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Abstract: The Mersin ophiolite, Turkey, is of typical arc type based on geochemistry of crustal rocks
without any signs of mid-ocean ridge (MOR) affinity. We examined its ultramafic rocks to reveal
sub-arc mantle processes. Mantle peridotites, poor in clinopyroxene (<1.0 vol.%), show high Fo
content of olivine (90–92) and Cr# [=Cr/(Cr + Al) atomic ratio] (=0.62–0.77) of chromian spinel.
NiO content of olivine is occasionally high (up to 0.5 wt.%) in the harzburgite. Moho-transition zone
(MTZ) dunite is also highly depleted, i.e., spinel is high Cr# (0.78–0.89), clinopyroxene is poor in
HREE, and olivine is high Fo (up to 92), but relatively low in NiO (0.1–0.4 wt.%). The harzburgite
is residue after high-degree mantle melting, possibly assisted by slab-derived fluid. The high-Ni
character of olivine suggests secondary metasomatic formation of olivine-replacing orthopyroxene
although replacement textures are unclear. The MTZ dunite is of replacive origin, resulted from
interaction between Mg-rich melt released from harzburgite diapir and another harzburgite at the
diapir roof. The MTZ dunite is the very place that produced the boninitic and replacive dunite.
The MTZ is thicker (>1 km) in Mersin than in MOR-related ophiolite (mostly < 500 m), and this is one
of the features of arc-type ophiolite.

Keywords: arc-type ophiolite; mantle wedge; partial melting; metasomatism; peridotite-melt reaction;
boninite; Mersin; Turkey

1. Introduction

The mantle wedge is the very place where both magmatism and metasomatism are active, and is
considered to be complicated in petrologic nature (e.g., [1]). It is quite important to accumulate
petrologic data for our better understanding of the mantle wedge. Mantle peridotite xenoliths from
current island arcs have been a good source of information about the mantle wedge because of the
absence of serpentinization, but their small sizes (<1 m across) and fragmentary nature lead to a serious
disadvantage in terms of spatial resolution of mantle processes. The mantle section of ophiolites of arc
origin may provide us with information to delineate details of the mantle wedge processes because of
its greater exposure. For example, the Oman ophiolite has a mantle section of ~500 km in length [2].
However, ophiolites have various origins (e.g., [3]), and therefore, we should carefully select ophiolites
for the purpose of investigation of the mantle wedge process. Typical ophiolites including the Tethyan
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ones experienced switch of tectonic setting of formation from a mid-ocean ridge to an island arc [4–6].
They may exhibit various degrees of superposition of island-arc rocks on precursor oceanic rocks [4,7].
We selected the Mersin ophiolite, one of Neothetyan ophiolites in Turkey (e.g., [8]) for our study
because its crustal rocks, except for alkaline basalt showing pre-ophiolite feature [9], mostly show
island-arc characters without any sign of MORB affinity [9,10]. We expect that the mantle section of the
Mersin ophiolite has recorded various mantle-wedge processes related to production of the arc-type
crustal rocks upsection.

2. Geological Setting

2.1. Regional Geology

Anatolia (Asia Minor) is subdivided into EW-trending belts from North to South, namely
the Pontides, the Anatolides, the Taurides and Southeast Anatolian Border Folds [11] (Figure 1a).
Ophiolites and related metamorphic rocks in Turkey define several suture zones that resulted from the
closure of the Neotethyan oceanic basins between the Eurasian and Afro-Arabian plates during the
Triassic to Miocene period. From North to South, these suture zones are named: (a) The Intra-Pontide,
(b) the İzmir-Ankara-Erzincan; (c) the Inner Tauride; and (d) the SE Anatolian suture zones [12–25].
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ophiolitic units, namely the Lycian, Tekirova, Beysehir-Hoyran, Alihoca, Mersin, Pozanti-Karsanti, 
Pinarbasi, and Divrigi ophiolites [8,12,19,26–28]. The Tauride ophiolites mainly consist of three 
tectonic units, they are, in ascending order, ophiolitic mélange, sub-ophiolitic metamorphic sole, and 
oceanic lithospheric remnants [8]. 

The Mersin ophiolite is situated in the Southern flank of the Tauride platform and located 
approximately 30 km NW of Mersin town in Southern Turkey (Figure 1a). It is exposed in an area of 
60 km long–25 km wide and displays an approximately 6 km-thick crust-mantle section (Figure 1b). 
The Mersin ophiolite shows a good ophiolitic sequence except for the absence of sheeted dykes, and 
the stratigraphy is as follows from bottom to top: Mantle tectonites with an underlying metamorphic 

Figure 1. (a) Distributions of Neotethyan ophiolites and mélanges in Turkey. Modified after Parlak [8].
(b) Simplified geological map of the Mersin ophiolite [8]. R1 and R2 are routes for taking samples for
this study and the details are in Figure 2.

The ophiolites of Southern Turkey are located along two lineaments, namely the Assylian suture
zone and the Tauride belt (Figure 1a). The Tauride ophiolites are characterized by dismembered
ophiolitic units, namely the Lycian, Tekirova, Beysehir-Hoyran, Alihoca, Mersin, Pozanti-Karsanti,
Pinarbasi, and Divrigi ophiolites [8,12,19,26–28]. The Tauride ophiolites mainly consist of three tectonic
units, they are, in ascending order, ophiolitic mélange, sub-ophiolitic metamorphic sole, and oceanic
lithospheric remnants [8].

The Mersin ophiolite is situated in the Southern flank of the Tauride platform and located
approximately 30 km NW of Mersin town in Southern Turkey (Figure 1a). It is exposed in an area of
60 km long–25 km wide and displays an approximately 6 km-thick crust-mantle section (Figure 1b).
The Mersin ophiolite shows a good ophiolitic sequence except for the absence of sheeted dykes, and the
stratigraphy is as follows from bottom to top: Mantle tectonites with an underlying metamorphic sole,
ultramafic–mafic cumulates, and effusive rocks [29]. The mantle tectonites are highly serpentinized
along the contact with sole amphibolite or the Mersin mélange, and exhibit foliation characterized
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by alteration of dunite and orthopyroxenite bands [29]. We observed a dunite-dominant zone with
chromitite layering and pods between tectonized peridotite and ultramafic-mafic cumulative rocks
showing layering (Figure 2) [30]. We define this dunite-dominant zone as the Moho-transition zone,
which is mainly composed of dunite with minor amount of wehrlite [31]. This Moho-transition zone
dunite changes to ultramafic cumulates, represented by dunite, wehrlite, clinopyroxenite, and gabbro
upsection [30]. The frequency of wehrlite increases upward within the ultramafic cumulate zone, which
is approximately 1 km thick [8]. The mafic cumulates, approximately 2 km thick, shows rhythmic
to graded layering, and is dominated by olivine gabbro, leucogabbro, gabbro, and anorthosites [30].
There are two types of effusive rocks, i.e., alkaline and tholeiitic basalts, in the Mersin ophiolite.
The former with seamount-type alkaline geochemical character having interlayers of radiolarian
cherts and pelagic limestones yielded Late Jurassic-Early Cretaceous age, while the latter with island
arc tholeiite (IAT) geochemical character yielded Late Cretaceous age [9]. The ophiolite-related
metamorphic rocks, i.e., metamorphic sole, are observed at the base of the thick mantle tectonite,
and the Mersin mélange is underneath. The details about the sub-ophiolitic sequence, i.e., metamorphic
sole and mélange, are in Parlak and Robertson [27] and Parlak et al. [32]. A number of dykes of dolerite
and microgabbro cut the entire sequences, even in metamorphic soles, although not cut the Mersin
mélange and the platform carbonates [8,33]. The dykes show IAT-like features [10] and the timing of
their intrusion is interpreted as post-metamorphism based on the absence of ductile deformation and
metamorphic texture [32].

Age of the Mersin ophiolite has been estimated by using whole-rock 40Ar/39Ar and K-Ar
techniques for isolated dykes cutting metamorphic sole and mantle teconite, and ranges from 91
to 86 Ma [10,34]. In addition, 40Ar/39Ar ages of 96–90 Ma for amphibolites (or hornblende separates of
those) were also presented [10,34].
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Figure 2. Lithological maps along the routes. (a) Route 1 (R1). (b) Route 2 (R2). Circles show the
lithology of collected samples. Dun, dunite; Harz, harzburgite; Wehr, wehrlite; Cpxite, clinopyroxenite;
Web, websterite; and Opxite, orthopyroxenite. More detailed information is shown in Table 1.

2.2. Sampling

In the Mersin ophiolite, the upper part of the ophiolitic sequence (effusive rocks, gabbros,
ultramafic, and mafic cumulates) is available in the Westernmost area (Figure 1b), while the lower
part (mantle tectonite) with the underlying metamorphic sole, is exposed mainly in the North and
Eastern regions (Figure 1b). We collected samples from the Western end of the Mersin ophiolite along
the Sorgun valley (Route 1: R1) and Karakuz valley next to the Sorgun valley (Route 2: R2) (Figures 1b
and 2; Table 1). We call ultramafic lithologies from the upper section downward as follows: Layered
ultramafic (LU) rocks for the cumulates of Parlak et al. [9], Moho-transition zone (MTZ) peridotites for
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the mantle tectonite of Parlak et al. [9] along the Sorgun valley (R1), and mantle peridotites for the
mantle tectonite of Parlak et al. [9] along the Karakuz valley, respectively (cf. Figure 1b). Along the
Sorgun valley, R1, we observed good exposure of MTZ peridotite with minor amount of ultramafic
and mafic-layered rocks (LU rocks) (Figures 1b and 2; [30]) and the total thickness of the layered rocks
is over 3 km [30]. The Mersin mélange is underneath the ophiolite, and there is no metamorphic
sole in this region (Figures 1b and 2; [30]). The detailed petrological and geochemical descriptions of
the mafic–ultramafic-layered rocks are in [29,30]. Along the Karakuz valley, R2, we observed mantle
peridotites (mainly harzburgite and dunite), although it is not clear stratigraphically how lower these
mantle peridotites are than the base of the MTZ peridotites of R1 [29,30] (Figure 1b).

