zone
PK14-72  Dunite 37°36'14"N  35°2424"E  Cumulate in mantle-crust transition zone
PK14-15  Wehrlite 37°37'06"N  35°23'39"E  Cumulate in mantle-crust transition zone

PK14-46  Disseminated chromitite ~ 37°38'58”"N  35°29'03"E ~ Chromitite body in mantle sequence

PK14-52  Banded chromitite 37°36"28"N  35°26'11"E  Chromitite body in mantle sequence
PK14-75  Banded chromitite 37°36"28"N  35°26'11"E  Chromitite body in mantle sequence
PK14-09  Massive chromitite 37°39'58"N  35°25'13"E  Chromitite body in mantle sequence
PK14-41  Nodular chromitite 37°38'58"N  35°29'03"E  Chromitite body in mantle sequence
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Table 2 Li concentration, 8'Li and major oxide compositions of olivine in the Pozanti-Karsant: ophiolite, south Turkey.

Sample@Spot Comment &'Li Ise Li lo Si0, TiO, ALO; Cr,03 FeO MnO MgO CaO Na,0O K,O NiO Total Fo Fe/Mn
PK14-35 Ol@w1 Grain 1 5.67 0.85 1.62 0.72 406 0.00 0.01 0.00 8.63 0.13 493 001 0.00 0.00 041 992 091.1 68.1
PK14-35 Ol@?2 Grain 2 5.66 0.80 1.77 0.72 406 0.00 0.00 0.00 849 0.14 493 0.02 0.02 0.0l 036 989 913 61.1
PK14-35 Ol@3 Grain 3 469 088 1.77 0.78 40.8 0.01 0.00 0.00 862 0.11 488 0.03 002 002 037 988 911 78.7
PK14-35 Ol@4 Grain 4 1.55 099 132 054 407 002 000 003 851 0.14 494 0.02 0.00 000 037 993 913 59.5
PK14-35 Ol@5 Grain 5 298 080 1.75 0.71 404 000 0.00 0.00 850 0.13 495 0.03 0.00 0.02 034 989 0913 66.5
PK14-35 Ol@o6 Grain 6 412 073 181 0.77 40.8 000 0.00 0.01 8.64 0.13 494 0.03 0.00 0.00 039 994 091.1 66.6
PK14-35 Ol@7 Grain 7 0.33 0.81 193 0.77 405 0.04 0.01 0.01 8.62 0.14 494 0.02 0.00 0.00 041 992 912 62.5
PK14-40 Ol@1 Grain 1 418 097 172 068 409 0.00 000 000 834 0.12 494 0.01 000 001 039 992 914 66.9
PK14-40 Ol@?2 Grain 2 939 092 136 066 408 000 000 0.01 837 0.10 49.6 0.01 0.04 001 039 994 914 86.9
PK14-40 Ol@3 Grain 3 6.30 0.83 150 0.61 405 000 000 0.00 837 0.11 49.6 0.03 0.01 000 039 99.0 914 77.8
PK14-40 Ol@4 Grain 4 5.05 093 143 063 403 000 000 0.00 849 0.15 498 0.03 0.00 0.00 043 99.1 913 57.8
PK14-40 Ol@5 Grain 5 250 0.83 1.63 070 406 000 000 0.00 824 0.10 49.7 0.04 0.00 0.00 037 99.1 91.6 81.2
PK14-40 Ol@6 Grain 6 230 0.85 1.51 0.60 402 0.01 0.00 0.00 826 0.11 49.7 0.03 003 000 039 988 91.6 74.1
PK14-40 Ol@7 Grain 7 7.11 0.78 141 056 404 000 0.00 003 839 0.11 495 003 000 001 035 989 914 73.2