We started sampling from the clinopyroxenite of the LU rocks (upper) to harzburgite of the
MTZ peridotites (lower) in R1 (Figures 1b, 2 and 3; Table 1). Clinopyroxenite and wehrlite of the LU
rocks show nice layering (Figure 4a). Most of the MTZ peridotites are dunite with a minor amount
of harzburgite and wehrlite. Harzburgite occurs only just above the Mersin mélange and coexists
with dunite in R1. However, we could not observe their relationships on the outcrop because of high
degrees of shearing and serpentinization (Figures 2a and 3). Chromite layers were observed in both
the LU rocks and the MTZ dunite (Figure 4b), and their strikes and dips are about N82◦E84◦S in the
LU rocks and N80◦E78◦S in the MTZ rocks (Figure 2a; Table 1). There is a thick dolerite dike in dunite
of MTZ peridotites, and the strike is discordant to the chromitite layer.
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Table 1. Outcrop and sample descriptions. Samples are listed from top to bottom based on the
stratigraphic column (Figure 3). Sampling points without any information of location are paced by feet
and plotted in Figures 2 and 3.

Route Sample Rock Type Latitude Longitude Foliation Notes

R1 Layered Ultramafic (LU) rocks

2013MR3-01 Cpxite N36◦48.551′ E34◦10.350′ Gabbro-cpxite
2013MR3-02 Wehrlite Cpxite in wehrlite
2013MR2-0 Dunite
2013MR2-02 Wehrlite
2013MR2-06 Wehrlite
2013MR2-07 Dunite
2013MR2-08 Cpxite
2013MR2-09 Wehrlite
2013MR2-10 Cpxite

Moho transition zone (MTZ) rocks

2014MR1-01 Dunite N36◦49.214′ E34◦09.938′ EW80◦S
2014MR1-03 Dunite N36◦49.250′ E34◦09.954′ N82◦E84◦S
14T-MR01 Chromitite Massive chromitite
14T-MR03 Dunite Host dunite of 14T-MR01

2014MR1-04 Dunite N36◦49.289′ E34◦09.933′

2014MR1-05 Dunite N36◦49.315′ E34◦09.925′

2014MR1-06 Dunite N36◦49.358′ E34◦09.918′

2014MR1-09 Dunite N36◦49′433′ E34◦09′910′ N80◦E78◦SE
2014MR1-13 Dunite
2014MR1-14 Dunite N36◦49.714′ E34◦09.724′ N80◦E78◦SE
2014MR1-16 Wehrlite
2013MR1-02 Harz N36◦50.081′ E34º09.787′

R2 Mantle rocks

2014MR2-16 Harz N36◦48.535′ E34◦13.229′

2014MR2-15 Harz N36◦48.608′ E34◦13.114′

2014MR2-14 Dunite N36◦48.653′ E34◦13.067′ N70◦W80◦SW
2014MR2-13 Harz N36◦48.688′ E34◦13.010′ N70◦W68◦SW
2014MR2-12 Harz N36◦48.809′ E34◦12.751′

2013MR7-01 Harz N36◦48.901′ E34◦12.702′

2014MR2-11 Dunite N36◦49.026′ E34◦12.674′

2014MR2-10 Websterite N36◦49.117′ E34◦12.490′ Websterite dike in dunite
2014MR2-09 Dunite/Harz N36◦49.113′ E34◦12.480′ Dunite-Harz boundary
2014MR2-07 Dunite N36◦49.126′ E34º12.442′ Dunite with websterite dike
2014MR2-06 Harz
2014MR2-05 Dunite N36◦49.159′ E34◦12.430′ Host dunite of 14T-MR12
14T-MR12 Chromitite Banded chromitite

2014MR2-03 Harz N36◦49.199′ E34◦12.374′ N30◦W78◦W
14T-MR04 Wehrlite N36◦49.202′ E34◦12.381′

2014MR2-01 Harz N36◦49.205′ E34◦12.346′

2013MR5-01 Dunite N36◦49.394′ E34◦12.267′

2013MR5-02 Websterite Websterite dike in dunite
2013MR4-02 Opxite N36◦49.557 E34◦12.158′ N45◦W85◦SW Harz with opxite dike
2013MR4-03 Dunite
2013MR4-04 Harz
2013MR4-05 Dunite Dunite with websterite dike

2013MR8-01 Harz N36◦45.789′ E34◦16.019′ N70◦W,
64◦S

Abbreviations of rock lithology are the same as Figure 2.
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Figure 4. Photographs of representative lithology on outcrop. (a) Layering of clinopyroxenite
(2013MR2-08) and wehrlite of LU (2013MR2-09). (b) Banded chromitite in LU dunite of R1(2014MR1-03).
(c) Wehrlitic part containing relatively coarse clinopyroxenes in mantle dunite in R2 (2014MR2-03).
(d) Boundary between dunite and harzburgite of mantle rocks in R2 (2014MR2-04). A double-headed
arrow roughly shows foliation direction of harzburgite. (e) Discordant dunite band (smooth brownish
part and enclosed by white dotted lines) in mantle harzburgite in R2 (2014MR2-17). A double-headed
arrow roughly shows foliation direction of harzburgite.

In R2, we collected harzburgite and dunite of mantle peridotite with minor amount of pyroxenites,
i.e., clinopyroxenite, orthopyroxenite and orthopyroxene-rich olivine websterite (Figures 2 and 3).
The pyroxenites are mainly observed as discordant dike, cross-cutting the harzburgite foliation.
The Northern end of the R2 is interpreted as a stratigraphically lower section of mantle peridotites
based on field observation of strikes and dips of harzburgite foliation (Figures 2b and 3b; Table 1).
Some dunites have coarse clinopyroxene patches and/or seams (Figure 4c), and are discordant to the
harzburgite foliation (Figure 4d,e). Orthopyroxene gradually decreases in mode from harzburgite to
dunite at their boundary. Banded chromitite was observed also in the R2 mantle dunite.
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3. Petrographic Features of Ultramafic Rocks

The samples are highly serpentinized (up to 96 vol.%) and the degree of serpentinization is lower
in wehrlite (60~80 vol.%) and harzburgite (50~87 vol.%) than in dunite (71~96 vol.%). We determined
their modal compositions using point counter (~2000 counts in total) and the primary lithology was
determined all serpentine is the secondary phase after olivine except for pseudomorphs of pyroxenes
(Figure 5). If there is pyroxene pseudomorph with orthogonal and oblique extinction, we accounted
for the pseudomorph as orthopyroxene and clinopyroxene, respectively.
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Figure 5. Estimated modal compositions of the Mersin ultramafic rocks. We assumed all serpentine as
secondary phase after olivine unless obvious feature of pseudomorphs after pyroxenes, e.g., cleavage,
was recognized (see text). Dashed line represents clinopyroxene (cpx)/orthopytoxene (opx) = 1:9 ratio,
indicating the possible presence of clinopyroxene at solidus temperatures above this line [35].

3.1. LU Rocks (Dunite–Wehrlite–Clinopyroxenite of R1)

Calculated modal composition of dunite is ≈98 vol.% olivine, 0.8~1.4 vol.% chromian spinel and
<2.6 vol.% clinopyroxene (Figure 5). All dunites are almost mono-mineralic but clinopyroxene rarely
occurs as an interstitial phase between olivine grains. Chromian spinel shows euhedral to subhedral
shape and rarely contains clinopyroxene inclusions.

Calculated modal composition of wehrlite is 75.0~86.3 vol.% olivine, <0.2 vol.% chromian spinel
and 13.4~25.0 vol.% clinopyroxene (Figure 5). Clinopyroxene is coarser (up to 1 cm) in wehrlite than in
dunite, and is usually anhedral to subhedral but occasionally occurs as an interstitial phase to olivine
grains (Figure 6a). Chromian spinel is euhedral to subhedral and usually fine (<100 µm) (Figure 6a).

Clinopyroxenite shows lower degrees of serpentinization (<8.0 vol.%) and modal composition of
clinopyroxenite is 4.5~9.0 vol.% olivine, <0.2 vol.% chromian spinel, 0.2~0.7 vol.% orthopyroxene and
90.7~95.2 vol.% clinopyroxene. Grain size of minerals is usually large (up to 1 cm), but chromian spinel
and olivine is usually fine. Chromian spinel grains show anhedral to subhedral shapes. Orthopyroxene
is subhedral to anhedral, and frequently altered and occurs as pseudomorph.
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Figure 6. Photomicrographs of representative lithologies of the Mersin ultramafic rocks. Left and
right panels are plane-polarized and crossed-polarized images, respectively, except for the left image
of panel (c), which is reflected-light image. Abbreviations are as follows: cpx, clinopyroxene; ol,
olivine; spl, chromian spinel; hbl, hornblende; phl, phlogopite; and opx, orthopyroxene. (a) LU wehrlite
(2013MR2-02). (b) MTZ dunite (2014MR1-09). Olivine at the center of the photo show kink bands.
(c) Inclusion of hornblende + phlogopite in chromian spinel in the mantle dunite (2014MR2-11).
(d) Orthopyroxene consuming coarse olivine grain in an orthopyroxene-rich part of the mantle
harzburgite (2014MR2-13).
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3.2. MTZ Peridotites (Dunite–Wehrlite–Harzburgite of R1)

All types of lithology in this group show higher degree of serpentinization than equivalents of
the LU rocks (Figure 6a,b).

Mineral assemblage of MTZ dunite is the same as that of the LU rocks and the degree of
serpentinization is higher (89.6~95.5 vol.%) than in the LU rocks. The relationship between olivine
and clinopyroxene is, however, unclear due to high degree of serpentinization. Modal amount of
olivine is quite high (>97 vol.%), and chromian spinel is higher in mode (0.9~2.5 vol.%) than in the
LU rocks. Some olivine grains show wavy extinction and kink banding (Figure 6b). Modal amount
of clinopyroxene (<1.0 vol.%) is lower than in the LU rocks, and the size is also small (up to 500 µm).
Chromian spinel is euhedral to subhedral and rarely contains inclusions.

Massive chromitite (14T-MR01) is mainly composed of chromian spinel with minor amount
of chlorite and serpentine. Olivine is completely serpentinized or altered. Chlorite occurs solely
around chromian spinel or inside as inclusions. Amphiboles also occasionally occur as inclusion in
chromian spinel.

We found wehrlite at a few outcrops in MTZ (Table 1), and its mineral assemblage is the same
as that in the LU rocks. Modal amount is varied (9.9~14.2 vol.%) for clinopyroxene and almost the
constant (0.4~0.9 vol.%) for chromian spinel. Grain size of clinopyroxene is almost the same as that in
the LU rocks and the shape is subhedral. Chromian spinel grains show euhedral to subhedral shapes.

MTZ harzburgite is also highly serpentinized (79.6 vol.%), and calculated modal amounts
of olivine, orthopyroxene, chromian spinel are 89.7 vol.%, 10.1 vol.%, and 0.2 vol.%, respectively.
Clinopyroxene is fine in size (<100 µm) and very small in amount. Orthopyroxene, partly to completely
altered, show two types: One shows rounded shapes and the other showing subhedral shape, of which
rim is interstitial to olivine grains. The orthopyroxene is usually coarse (up to 1 mm) and there is no
obvious relationship between the shape and the size. Chromian spinel is opaque and shows subhedral
to anhedral shapes in thin section.

3.3. Mantle Peridotites (Ultramafic Rocks of R2)

Mantle dunite in R2 is less serpentinized (71.4~88.7 vol.%) than that in R1, but the modal
amounts of clinopyroxene and chromian spinel are not so different between the two (0.3~0.9 vol.% and
1.3~2.4 vol.%, respectively). The size of clinopyroxene is far smaller (≈100 µm) than in dunites from
the LU rocks and MTZ, but rarely large (≈1 mm). Olivine is usually coarse (up to 5 mm), and shows
weak wavy extinction. Chromian spinel grains show euhedral to subhedral rounded shapes, and rarely
contains inclusions of hornblende + phlogopite ± clinopyroxene (Figure 6c).

Clinopyroxenite in this mantle peridotite zone is mainly composed of clinopyroxene
(91.6~93.1 vol.%) with appreciable amounts of olivine (<8.0 vol.%) and orthopyroxene (≈0.5 vol.%) and
a trace amount of chromian spinel (<0.2 vol.%). The degree of serpentinization is quite low (<10 vol.%)
relative to other lithologies in all others.

Orthopyroxene-rich olivine websterite and olivine orthopyroxenite is composed of orthopyroxene,
clinopyroxene and olivine with a minor amount of chromian spinel. Orthopyroxene is very coarse (up
to 2 cm) and highly kinked but partly altered. Olivine and clinopyroxene are basically small (~500 µm).
Amphiboles occur as lamellar inclusions after clinopyroxene lamellae in orthopyroxene, as well as
discrete grains forming veinlets. Chromian spinel is subhedral and rounded in shape.

The mantle harzburgite is the same in mineral assemblage as that of MTZ harzburgite but is
lower in the degree of serpentinization (50.6~79.2 vol.%) than the MTZ harzburgite. There is no
obvious relationship between the degree of serpentinization or modal amounts of pyroxenes and the
stratigraphical position (=depth from the MTZ); modal amounts of orthopyroxene and clinopyroxene
vary from 12.6 to 21.5 vol.% and from a trace to 0.7 vol.%, respectively (Figure 5). Some of olivine
and orthopyroxene grains show wavy extinction and kink banding (Figure 6d). The orthopyroxene
is the same in shape as that in MTZ harzburgite, and it is noteworthy that some orthopyroxene
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grains appears to consuming coarse olivine grains (Figure 6d). Chromian spinel shows subhedral to
anhedral shapes.

Banded chromitites show graded bedding, and olivine and clinopyroxene are in part preserved
in a spinel-poor zone. In this case, chlorite is absent around chromian spinel, although present
as inclusions in spinel. Olivine and clinopyroxene also occur as inclusion in chromian spinel, and
clinopyroxene rarely coexists with phlogopite, chlorite, apatite and sulfide in individual inclusions.
Fe-Ni alloys are present in serpentinized matrix in a spinel-rich zone.

4. Geochemical Analyses and the Results

4.1. Analytical Methods

We determined major- and trace-element compositions of minerals by using an electron
probe micro analyzer (EPMA; EPMA-1720H, SHIMADZU) of Engineering Research Equipment
Center at Kumamoto University, and a laser (193 nm ArF excimer; GeoLas Q-plus, MicroLas)
ablation–inductively coupled plasma–mass spectrometer (Agilent 7500s, Agilent Technologies, Santa
Clara, CA, USA) (LA-ICP-MS) at Kanazawa University, respectively. For the EPMA analyses,
the accelerating voltage, prove current, and probe diameter were 15 kV, 20 nA, and 5 µm, respectively.
We used mineral and oxide standards (SiO2, KTiPO4, NaAlSi2O6, Cr2O3, Fe2SiO4, MnO, MgO, CaSiO3,
and NiO) for calibration, and the counting time for each peak and background position was 10 s for
both. For LA-ICP-MS analyses, we used 50 µm diameter spot for clinopyroxene and 100 µm diameter
spot for orthopyroxene at a 6 Hz repetition rate with an energy density of 8 J/cm2 per pulse. The NIST
SRM 612 was used for external calibration standard and 29Si as an internal standard, based on the SiO2

contents obtained from EPMA analyses. The details of analytical methods, including data precision
and accuracy, were in Morishita et al. [36].

4.2. Major-Element Compositions

The results are shown in Figures 7–10 and Tables 2–5. We mainly used three parameters in
following sections, Mg# for all minerals, and Cr# and YFe for chromian spinel, and are Mg/(Mg + total
Fe) atomic ratio, Cr/(Cr + Al) atomic ratio, and Fe3+/(Al + Cr + Fe3+) atomic ratio, respectively.
For calculation of Mg# for chromian spinel, we calculated ferric iron content based on spinel
stoichiometry and Mg# for chromian spinel is Mg/(Mg + Fe2+) atomic ratio. Orthopyroxene and
clinopyroxene frequently occur as coarse porphyroclasts (>1 cm), and show no obvious chemical
zoning. We also determined compositions of some amphiboles and used definition by Leake et al. [37]
for their classification.

4.2.1. LU Rocks (Dunite–Wehrlite–Clinopyroxenite of R1)

Mg# of olivine is almost constant (0.88–0.89) irrespective of the lithology (dunite, wehrlite,
or clinopyroxenite) except for one dunite sample 2013MR2-0 (=0.91). NiO content of olivine varies
from 0.14 to 0.27 wt.% and shows positive correlations with the Mg# (Figure 7a; Table 2). Chromian
spinel compositions also show almost constant Mg# (0.36–0.46) and Cr# (0.67–0.72) irrespective of
the lithology (Figure 8a) and are similar to those in boninite or forearc peridotite. The TiO2 and MnO
contents of chromian spinel are low, 0.12–0.19 wt.% and 0.30–0.49 wt.%, respectively (Figure 8b; Table 3).
The YFe, of chromian spine, is also low and almost constant (0.07–0.12) (Figure 8c). Orthopyroxene,
only observed in clinopyroxenite samples, shows the Mg# almost the same as that of coexisting
olivine (≈0.89), and its Al2O3, Cr2O3 and CaO contents are almost constant, i.e., 0.89–1.03 wt.%,
0.38–0.42 wt.%, and 0.60–0.77 wt.%, respectively (Figure 9; Table 4). The Mg# of clinopyroxene is also
constant, irrespective of lithology (0.92–0.93), except for one dunite (2013MR2-0) containing high-Mg#
olivine (Mg# = 0.96) (Figure 10; Table 5). Al2O3 and Cr2O3 contents are almost constant irrespective of
lithology, 0.46–1.55 wt.% and 0.15–0.95, respectively (Figure 10; Table 5). Tremolites occur as inclusion
in chromian spinel in dunite or as discrete grains in clinopyroxenite (2013MR2-8 and 2013MR2-10).
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Table 2. Averaged values of major element compositions of olivine in each sample from the Mersin ophiolite.