PK14-05 Ol@1 Grain 1 258 080 1.73 1.02 409 000 0.00 0.00 834 0.11 49.8 0.02 0.00 0.02 041 99.6 091.5 72.1
PK14-05 Ol@?2 Grain 2 6.87 0.75 1.72 1.09 40.7 0.00 0.00 0.00 849 0.14 499 0.02 001 001 037 99.7 914 62.0
PK14-05 Ol@3 Grain 3 10.88 0.67 1.71 131 41.1 0.00 0.00 0.00 830 0.13 49.0 0.02 0.00 0.00 0.37 100 914 62.5
PK14-05 Ol@4 Grain 4 9.66 0.66 157 125 41.0 000 0.05 0.01 855 0.13 49.8 0.03 0.00 0.00 040 100 91.3 67.5
PK14-05 Ol@5 Grain 5 3.64 054 189 127 412 000 0.00 0.00 850 0.14 495 0.02 0.00 0.00 044 999 913 58.2
PK14-16 Ol@1 Grain | rim 13.00 0.72 146 0.82 404 0.00 000 001 109 0.16 479 0.04 0.00 0.02 0.17 99.6 8838 66.0
PK14-16 Ol@?2 Grain 1 core 14.65 0.72 150 0.85 40.8 0.00 000 000 11.0 0.17 47.8 0.05 0.01 0.01 0.18 100 88.6 66.0
PK14-16 Ol@3 Grain 2 11.54 059 1.66 094 403 0.01 0.00 0.00 10.8 0.18 483 0.03 0.00 0.00 0.16 99.7 88.9 58.6
PK14-16 Ol@4 Grain 3 rim 884 072 170 094 398 0.02 000 000 108 0.18 477 0.02 0.00 0.01 020 988 88.8 60.4

PK14-16 Ol@5 Grain 3 mantle 9.58 0.80 157 090 396 000 000 0.01 11.0 0.19 479 0.04 024 0.05 0.15 992 887 56.3
PK14-16 Ol@6 Grain 3 core 11.67 0.75 153 0.88 39.9 0.01 0.00 0.00 10.8 0.16 479 0.01 001 0.00 011 99.0 88.8 66.9
PK14-16 Ol@7 Grain 3 core 10.80 0.71 1.50 0.84 40.0 0.00 000 000 10.8 0.16 481 0.00 0.00 001 020 994 889 68.0
PK14-16 Ol@8 Grain 3 mantle 933 0.77 148 080 398 002 000 0.00 108 0.19 481 0.02 0.00 0.00 0.15 992 889 56.8
PK14-70 Ol@1 Grain 1 14.12 0.60 156 1.18 40.7 0.02 000 001 10.6 0.18 480 0.13 001 0.00 029 999 &9.1 59.5
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PK14-70 Ol@2 Grain 2 853 0.76 1.58 1.04 409 0.00 0.00 0.01 104 0.16 486 0.13 0.01 0.00 0.23 100 894 64.5
PK14-70 Ol@3 Grain 3 rim 11.54 070 1.59 1.09 40.6 0.00 0.01 0.03 103 0.18 489 0.12 0.00 0.00 0.24 100 89.5 56.7
PK14-70 Ol@4 Grain 3 mantle  10.85 0.68 1.61 1.02 40.5 0.01 0.00 0.01 104 0.15 489 0.10 0.01 0.01 0.26 100 894 68.4
PK14-70 Ol@5 Grain 3 core 10.41 052 1.58 095 402 0.00 000 003 104 0.16 483 0.12 003 0.00 023 995 893 64.2

PK14-70 Ol@6 Grain 4 rim 13.59 0.72 159 098 403 0.00 000 002 101 0.16 485 0.12 0.00 0.00 029 995 &9.6 62.9
PK14-70 Ol@7 Grain 4 core 16.65 0.69 1.62 094 40.7 0.01 0.00 0.00 10.2 0.18 483 0.11 001 0.01 022 99.7 89.5 57.4
PK14-38 Ol@1 Grain 1 6.73 0.88 158 0.64 41.0 002 000 0.01 &70 0.15 49.7 0.02 0.02 0.00 035 100 91.1 59.2