Rock Suite Layered Ultramafic (LU) Rocks Moho Transition Zone (MTZ) Rocks Mantle
Rocks

Rock Type Dunite Wehrlite Cpxite Dunite Harz Harz

Sample No. 2013MR2-0 2013MR2-07 2013MR2-02 2013MR2-09 2013MR2-08 2013MR2-10 2014MR1-01 2014MR1-03 14T-MR03 2014MR1-04B 2014MR1-05 2014MR1-06 2014MR1-09 2014MR1-14 2013MR1-02 2014MR2-16

No. of
Analysis (N = 3) (N = 3) (N = 2) (N = 4) (N = 4) (N = 5) (N = 6) (N = 6) (N = 3) (N = 5) (N = 4) (N = 6) (N = 5) (N = 3) (N = 1) (N = 2)

SiO2 41.57 41.24 41.82 41.01 39.60 40.38 40.81 41.29 40.66 41.17 41.36 40.94 40.96 41.28 41.00 41.92
TiO2 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.00 0.01 0.00 0.00 0.00
Cr2O3 0.01 0.01 0.02 0.01 0.01 0.02 0.03 0.01 0.01 0.01 0.01 0.00 0.00 0.01
FeO* 8.42 10.82 10.76 11.97 11.77 11.87 9.71 7.56 8.03 8.22 8.02 8.34 8.05 8.41 9.22 9.84
MnO 0.12 0.12 0.14 0.16 0.13 0.11 0.16 0.12 0.11 0.12 0.11 0.11 0.09 0.13
MgO 50.63 48.63 48.35 47.70 46.76 47.72 48.77 50.46 51.84 50.58 50.31 50.06 49.93 50.78 49.88 49.41
CaO 0.05 0.02 0.02 0.02 0.06 0.06 0.09 0.06 0.08 0.08 0.06 0.06 0.00 0.02

Na2O 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.00 0.00 0.00
NiO 0.27 0.24 0.21 0.14 0.29 0.38 0.32 0.28 0.19 0.30 0.29 0.31 0.42 0.44
Total 101.08 101.08 101.33 101.01 98.13 99.96 99.79 99.89 101.23 100.45 100.09 99.86 99.41 100.96 100.61 101.76
Mg# 0.915 0.889 0.889 0.877 0.876 0.878 0.900 0.922 0.920 0.916 0.918 0.914 0.917 0.915 0.906 0.899

Rock Suite Mantle Rocks

Rock Type Harz (Harz Part) Harz Dunite (Dunite
Part)

G
Chromitite Wehrlite Websterite Opxite

Sample No. 2014MR2-15 2014MR2-13 2014MR2-12 2013MR7-01 2014MR2-09 2014MR2-06 2014MR2-03 2014MR2-01 2013MR8-01 2014MR2-14 2014MR2-11 2014MR2-09 14T-MR12(p) 14T-MR04 2013MR5-02 2013MR4-02

No. of
Analysis (N = 4) (N = 5) (N = 4) (N = 3) (N = 3) (N = 5) (N = 2) (N = 2) (N = 4) (N = 3) (N = 3) (N = 1) (N = 2) (N = 4) (N = 3) (N = 4)

SiO2 42.10 41.24 41.80 41.09 40.61 41.08 40.89 41.01 41.86 41.19 41.62 41.33 40.62 40.41 41.23 41.42
TiO2 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00

Al2O3 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.00 0.00
Cr2O3 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.02 0.00 0.02 0.01 0.00 0.43 0.04 0.00 0.00
FeO* 9.80 9.78 8.81 9.81 9.55 8.56 9.86 8.97 9.40 7.78 8.21 9.87 3.99 9.41 9.10 9.62
MnO 0.14 0.11 0.10 0.09 0.10 0.10 0.11 0.10 0.11 0.10 0.08 0.13 0.09 0.12 0.13
MgO 49.97 50.27 50.25 48.71 49.22 50.43 49.97 50.22 50.02 51.49 50.58 49.05 54.01 50.58 49.30 49.15
CaO 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.09 0.02 0.01 0.07 0.04 0.01 0.04

Na2O 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.00 0.00
NiO 0.39 0.45 0.44 0.41 0.39 0.42 0.37 0.37 0.42 0.43 0.40 0.42 0.58 0.20 0.41 0.39
Total 102.42 101.88 101.42 100.15 99.89 100.64 101.22 100.70 101.82 101.10 100.93 100.84 99.83 100.78 100.17 100.76
Mg# 0.901 0.902 0.910 0.898 0.902 0.913 0.900 0.909 0.905 0.922 0.917 0.899 0.960 0.905 0.906 0.901

If there are different lithological parts within one sample, it is noted, e.g., (Harz part). Abbreviations of rock lithology are the same as Figure 2. FeO* is total iron oxide content calculated by
assuming all iron is Fe2+. Mg#, Mg/(Mg + Fe total) atomic ratio. Blank means below their detection limits.
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Table 3. Averaged values of major element compositions of chromian spinel in each sample from the Mersin ophiolite.

Rock Suite LU Rocks MTZ Rocks Mantle Rocks

Rock Type Dunite Wehrlite Dunite M Chromitite Harz Harz

Sample No. 2013MR2-0 2013MR2-07 2013MR2-02 2013MR2-09 2014MR1-01 2014MR1-03 14T-MR03 2014MR1-04B2014MR1-05 2014MR1-06 2014MR1-09 2014MR1-14 14T-MR01 2013MR1-02 2014MR2-16 2014MR2-13

No. of
Analysis (N = 7) (N = 6) (N = 6) (N = 2) (N = 8) (N = 7) (N = 3) (N = 6) (N = 3) (N = 6) (N = 5) (N = 6) (N = 7) (N = 6) (N = 2) (N = 3)

SiO2 0.04 0.04 0.03 0.05 0.04 0.02 0.08 0.05 0.03 0.16 0.01 0.02 0.07 0.05 0.06 0.02
TiO2 0.18 0.18 0.18 0.13 0.14 0.14 0.17 0.17 0.17 0.08 0.11 0.16 0.20 0.05 0.02 0.02

Al2O3 13.45 14.65 14.33 14.37 10.35 8.78 9.35 9.58 9.60 4.84 7.03 9.20 10.21 13.67 10.94 12.11
Cr2O3 49.04 49.66 49.43 48.39 53.38 56.73 57.10 56.08 55.68 60.08 57.22 56.82 60.22 53.53 55.06 56.14
Fe2O3 7.16 5.36 5.61 6.67 6.08 4.75 4.42 5.21 4.92 5.99 5.92 4.84 2.21 3.17 4.09 3.20
FeO* 21.17 21.38 22.12 22.80 21.12 19.84 19.97 20.18 20.35 21.31 21.14 19.92 13.66 19.18 20.12 19.61
MnO 0.37 0.38 0.39 0.41 0.41 0.38 0.30 0.41 0.37 0.47 0.41 0.39 0.16 0.31 0.36 0.31
MgO 8.37 8.45 7.91 7.50 8.03 8.69 8.88 8.78 8.51 7.45 7.67 8.87 13.06 9.68 8.68 9.50
CaO 0.00 0.07 0.02 0.01 0.01 0.02 0.02 0.01 0.00 0.01 0.00 0.00 0.03 0.01 0.02 0.00

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
NiO 0.07 0.06 0.04 0.03 0.05 0.09 0.08 0.03 0.02 0.03 0.03 0.07 0.11 0.06 0.08 0.03
Total 99.84 100.22 100.04 100.34 99.61 99.46 100.45 100.49 99.66 100.42 99.55 100.29 100.01 99.71 99.42 100.95
Mg# 0.414 0.413 0.389 0.370 0.404 0.439 0.442 0.437 0.427 0.384 0.393 0.442 0.630 0.473 0.435 0.463
Cr# 0.710 0.695 0.698 0.693 0.776 0.812 0.804 0.797 0.795 0.893 0.845 0.806 0.798 0.724 0.772 0.757
YCr 0.646 0.648 0.649 0.635 0.716 0.763 0.759 0.745 0.746 0.823 0.780 0.756 0.776 0.696 0.732 0.727
YAl 0.264 0.285 0.281 0.281 0.207 0.176 0.185 0.190 0.192 0.099 0.143 0.183 0.196 0.265 0.217 0.234
YFe 0.090 0.067 0.070 0.083 0.078 0.061 0.056 0.066 0.063 0.078 0.077 0.061 0.027 0.039 0.052 0.039

Rock Suite Mantle rocks

Rock Type Harz (Harz part) Harz Dunite (Dunite
part) G Chromitite Wehrlite Websterite Opxite

Sample No. 2014MR2-12 2013MR7-01 2014MR2-09 2014MR2-06 2014MR2-03 2014MR2-01 2013MR8-01 2014MR2-14 2014MR2-11 2014MR2-09 14T-MR12
(p)

14T-MR12
(r) 14T-MR04 2013MR5-02 2013MR4-02

No. of
Analysis (N = 2) (N = 2) (N = 2) (N = 5) (N = 4) (N = 2) (N = 4) (N = 5) (N = 1) (N = 2) (N = 4) (N = 4) (N = 7) (N = 2) (N = 3)

SiO2 0.01 0.04 0.04 0.02 0.03 0.04 0.02 0.02 0.52 0.03 0.08 0.06 0.10 0.02 0.09
TiO2 0.05 0.02 0.04 0.04 0.03 0.07 0.05 0.19 0.12 0.05 0.20 0.21 0.20 0.11 0.08