PK14-38 Ol@2 Grain 2 6.71 0.84 155 070 409 003 000 0.01 892 0.13 497 0.04 0.02 0.01 037 100 90.9 65.6
PK14-38 Ol@3 Grain 3 3.19 0.87 159 0.66 407 000 000 0.00 870 0.17 494 0.05 0.00 0.00 042 994 91.1 50.5
PK14-38 Ol@4 Grain 4 528 094 172 0.77 408 000 000 0.00 873 0.14 492 0.03 0.00 0.00 034 992 91.0 63.3
PK14-38 Ol@5 Grain 5 7.12 0.84 143 060 409 000 000 0.00 883 0.13 493 0.03 0.02 001 040 99.7 91.0 69.6
PK14-38 Ol@6 Grain 6 rim 394 096 174 088 408 002 000 0.00 873 0.14 486 0.05 0.00 001 036 988 909 62.3
PK14-38 Ol@7 Grain 6 core 3.66 0.83 175 089 404 002 000 0.00 864 0.12 495 0.04 0.02 001 037 99.1 912 71.6
PK14-20 Ol@1 Grain 1 -0.22 0.68 206 1.07 41.1 0.00 000 000 7.75 0.14 503 0.05 0.00 0.00 036 99.8 92.1 53.8
PK14-20 Ol@2 Grain 2 0.85 0.87 191 077 412 003 000 0.00 761 011 502 0.04 0.03 000 039 99.7 922 69.4
PK14-20 Ol@3 Grain 3 -0.57 075 197 090 409 0.01 0.00 0.02 7.67 0.09 504 003 000 0.00 036 994 922 89.0
PK14-20 Ol@4 Grain 4 10.86 0.80 142 0.66 41.1 0.01 0.00 002 746 0.12 502 0.04 000 0.00 038 994 924 63.4
PK14-20 Ol@5 Grain 5 736 0.86 1.19 053 41.1 000 000 0.00 766 0.12 503 0.07 0.00 001 033 99.6 922 61.9
PK14-20 Ol@6 Grain 6 -0.29 086 2.10 1.03 409 0.00 0.00 000 7.79 0.08 50.1 0.03 0.02 001 036 993 0921 96.0
PK14-20 Ol@7 Grain 7 372 0.76 173 085 405 003 000 0.02 774 0.11 503 0.03 0.04 000 034 99.1 92.1 72.0
PK14-54 Ol@1 Grain 1 5.80 0.86 125 051 413 000 000 0.03 631 009 504 008 0.03 002 044 987 935 71.5
PK14-54 Ol@2 Grain 2 692 091 1.04 046 407 0.02 0.01 0.00 6.35 0.10 509 005 0.03 0.00 044 98.6 935 65.2
PK14-54 Ol@3 Grain 3 808 1.12 1.03 036 412 000 0.00 0.00 656 009 51.1 0.10 0.00 0.01 040 994 933 71.8
PK14-54 Ol@4 Grain 4 6.00 1.12 119 047 41.1 000 000 0.00 624 009 506 0.08 0.00 001 040 98.6 93.6 66.9
PK14-54 Ol@5 Grain 5 9.85 1.05 121 054 412 002 000 0.00 626 011 508 0.03 0.01 001 043 989 93.6 54.1
PK14-54 Ol@6 Grain 6 410 080 172 066 41.0 0.00 000 005 634 0.11 509 0.06 000 001 036 989 935 56.8
PK14-54 Ol@7 Grain 7 11.45 1.08 095 043 41.0 0.00 000 000 6.11 0.10 514 0.04 000 000 043 99.1 938 58.5
PK14-72 Ol@1 Grain 1 rim 12.19 093 124 0.67 403 0.01 0.00 0.02 102 0.16 482 0.10 0.01 0.00 022 99.1 89.5 64.2

PK14-72 Ol@02  Grain 1 mantle 11.47 095 128 0.55 404 0.01 001 0.00 103 0.15 484 0.11 002 000 025 99.6 895 65.7