Al2O3 20.19 17.25 13.47 12.79 12.86 16.67 16.15 13.05 10.21 12.99 10.83 10.92 9.76 15.72 11.71
Cr2O3 48.39 48.05 53.83 55.01 54.45 50.71 52.27 54.24 56.40 52.28 58.16 58.67 57.78 51.69 55.33
Fe2O3 2.02 4.84 3.23 2.87 3.36 2.98 2.38 3.57 2.98 4.28 2.96 2.89 2.54 2.68 3.22
FeO* 18.36 19.53 19.28 18.92 19.95 17.99 18.29 17.70 18.25 21.33 14.14 13.25 20.01 18.17 21.12
MnO 0.28 0.31 0.28 0.34 0.32 0.31 0.32 0.32 0.39 0.37 0.17 0.16 0.28 0.32 0.40
MgO 11.07 9.84 9.63 9.79 9.21 10.76 10.63 10.66 9.61 8.15 12.67 13.33 8.77 10.49 8.33
CaO 0.00 0.00 0.01 0.03 0.00 0.02 0.01 0.00 0.01 0.00 0.03 0.02 0.04 0.00 0.01

Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.05 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.03 0.02 0.00 0.00
NiO 0.08 0.09 0.09 0.06 0.09 0.05 0.04 0.10 0.06 0.05 0.14 0.08 0.08 0.03 0.05
Total 100.43 99.97 99.90 99.86 100.29 99.59 100.15 99.85 98.56 99.52 99.44 99.65 99.64 99.24 100.34
Mg# 0.518 0.473 0.471 0.480 0.451 0.516 0.509 0.518 0.484 0.405 0.615 0.642 0.439 0.507 0.413
Cr# 0.617 0.651 0.728 0.743 0.740 0.671 0.685 0.736 0.788 0.730 0.783 0.783 0.799 0.688 0.760
YCr 0.602 0.613 0.699 0.716 0.709 0.647 0.665 0.704 0.758 0.690 0.754 0.755 0.773 0.665 0.730
YAl 0.374 0.328 0.261 0.248 0.250 0.317 0.306 0.252 0.204 0.256 0.209 0.210 0.195 0.302 0.230
YFe 0.024 0.059 0.040 0.036 0.042 0.036 0.029 0.044 0.038 0.054 0.036 0.035 0.032 0.033 0.040

Banded chromitite,14T-MR12, showing graded bedding and is separated two parts, spinel-poor part (14T-MR12(p)) and spinel-rich part (14T-MR12(r)), respectively. If there are different
lithological parts within one sample, it is noted, e.g., (Harz part). Abbreviations of rock lithology are the same as Figure 2. FeO* is total iron oxide content calculated by assuming all iron is
Fe2+. Mg#, Mg/(Mg + Fe total) atomic ratio. Mg#, Mg/(Mg + Fe2+) atomic ratio, Cr#, Cr/(Cr + Al) atomic ratio; YAl, Al/(Al + Cr + Fe3+) atomic ratio; YCr, Al/(Al + Cr + Fe3+) atomic ratio;
YFe, Al/(Al + Cr + Fe3+) atomic ratio; M chromitite, massive chromitite; G chromitite, graded chromitite.
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Table 4. Averaged values of major element compositions of orthopyroxene in each sample from the Mersin ophiolite.

Rock Suite LU Rocks MTZ Rocks Mantle Rocks

Rock Type Cpxite Harz Harz (Harz Part) Harz Websterite

Sample No. 2013MR2-08 2013MR2-10 2013MR1-02 2014MR2-16 2014MR2-15 2014MR2-13 2014MR2-12 2013MR7-01 2014MR2-09 2014MR2-06 2014MR2-03 2014MR2-01 2013MR8-01 2013MR5-02

No. of
Analysis (N = 4) (N = 2) (N = 12) (N = 2) (N = 2) (N = 6) (N = 4) (N = 4) (N = 4) (N = 4) (N = 5) (N = 3) (N = 3) (N = 3)

SiO2 56.13 55.81 58.15 57.49 58.54 57.25 57.34 57.96 57.08 57.52 57.70 57.68 57.66 57.24
TiO2 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.01 0.02

Al2O3 0.89 0.97 1.00 0.76 0.86 0.83 1.55 1.14 0.99 0.77 0.83 1.09 1.34 1.07
Cr2O3 0.44 0.48 0.46 0.38 0.31 0.37 0.51 0.48 0.43 0.34 0.38 0.36 0.54 0.44
FeO* 7.65 7.53 6.09 6.23 6.59 6.31 5.98 6.49 6.27 5.78 6.40 5.90 6.07 5.85
MnO 0.13 0.14 0.15 0.13 0.10 0.11 0.14 0.11 0.13 0.13 0.13 0.14
MgO 33.36 33.05 34.53 34.02 34.81 34.87 34.07 33.87 33.86 34.98 34.78 34.49 34.11 33.97
CaO 0.74 0.70 0.94 1.11 0.60 0.83 1.01 0.83 0.93 0.95 1.22 0.74 1.21 0.84

Na2O 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00
K2O 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
NiO 0.11 0.11 0.07 0.10 0.07 0.12 0.12 0.10 0.11 0.09 0.11 0.10
Total 99.21 98.54 101.41 100.26 101.94 100.70 100.66 101.01 99.85 100.57 101.56 100.49 101.19 99.67
Mg# 0.886 0.887 0.910 0.907 0.904 0.908 0.910 0.903 0.906 0.915 0.906 0.912 0.909 0.912

If there are different lithological parts within one sample, it is noted, e.g., (Harz part). Abbreviations of rock lithology are the same as Figure 2. FeO* is total iron oxide content calculated by
assuming all iron is Fe2+. Mg#, Mg/(Mg + Fe total) atomic ratio. Blank means below their detection limits.
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Table 5. Averaged values of major element compositions of clinopyroxene in each sample from the Mersin ophiolite.

Rock Suite LU Rocks MTZ Rocks Mantle
Rocks

Rock Type Dunite Wehrlite Cpxite Dunite Harz Harz

Sample No. 2013MR2-0 2013MR2-07 2013MR2-02 2013MR2-09 2013MR2-08 2013MR2-10 2014MR1-01 2014MR1-03 2014MR1-05 2014MR1-06 2014MR1-09 2014MR1-14 2013MR1-02 2014MR2-16

No. of
Analysis (N = 6) (N = 5) (N = 5) (N = 7) (N = 5) (N = 5) (N = 3) (N = 2) (N = 1) (N = 3) (N = 1) (N = 1) (N = 9) (N = 2)

SiO2 55.61 55.11 54.75 54.74 53.73 53.57 54.67 54.65 55.48 54.59 53.42 53.88 55.58 55.96
TiO2 0.04 0.03 0.03 0.04 0.03 0.04 0.01 0.01 0.04 0.05 0.01 0.00

Al2O3 0.83 0.82 1.11 1.03 1.02 0.98 0.47 0.69 0.28 0.36 0.42 0.79 0.94 0.74
Cr2O3 0.54 0.38 0.68 0.53 0.72 0.65 0.18 0.46 0.12 0.45 0.35 0.35 0.55 0.51
FeO* 1.41 2.24 2.84 2.52 2.53 2.69 1.57 1.31 1.48 1.50 1.23 1.32 2.01 1.92
MnO 0.04 0.07 0.09 0.09 0.03 0.01 0.00 0.04 0.04 0.01 0.06 0.04
MgO 17.37 17.53 17.50 17.49 17.72 18.28 17.47 17.25 18.30 17.52 17.41 17.31 17.79 17.68
CaO 25.46 24.43 23.87 23.80 23.73 23.09 25.17 24.75 24.42 24.57 25.12 25.35 24.08 24.27

Na2O 0.08 0.05 0.09 0.07 0.12 0.11 0.17 0.08 0.07 0.18 0.08 0.06
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.04 0.03 0.03 0.04 0.04 0.04 0.08 0.05 0.04 0.09 0.07 0.03
Total 101.42 100.69 100.99 100.36 99.43 99.26 99.75 99.31 100.35 99.17 98.14 99.34 101.17 101.22
Mg# 0.956 0.933 0.917 0.925 0.926 0.924 0.952 0.959 0.957 0.954 0.962 0.959 0.940 0.943

Rock Suite Mantle Rocks

Rock Type Harz (Harz Part) Harz Dunite (Dunite
Part) Wehrlite Websterite Opxite

Sample No. 2014MR2-15 2014MR2-13 2014MR2-12 2013MR7-01 2014MR2-09 2014MR2-06 2014MR2-03 2014MR2-01 2013MR8-01 2014MR2-11 2014MR2-09 14T-MR04 2013MR5-02 2013MR4-02

No. of
Analysis (N = 1) (N = 3) (N = 8) (N = 3) (N = 6) (N = 3) (N = 3) (N = 2) (N = 10) (N = 2) (N = 1) (N = 4) (N = 6) (N = 4)

SiO2 54.22 54.41 54.18 55.13 54.38 53.37 53.99 54.51 55.10 55.06 55.16 53.69 54.19 55.04
TiO2 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.02 0.02 0.00 0.07 0.02 0.01

Al2O3 0.83 0.83 1.37 0.95 0.80 0.72 0.78 0.93 1.10 0.79 0.10 0.65 0.91 0.75
Cr2O3 0.46 0.46 0.61 0.45 0.42 0.47 0.43 0.41 0.59 0.60 0.07 0.59 0.56 0.43
FeO* 2.82 2.02 1.87 1.93 1.89 1.93 1.95 1.76 1.80 1.70 1.26 1.89 1.96 1.96
MnO 0.09 0.07 0.05 0.07 0.07 0.05 0.08 0.06 0.06 0.05 0.04 0.13 0.06 0.05
MgO 20.34 18.05 18.00 17.89 17.93 17.91 18.21 17.78 17.87 17.55 17.75 18.22 18.06 17.75
CaO 21.02 24.56 23.95 24.15 24.20 23.90 24.67 23.95 24.49 24.19 25.47 24.56 23.25 24.30