PK14-72 Ol@03  Grain 1 core 12.74 089 124 053 402 0.01 0.00 0.00 103 0.18 483 0.12 001 0.01 031 99.6 894 56.1
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PK14-72 Ol@04  Grain | mantle 10.16 0.82 138 0.57 40.2 004 000 000 103 0.17 483 0.12 0.01 0.02 027 995 894 59.5
PK14-72 Ol@05  Grain 2 rim 10.39 0.88 1.28 0.63 40.7 0.00 000 000 104 0.16 483 0.11 0.03 0.00 025 999 894 65.5
PK14-72 Ol@06  Grain 2 mantle 11.20 0.89 124 0.62 404 0.01 0.00 0.00 103 0.17 482 0.11 0.03 0.02 022 994 894 58.8
PK14-72 Ol@07  Grain 2 mantle 11.04 0.78 125 0.57 40.5 000 000 000 103 0.19 48.0 0.14 0.02 0.02 024 995 894 52.8
PK14-72 Ol@08  Grain 2 core 1341 092 127 046 404 0.00 000 000 103 0.17 479 014 001 0.02 027 992 893 60.5
PK14-72 Ol@09  Grain 3 723 0.83 138 059 407 000 000 0.00 104 0.18 479 0.10 0.01 0.00 024 995 89.2 57.3
PK14-72 Ol@10  Grain 4 12.08 090 142 056 39.7 0.00 000 000 102 0.15 484 0.11 001 0.00 026 989 &9.5 65.2
PK14-72 Ol@11  Grain 5 10.97 1.09 1.13 052 400 0.02 000 000 102 0.17 483 0.11 0.03 0.02 024 99.1 895 58.2
PK14-15 Ol@1 Grain 1 12.60 093 139 0.60 402 0.00 000 000 109 0.18 47.7 0.02 001 001 0.16 99.1 888 58.2
PK14-15 Ol@2 Grain 2 1248 1.06 134 0.60 406 0.02 000 002 109 0.19 484 0.02 0.01 0.00 0.17 99.1 889 57.0
PK14-15 Ol@3 Grain 3 10.96 1.04 151 072 405 0.01 0.00 0.02 11.0 0.16 481 0.01 0.00 0.01 0.20 100 88.7 68.7
PK14-15 Ol@4 Grain 4 rim 10.87 098 1.72 0.70 403 0.00 000 0.02 10.8 0.16 47.1 0.05 0.00 0.01 0.18 98.6 88.7 66.3
PK14-15 Ol@5 Grain 4 mantle  11.59 099 145 0.67 40.2 000 000 000 109 0.18 473 0.04 001 0.02 0.16 988 88.7 61.0
PK14-15 Ol@6 Grain 4 core 1456 084 148 0.64 402 0.04 000 000 109 020 473 0.05 001 002 0.19 988 88.7 54.6
PK14-15 Ol@7 Grain 4 mantle 9.57 094 145 0.65 404 000 000 0.00 109 0.17 475 0.03 0.00 0.00 0.16 99.2 88.7 64.6
PK14-15 Ol@8 Grain 4 rim 11.53 1.00 143 058 404 0.01 0.00 0.00 10.8 0.17 477 0.03 004 0.00 015 993 88.8 63.3
PK14-15 Ol@9 Grain 5 13.20 0.79 149 0.64 403 0.00 000 000 108 020 479 0.02 0.02 001 0.16 994 889 54.1
PK14-150l@10  Grain 6 9.01 091 173 0.70 40.2 0.01 0.00 0.01 106 0.18 480 0.02 0.00 0.00 0.18 993 89.1 59.1
PK14-150l@11  Grain 7 13.07 087 155 057 401 0.03 000 000 10.6 0.15 47.5 0.04 001 0.00 020 987 89.0 69.7
PK14-150l@12  Grain 8 15.11 085 138 046 402 0.03 000 003 11.0 0.18 47.6 0.02 0.00 0.01 0.17 993 88.6 61.3