Na2O 0.13 0.05 0.05 0.05 0.06 0.13 0.05 0.07 0.05 0.17 0.00 0.07 0.11 0.16
K2O 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.04 0.00 0.00
NiO 0.02 0.06 0.07 0.06 0.05 0.03 0.05 0.04 0.05 0.05 0.07 0.11 0.06 0.05
Total 99.93 100.51 100.16 100.70 99.79 98.53 100.22 99.54 101.13 100.18 99.91 100.00 99.19 100.50
Mg# 0.928 0.941 0.945 0.943 0.942 0.943 0.943 0.947 0.947 0.948 0.962 0.945 0.943 0.942

If there are different lithological parts within one sample, it is noted, e.g., (Harz part). Abbreviations of rock lithology are the same as Figure 2. FeO* is total iron oxide content calculated by
assuming all iron is Fe2+. Mg#, Mg/(Mg + Fe total) atomic ratio. Blank means below their detection limits.
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and mantle peridotite olivine (blue) [39] show the compositional variation of residual mantle 
peridotite. (b) Chemical variations between Fo content of olivine and Cr# of chromian spinel. Abyssal 
peridotite is shown for comparison [40]. OSMA shows the residual trend of spinel peridotite [40]. Tie-
lined plots of mantle harzburgite and dunite is the sample from the boundary (2014MR2-09) (Tables 
1–3). Arrows are showing evolution trends of the Mersin ultramafic rocks, of melting (blue), reaction 
(red), and fractionation (black), respectively, which are suggested by mineral chemistry (see 
discussion). 

4.2.2. MTZ Peridotites (Dunite–Wehrlite–Harzburgite of R1) 

Olivine composition of MTZ dunite is almost constant: Mg# and NiO content are 0.91–0.92 and 
0.28–0.31 wt.%, respectively, although there are some exceptions (Figure 7a). Chromian spinel in MTZ 
dunite shows constant and high Cr# (0.78–0.89) and low TiO2 content (0.08–0.17 wt.%), and the Mg# 
is slightly varied (0.38–0.44) (Figure 8). The Cr# of chromian spinel in MTZ dunite is slightly higher 
than in LU rocks, and is similar to that in boninite (Figure 8). The Mg# of clinopyroxene in MTZ 
dunite is high and constant (0.95–0.96), and their TiO2, Al2O3, and Cr2O3 contents are low: 0.01–0.05 
wt.%, 0.28–0.79 wt.% and 0.05–0.61 wt.%, respectively (Figure 10; Table 5). Amphibole inclusions in 
chromian spinel of MTZ dunite are pargasite with low TiO2 content (<0.26 wt.%) and the Mg# is 0.93. 

Figure 7. (a) Relationships between Fo content and NiO content of olivine. Mantle olivine array [38]
and mantle peridotite olivine (blue) [39] show the compositional variation of residual mantle peridotite.
(b) Chemical variations between Fo content of olivine and Cr# of chromian spinel. Abyssal peridotite
is shown for comparison [40]. OSMA shows the residual trend of spinel peridotite [40]. Tie-lined
plots of mantle harzburgite and dunite is the sample from the boundary (2014MR2-09) (Tables 1–3).
Arrows are showing evolution trends of the Mersin ultramafic rocks, of melting (blue), reaction (red),
and fractionation (black), respectively, which are suggested by mineral chemistry (see discussion).

4.2.2. MTZ Peridotites (Dunite–Wehrlite–Harzburgite of R1)

Olivine composition of MTZ dunite is almost constant: Mg# and NiO content are 0.91–0.92 and
0.28–0.31 wt.%, respectively, although there are some exceptions (Figure 7a). Chromian spinel in MTZ
dunite shows constant and high Cr# (0.78–0.89) and low TiO2 content (0.08–0.17 wt.%), and the Mg# is
slightly varied (0.38–0.44) (Figure 8). The Cr# of chromian spinel in MTZ dunite is slightly higher than
in LU rocks, and is similar to that in boninite (Figure 8). The Mg# of clinopyroxene in MTZ dunite
is high and constant (0.95–0.96), and their TiO2, Al2O3, and Cr2O3 contents are low: 0.01–0.05 wt.%,
0.28–0.79 wt.% and 0.05–0.61 wt.%, respectively (Figure 10; Table 5). Amphibole inclusions in chromian
spinel of MTZ dunite are pargasite with low TiO2 content (<0.26 wt.%) and the Mg# is 0.93.
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Figure 8. Chemical variations of chromian spinel in each rock type of the Mersin ultramafic rocks. 
Left and right panels are for dunite, chromitite, wehrlite, and websterite/orthopyroxenite, and for 
harzburgite, respectively. Data of banded chromitite is shown separately as spinel-rich part (graded 
sp-R) and spinel-poor part (graded sp-P). The fields for other key rocks, i.e., forearc P. (=peridotite), 
abyssal P., and boninite are shown for comparison, and original data sources are listed in Tamura and 
Arai [41]. (a) Relationships between Mg# and Cr# of chromian spinel. (b) Relationships between Cr# 
and TiO2 content of chromian spinel. (c) Relationships between YFe and TiO2 content of chromian 
spinel. Fields for hotspot, MOR and arc rocks are from Arai et al. [42]. 

The Mg#, Cr# and YFe of chromian spinel in massive chromitite (14T-MR01) are almost constant, 
0.62–0.64, ≈0.79 and 0.013–0.036, respectively, except for the rim or small grain which is surrounded 
by chlorite (Table 2; Figure 8). Clinopyroxene inclusions in chromian spinel of massive chromitite 
show high Mg# (up to 0.97) and almost the same Al2O3 (0.54 wt.%) as those in discrete grain in dunite, 
while the Na2O content is higher (0.22 wt.%). Pargasite inclusions in chromitite of massive chromitite 
show almost the same TiO2 (0.24–0.39 wt.%) as those in spinel inclusion in MTZ dunite, but the Mg# 
is quite high 0.95–0.96 due to subsolidus Mg-Fe2+ redistribution [43]. 

Olivine shows lower Mg# (0.91) and higher NiO content (0.42 wt.%) in MTZ harzburgite than in 
MTZ dunite (Table 2; Figure 7). Coexisting chromian spinel shows slightly lower Cr# (0.69–74) and 
TiO2 content (0.04–0.06 wt.%), and higher Mg# (0.44–0.49) than in MTZ dunite (Table 3). The chromian 
spinel in MTZ harzburgite is similar in chemistry to that in forearc peridotite/arc plutonics (Figure 
8c). Clinopyroxene in MTZ harzburgite shows lower Mg# (0.93–0.95) and higher Al2O3 (0.77–1.15 
wt.%) and Cr2O3 (0.35–0.73 wt.%) contents than in MTZ dunite (Table 5; Figure 10). Orthopyroxene 

Figure 8. Chemical variations of chromian spinel in each rock type of the Mersin ultramafic rocks.
Left and right panels are for dunite, chromitite, wehrlite, and websterite/orthopyroxenite, and for
harzburgite, respectively. Data of banded chromitite is shown separately as spinel-rich part (graded
sp-R) and spinel-poor part (graded sp-P). The fields for other key rocks, i.e., forearc P. (=peridotite),
abyssal P., and boninite are shown for comparison, and original data sources are listed in Tamura and
Arai [41]. (a) Relationships between Mg# and Cr# of chromian spinel. (b) Relationships between Cr#
and TiO2 content of chromian spinel. (c) Relationships between YFe and TiO2 content of chromian
spinel. Fields for hotspot, MOR and arc rocks are from Arai et al. [42].

The Mg#, Cr# and YFe of chromian spinel in massive chromitite (14T-MR01) are almost constant,
0.62–0.64, ≈0.79 and 0.013–0.036, respectively, except for the rim or small grain which is surrounded
by chlorite (Table 2; Figure 8). Clinopyroxene inclusions in chromian spinel of massive chromitite
show high Mg# (up to 0.97) and almost the same Al2O3 (0.54 wt.%) as those in discrete grain in dunite,
while the Na2O content is higher (0.22 wt.%). Pargasite inclusions in chromitite of massive chromitite
show almost the same TiO2 (0.24–0.39 wt.%) as those in spinel inclusion in MTZ dunite, but the Mg# is
quite high 0.95–0.96 due to subsolidus Mg-Fe2+ redistribution [43].