PK14-46 Ol@1 Grain 1 -0.48 0.73 1.62 0.61 41.1 0.00 0.00 0.00 740 0.11 504 0.00 0.02 0.02 041 995 925 65.1
PK14-46 Ol@2 Grain 2 301 0.82 153 058 404 0.00 0.01 0.01 739 0.10 504 0.02 0.00 0.00 047 98.8 925 73.6
PK14-46 Ol@3 Grain 3 -032 071 1.57 0.58 40.7 0.00 0.00 001 739 0.08 505 003 000 0.00 041 99.1 925 90.0
PK14-46 Ol@4 Grain 4 -0.57 075 1.77 0.63 41.0 0.00 0.00 0.00 7.22 0.09 501 0.03 0.00 0.00 045 99.0 92.6 78.2
PK14-46 Ol@5 Grain 5 -1.31 091 1.50 0.50 40.6 0.00 0.00 0.02 738 0.11 503 0.06 002 0.00 043 99.0 925 66.2
PK14-46 Ol@6 Grain 6 rim -0.07 079 1.62 0.59 412 0.00 000 001 698 0.08 501 002 001 0.00 042 989 9238 82.0
PK14-46 Ol@7 Grain 6 mantle -1.62 0.70 1.75 0.68 41.2 000 000 001 695 0.12 503 0.03 001 001 045 992 929 57.1
PK14-46 Ol@8 Grain 6 core -4.19 074 173 0.72 412 0.01 0.00 0.00 7.23 0.11 503 0.03 0.00 0.01 039 993 092.6 66.6
PK14-46 Ol@9 Grain 6 mantle  -2.55 0.74 1.75 0.71 41.0 0.00 000 000 7.11 0.11 503 0.03 0.00 001 044 990 92.7 62.0
PK14-46 Ol@10  Grain 7 -093 080 148 0.57 40.7 0.03 0.00 0.00 7.23 0.09 506 004 000 0.00 042 99.1 92.6 83.9
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PK14-52 Ol@1 Grain 1 032 078 167 071 414 0.00 000 0.00 548 0.06 51.6 007 0.00 001 049 99.1 944 94.7

PK14-52 Ol@2 Grain 2 -1.52 1.02 132 052 415 0.00 0.00 0.00 496 0.08 51.6 005 001 0.00 045 98.7 94.9 65.2
PK14-52 Ol@3 Grain 3 -1.58 092 1.14 044 416 0.00 0.00 0.00 513 0.09 51.6 0.08 001 0.02 049 99.0 9438 55.6
PK14-52 Ol@4 Grain 4 -0.19 094 128 0.51 41.0 0.00 0.00 0.00 5.15 0.09 51.8 0.08 000 0.01 051 98.6 9438 59.1
PK14-52 Ol@5 Grain 5 4.60 089 1.07 043 412 0.01 0.00 0.00 543 0.08 51.6 0.09 000 0.01 046 98.8 945 70.4
PK14-52 Ol@6 Grain 6 -325 101 120 052 412 0.00 0.00 0.00 5.04 0.08 520 006 000 0.02 044 989 94.9 64.5
PK14-52 Ol@7 Grain 7 -543 088 144 0.69 414 0.00 0.00 002 505 0.06 519 008 001 0.01 047 99.0 94.9 80.3
PK14-52 Ol@8 Grain 8 0.56 1.03 1.05 042 409 002 000 0.02 512 0.07 519 0.09 0.03 001 046 98.6 94.8 74.2
PK14-52 Ol@9 Grain 9 -0.31 097 127 0.61 41.0 0.01 0.00 0.01 5.03 0.09 520 0.08 000 0.01 050 98.7 94.9 57.0
PK14-52 Ol@10  Grain 10 0.57 099 122 053 41.1 000 000 0.00 540 0.12 514 0.04 0.00 0.01 045 985 945 46.3
PK14-75 Ol@1 Grain 1 546 0.71 142 1.16 413 000 000 0.00 508 0.10 526 0.08 0.00 000 050 99.6 949 52.7
PK14-75 Ol@2 Grain 2 094 0.79 121 077 416 000 000 0.00 513 0.09 520 0.08 0.00 000 050 994 94.8 54.3