Olivine shows lower Mg# (0.91) and higher NiO content (0.42 wt.%) in MTZ harzburgite than in
MTZ dunite (Table 2; Figure 7). Coexisting chromian spinel shows slightly lower Cr# (0.69–74) and
TiO2 content (0.04–0.06 wt.%), and higher Mg# (0.44–0.49) than in MTZ dunite (Table 3). The chromian
spinel in MTZ harzburgite is similar in chemistry to that in forearc peridotite/arc plutonics (Figure 8c).
Clinopyroxene in MTZ harzburgite shows lower Mg# (0.93–0.95) and higher Al2O3 (0.77–1.15 wt.%)
and Cr2O3 (0.35–0.73 wt.%) contents than in MTZ dunite (Table 5; Figure 10). Orthopyroxene in MTZ
harzburgite shows almost the same Mg# as olivine (≈0.91) and the Al2O3, Cr2O3, and CaO contents
are 0.82–1.10 wt.%, 0.34–0.52 wt.%, and 0.33–1.50 wt.%, respectively (Table 4; Figure 9).
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4.2.3. Mantle Peridotites (Ultramafic Rocks of R2)

Olivine in the mantle harzburgite show constant Mg# (0.90–0.91) and slightly varied NiO contents
(0.36–0.49 wt.%) (Figure 7; Table 2). The Mg# and Cr# of chromian spinel in mantle harzburgite are
high and varied, 0.40–0.53 and 0.60–0.77, respectively, but there is no obvious correlation between
those values and modal amounts of pyroxenes (cf. Table 3 and Figure 8). The TiO2 content and YFe

of the chromian spinel are low, <0.01–0.07 wt.% and 0.02–0.07, respectively (Table 3; Figure 8b,c).
The mantle harzburgite of R2 is similar to forearc peridotites in terms of spinel chemistry (Figure 8),
but is slightly off the olivine-spinel mantle array (=OSMA) [40] to the low Fo content (olivine) area
(Figure 7b). The Mg# of clinopyroxene in mantle harzburgite is high and constant (0.93–0.95), and the
TiO2 (<0.03 wt.%), Al2O3 (0.62–1.72 wt.%), and Cr2O3 (0.28–0.88 wt.%) contents are higher than in MTZ
harzburgite (Table 5; Figure 10). Orthopyroxene in mantle harzburgite shows almost the same Mg#
as olivine (0.90–0.91) and their Al2O3, Cr2O3, and CaO contents are, 0.64–1.41 wt.%, 0.23–0.62 wt.%,
and 0.26–1.57 wt.%, respectively (Table 4; Figure 9).
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Cr2O3 wt.%. (c) Relationships between Al2O3 wt.% and Na2O wt.%. (d) Relationships between Al2O3

wt.% and Mg#.

The Mg# of olivine in mantle dunite–clinopyroxenite–websterite–wehrlite is varied from 0.90–0.92
and the NiO content is mostly 0.30–0.43 wt.%, irrespective of the rock species (Table 2; Figure 7).
Chromian spinel in mantle dunite–clinopyroxenite–websterite–wehrlite also shows constant chemical
compositions and are plotted in the transitional area between those of boninite and forearc peridotites
or arc cumulative rocks: The TiO2 content, Mg# and Cr# are 0.04–0.26 wt.%, 0.37–0.54 and 0.72–0.81,
respectively, although the spinel in websterite (2013MR5-02) shows slightly low Cr# (0.69) (Table 3;
Figure 8). The Mg# of clinopyroxene in mantle dunite–clinopyroxenite–websterite is high and constant
(0.94–0.96), and the variations of TiO2, Al2O3, and Cr2O3 contents of clinopyroxene are almost the
same as in the MTZ dunite, although Na2O content (up to 0.30 wt.%) is slightly higher than in the MTZ
dunite: <0.08 wt.%, 0.10–1.41 wt.%, and 0.07–0.94, respectively (Table 5; Figure 10). Orthopyroxene
in websterite shows almost the same Mg# as olivine (0.91), and the Al2O3, Cr2O3, and CaO contents
are 1.00–1.21 wt.%, 0.42–0.45 wt.%, and 0.65–1.02 wt.%, respectively (Table 4; Figure 9). Amphibole
inclusions in some chromian spinel grains in dunite and websterite are varied from edenite to tremolite
with low TiO2 contents (0.09–0.27 wt.%).

The Cr# and YFe of chromian spinel in banded chromitite, showing graded bedding,
are almost constant, 0.78–0.79 and 0.03–0.04, respectively, while Mg# is slightly higher (0.64–0.65) in
spinel-rich zone than in spinel-poor zone (0.56–0.61) (Figure 8; Table 3), due to subsolidus Mg-Fe2+

redistribution [43]. Olivine inclusion in chromian spinel shows higher Mg# and NiO content (≈0.96
and 0.53–0.58 wt.%) than discrete olivine grains (0.91 and 0.28 wt.%, respectively), which is also due to
subsolidus Mg-Fe2+ redistribution. Clinopyroxene inclusions in chromian spinel show high Mg# (0.96)
and almost the same Al2O3 and Cr2O3 content (0.79 wt.% and 0.95 wt.%) with those in discrete grain
in dunite, wehrlite, and websterite/orthopyroxenite. TiO2 content, Mg#, and Na/(Na + K) atomic
ratio of phlogopite are ≈0.35 wt.%, 0.97 and ≈0.11, respectively. There is no large difference in mineral
chemistry between massive chromitite (14T-MR01) and banded chromitite (14T-MR12), except for Mg#
of minerals.
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4.3. Trace-Element Compositions

We determined trace-element compositions of clinopyroxene for each sample and orthopyroxene,
if any, i.e., harzburgite and pyroxenites, and the results are shown in Tables 6 and 7 and Figures 11 and 12.
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Figure 11. REE patterns, which are normalized to chondrite values [44], of clinopyroxene and the
calculated melt in equilibrium with clinopyroxene (calc. melt). Abyssal peridotites [45–47] in panel
(d,f) are for reference. Data vacancy means abundances below the detection limits (see Table 6). (a) LU
dunite (black), wehrlite (orange) and clinopyroxenite (green). Calculated melt in equilibrium with
clinopyroxene (gray field) in all rocks are almost the same in pattern and shown in gray color all
together. (b) Calculated melt in equilibrium with clinopyroxene in dunite, wehrlite, clinopyroxenite,
and websterite/orthopyroxenite is shown for each section. Patterns of the Mersin tholeiitic basalt
(black) [9] and boninite (BON) from Izu-Ogasawara arc (violet) [48] are for reference. (c) MTZ dunite
(black) and wehrlite (orange). Calculated melts in equilibrium with clinopyroxene in wehrlite and
dunite are black field outlined by orange and gray field outlined by red, respectively. (d) MTZ
harzburgite. (e) Mantle dunite (black) and websterite/orthopyroxenite (dark orange). Calculated
melt in equilibrium with clinopyroxene in websterite/orthopyroxenite is within the range of those in
dunite and not specifically shown (field filled by oblique stripe). (f) Mantle harzburgite.
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4.3.1. LU Rocks (Dunite–Wehrlite–Clinopyroxenite of R1)

Rare earth element (REE) patterns, normalized to chondrite values [44] (subscript CN hereafter),
of clinopyroxenes in LU rocks show gently light REE (LREE) depleted shape and their abundances are
almost constant irrespective of host rock lithology (dunite, wehrlite, and clinopyroxenite) (Figure 11a).
There is a weak correlation between clinopyroxene REECN abundances and the stratigraphical position
of host rock; the REECN of clinopyroxene roughly decreases down-section (Table 6). Other incompatible
elements are mostly below their detection limits in abundance, except for Nb, Pb, Sr, and Zr, and there
is no systematic increase or decrease upsection or downsection (Table 6).

Chondrite normalized REE patterns of orthopyroxene in clinopyroxenite of the LU rocks show
slightly steeper slope from Lu to Dy than those of coexisting clinopyroxene and most of LREE~middle
REE (MREE), except for La and Ce, are below their detection limits in abundance (Figure 12). Most of
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other incompatible trace elements were not detected, and if detected, the abundances are almost the
same as or lower than in coexisting clinopyroxene (Table 7).

4.3.2. MTZ Peridotites (Dunite–Wehrlite–Harzburgite of R1)

Abundances of some REE in clinopyroxenes in MTZ peridotites are below their detection limits
and almost the same as those in the LU rocks (Figure 11a,c). REE patterns of clinopyroxene in MTZ
wehrlite are almost constant and show the same shape and abundances as in LU wehrlite (Figure 11a,c).
Clinopyroxenes in some MTZ dunite samples show slightly different REECN patterns with a hump at
MREE to heavy REE (HREE) and a peak at Ho to Er (Figure 11c). REE patterns of clinopyroxenes show
slightly steeper slopes from HREE to MREE in MTZ harzburgite than in MTZ dunite (Figure 11c,d),
although the abundances are almost the same. Other incompatible elements are mostly below their
detection limits except for Ba, Nb, Pb, Sr, and Zr as those in the LU rocks (Table 6).

REECN patterns of orthopyroxene in MTZ harzburgite show steeper slope from Lu to Dy and
lower abundances than those of coexisting clinopyroxene (Figure 12). Most of other incompatible trace
elements are below their detection limits, and if detected, the abundances are almost the same as or
lower than coexisting clinopyroxene as in clinopyroxenite of the LU rocks (Table 7). The concentrations
of some large ion lithophile elements (LILE: Rb, Ba, and Sr) in these orthopyroxenes are slightly higher
than those of mantle harzburgite, as shown in the following Section 4.3.3 (Table 7).

4.3.3. Mantle Peridotites (Ultramafic Rocks of R2)

REECN patterns of clinopyroxenes in mantle dunite are highly varied and roughly divided into
two types: One shows simple gentle slope from HREE to LREE and the other, LREE-enriched spoon
shaped pattern (Figure 11e). The shape of the former, as well as abundances, is almost the same as
those in LU rocks and MTZ wehrlite (Figure 11a,c). On the other hand, the latter shows higher REECN

abundances and some show some flattened patterns (Figure 11e). The REECN patterns of clinopyroxene
in mantle websterite/orthopyroxenite are within the variation of those in dunite (Figure 11e).

REECN pattern of clinopyroxenes in mantle harzburgite is almost the same, although the LREE
abundance is slightly higher, as that in MTZ harzburgite (Figure 11d,f). The REECN abundance of
these clinopyroxenes is obviously low relative to those of abyssal peridotites (Figure 11e). There is no
clear correlation between the REE abundance of clinopyroxenes and the stratigraphical position of
host rock (Table 6). Other incompatible elements are mostly below their detection limits except Nb, Pb,
Sr, and Zr as those in the rocks of MTZ harzburgite (Table 6).