PK14-75 Ol@3 Grain 3 rim 265 093 111 076 413 0.04 000 003 518 0.08 525 0.08 0.02 001 044 99.6 948 65.5
PK14-75 Ol@4 Grain 3 core 5.11 0.85 1.11 0.70 414 000 000 0.02 507 005 521 0.08 0.00 000 050 992 949 96.2
PK14-75 Ol@5 Grain 4 rim 328 085 1.15 076 41.7 000 000 0.00 517 0.07 522 0.10 0.00 0.01 045 99.8 94.8 78.4
PK14-75 Ol@6 Grain 4 mantle 1.29 0.78 127 068 41.6 004 000 0.00 530 0.08 523 0.08 0.00 0.02 048 100 94.7 63.0
PK14-75 Ol@7 Grain 4 core 3.09 0.68 127 0.69 414 000 000 0.00 518 0.08 521 0.12 0.03 0.02 048 994 948 65.5
PK14-09 Ol@1 Grain 1 rim 898 0.62 141 090 412 0.00 0.00 0.00 6.28 0.11 508 0.11 0.01 0.00 043 99.0 93.6 59.0
PK14-09 Ol@2 Grain 1 mantle 899 090 138 0.80 40.6 0.00 0.00 0.00 6.24 0.09 51.1 009 0.00 0.01 045 98.7 93.6 70.8
PK14-09 Ol@3 Grain 1 core 6.84 0.77 150 093 40.8 0.01 0.00 0.02 631 0.11 509 0.13 0.00 0.00 042 98.8 93.6 54.6
PK14-09 Ol@4 Grain 2 12.13 082 126 0.79 41.0 0.00 000 000 622 0.11 51.2 0.11 0.00 0.00 043 99.1 0937 55.3
PK14-09 Ol@5 Grain 3 948 0.70 1.14 059 403 000 000 0.02 6.13 0.09 514 0.12 0.17 005 045 988 93.8 65.7
PK14-09 Ol@6 Grain 4 -0.61 068 143 0.72 41.1 0.00 0.00 0.00 6.20 0.11 513 0.07 0.00 0.01 046 99.2 93.7 56.1
PK14-09 Ol@7 Grain 5 1.17 081 126 0.65 41.5 0.01 0.00 001 627 0.11 51.1 0.10 0.01 0.00 040 99.6 93.6 58.3
PK14-09 Ol@8 Grain 6 5.14 098 129 078 412 002 000 0.00 625 0.12 509 0.07 0.02 000 044 99.1 93.6 51.8
PK14-09 Ol@9 Grain 7 rim 1495 1.00 1.15 0.60 409 0.01 0.00 0.00 6.06 0.11 51.1 0.09 000 0.00 040 98.7 938 56.9
PK14-09 Ol@10  Grain 7 core 13.71 0.78 125 0.62 409 0.01 0.00 001 6.10 0.10 51.1 0.14 0.18 0.06 048 99.1 9338 62.0
PK14-41 Serp@1 -23.14 1.76 0.17 0.25 40.5 0.00 0.04 0.06 3.00 0.04 388 007 001 0.00 048 83.0 959 82.1
PK14-41 Serp@?2 -21.80 123 0.24 0.12 406 0.00 0.03 0.03 328 0.04 377 0.04 002 0.02 037 822 954 79.0
PK14-41 Serp@3 -8.73 150 0.18 0.06 423 0.00 0.04 003 292 0.04 388 007 002 0.02 015 844 96.0 79.9
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PK14-41 Serp@4 -12.08 2.19 0.09 0.03 41.0 000 008 001 28 003 376 005 000 002 041 820 959 90.9
PK14-41 Serp@5 -9.72 212 0.11 008 414 001 006 002 277 006 377 0.09 002 0.02 029 824 96.1 47.1

Note: Ol, olivine; Serp, serpentine; PK14-41 Serp@]1 to @5, increasing distance away from chromite nodule.
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