REECN patterns of orthopyroxene in mantle harzburgite show almost the same as those in MTZ
harzburgite, although the abundances are slightly lower in the former (Figure 12). Most of other
incompatible trace elements are below their detection limits, and if detected, the abundances are
almost the same or lower than coexisting clinopyroxene as in other samples (Table 7).
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Table 6. Representative trace-element compositions of clinopyroxene in the Mersin ultramafic rocks.

Rock Suite LU Rocks MTZ Rocks

Rock Type Dunite Wehrlite Cpxite Dunite Wehrlite Harz

Sample No. 2013MR2-0 2013MR3-02 2013MR2-02 2013MR2-06 2013MR2-09 2013MR3-01 2013MR2-08 2013MR2-10 2014MR1-01 2013-MR1-03 2014MR1-06 2014MR1-09 2014MR1-13 2014MR1-16 2013MR1-02

No. of
Analysis (N = 4) (N = 4) (N = 5) (N = 4) (N = 6) (N = 3) (N = 6) (N = 4) (N = 3) (N = 1) (N = 3) (N = 1) (N = 2) (N = 5) (N = 1)

Rb (<0.040) (<0.040) (<0.040) (<0.040) 0.072 (<0.040) 0.047 (<0.040) 0.096 (<0.040) (<0.040) (<0.040) (<0.040) (<0.040) (<0.040)
Sr 3.751 3.157 3.872 2.674 2.53 3.646 2.413 2.171 1.049 0.457 1.662 0.627 1.988 2.499 4.307
Y 1.95 1.319 1.338 0.959 0.948 1.453 0.886 0.832 1.191 1.725 0.576 0.862 1.313 0.946 0.555
Zr 0.449 0.203 0.249 0.27 0.132 0.231 0.103 0.114 0.282 0.2 0.089 0.162 0.21 0.1 0.053
Nb 0.045 0.037 0.043 0.042 0.034 0.019 0.032 0.036 0.021 0.022 0.023 0.022 0.035 0.033 0.021
Cs (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023)
Ba 0.258 0.05 0.286 0.246 0.242 0.059 0.111 0.096 0.155 0.086 0.078 (<0.045) 0.108 0.108 0.349
La 0.014 0.011 0.017 0.008 0.008 0.012 0.007 0.007 0.009 0.006 0.006 0.006 0.018 0.005 (<0.002)
Ce 0.057 0.051 0.056 0.036 0.037 0.055 0.029 0.031 0.026 0.013 0.023 0.028 0.053 0.026 0.002
Pr 0.012 0.011 0.011 0.007 0.008 0.013 0.007 0.006 0.003 0.002 0.004 0.005 0.007 0.006 (<0.002)
Nd 0.097 0.091 0.091 0.064 0.064 0.104 0.057 0.059 0.016 0.014 0.031 0.035 0.045 0.06 (<0.011)
Sm 0.07 0.074 0.063 0.046 0.048 0.081 0.045 0.044 (<0.011) 0.018 0.022 0.03 0.028 0.047 (<0.011)
Eu 0.031 0.033 0.029 0.021 0.023 0.04 0.022 0.021 0.008 0.01 0.011 0.012 0.015 0.023 (<0.006)
Gd 0.15 0.14 0.147 0.11 0.107 0.157 0.098 0.093 0.031 0.089 0.056 0.067 0.091 0.1 0.017
Tb 0.034 0.03 0.03 0.023 0.023 0.034 0.022 0.019 0.009 0.028 0.012 0.015 0.023 0.022 0.005
Dy 0.297 0.235 0.235 0.18 0.172 0.276 0.165 0.163 0.152 0.265 0.104 0.151 0.238 0.174 0.069
Ho 0.072 0.052 0.053 0.038 0.038 0.058 0.036 0.033 0.049 0.073 0.022 0.031 0.055 0.04 0.023
Er 0.248 0.155 0.155 0.113 0.117 0.17 0.103 0.1 0.16 0.195 0.065 0.106 0.139 0.115 0.08
Tm 0.036 0.023 0.025 0.016 0.016 0.023 0.015 0.016 0.017 0.033 0.01 0.012 0.019 0.018 0.013
Yb 0.24 0.156 0.176 0.11 0.123 0.175 0.109 0.095 0.103 0.201 0.053 0.076 0.11 0.128 0.121
Lu 0.029 0.024 0.027 0.016 0.018 0.025 0.015 0.014 0.008 0.021 0.008 0.009 0.015 0.018 0.017
Hf 0.029 (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026)
Ta (<0.007) (<0.007) 0.009 (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007)
Pb 0.119 0.061 0.594 0.181 0.201 0.051 0.164 0.189 0.648 0.126 0.068 0.113 (<0.035) 0.093 0.106
Th (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006)
U (<0.005) (<0.005) 0.013 0.016 0.011 (<0.005) (<0.005) (<0.005) 0.008 (<0.005) (<0.005) (<0.005) 0.006 (<0.005) (<0.005)

Rock Suite Mantle Rocks

Rock Type Harz Dunite (Dunite
part) Dunite (Dunite

part) Dunite Websterite (Web part)

Sample No. 2014MR2-16 2014MR2-12 2013MR7-01 2014MR2-03 2014MR2-01 2013MR4-04 2013MR8-01 2014MR2-14 2014MR2-11 2014MR2-07 2013MR5-01 2013MR4-05 2013MR4-03 2014MR2-10 2014MR2-07

No. of
Analysis (N = 2) (N = 2) (N = 4) (N = 2) (N = 1) (N = 1) (N = 3) (N = 3) (N = 3) (N = 1) (N = 1) (N = 2) (N = 3) (N = 4) (N = 2)

Rb (<0.040) (<0.040) (<0.040) (<0.040) (<0.040) (<0.040) (<0.040) 0.679 (<0.040) 0.049 (<0.040) (<0.040) (<0.040) (<0.040) (<0.040)
Sr 1.225 1.273 1.123 0.972 1.517 1.81 0.637 9.896 25.548 5.184 17.423 7.334 3.413 8.971 8.09
Y 0.156 0.438 0.282 0.191 0.549 0.515 0.466 2.811 3.84 1.935 3.57 2.192 0.86 1.033 2.523
Zr 0.083 0.055 0.045 0.045 0.043 0.102 0.053 2.979 1.722 0.328 1.486 0.551 0.084 0.315 0.522
Nb 0.03 0.036 0.035 0.031 0.03 0.036 0.027 0.247 0.062 0.04 0.056 0.045 0.015 0.039 0.058
Cs (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) 0.033 (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023) (<0.023)
Ba (<0.045) (<0.045) (<0.045) (<0.045) (<0.045) (<0.045) (<0.045) 0.613 0.109 0.04 (<0.045) (<0.045) (<0.045) 0.079 (<0.045)
La 0.007 0.006 0.007 0.004 0.014 0.011 (<0.002) 0.14 0.189 0.016 0.192 0.051 0.012 0.045 0.05
Ce 0.023 0.019 0.019 0.013 0.036 0.04 0.006 0.319 0.589 0.073 0.494 0.148 0.035 0.114 0.167
Pr 0.004 0.002 (<0.002) (<0.002) 0.004 0.005 (<0.002) 0.033 0.073 0.011 0.057 0.018 0.005 0.016 0.026
Nd 0.017 0.011 (<0.011) 0.014 0.012 0.024 (<0.011) 0.107 0.303 0.062 0.248 0.09 0.034 0.062 0.152
Sm (<0.011) (<0.011) (<0.011) (<0.011) (<0.011) (<0.011) (<0.011) 0.03 0.105 0.043 0.073 0.061 0.019 0.024 0.082
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Table 6. Cont.

Rock Suite Mantle Rocks

Rock Type Harz Dunite (Dunite
part) Dunite (Dunite

part) Dunite Websterite (Web part)

Sample No. 2014MR2-16 2014MR2-12 2013MR7-01 2014MR2-03 2014MR2-01 2013MR4-04 2013MR8-01 2014MR2-14 2014MR2-11 2014MR2-07 2013MR5-01 2013MR4-05 2013MR4-03 2014MR2-10 2014MR2-07

No. of
Analysis (N = 2) (N = 2) (N = 4) (N = 2) (N = 1) (N = 1) (N = 3) (N = 3) (N = 3) (N = 1) (N = 1) (N = 2) (N = 3) (N = 4) (N = 2)

Eu (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) 0.009 0.039 (<0.006) 0.028 0.027 0.009 0.011 0.039
Gd (<0.016) (<0.016) (<0.016) 0.017 0.018 0.027 (<0.016) 0.067 0.227 0.099 0.176 0.145 0.039 0.068 0.199
Tb (<0.004) (<0.004) (<0.004) (<0.004) 0.006 0.006 (<0.004) 0.03 0.057 0.025 0.049 0.037 0.01 0.016 0.046
Dy 0.021 0.042 0.027 0.026 0.052 0.057 0.048 0.401 0.564 0.274 0.507 0.342 0.112 0.161 0.42
Ho 0.008 0.016 0.01 0.008 0.022 0.021 0.017 0.123 0.145 0.075 0.145 0.089 0.033 0.04 0.1
Er 0.033 0.084 0.053 0.029 0.096 0.069 0.072 0.359 0.491 0.271 0.527 0.29 0.12 0.134 0.329
Tm 0.006 0.019 0.011 0.008 0.015 0.011 0.016 0.05 0.079 0.042 0.084 0.046 0.019 0.023 0.052
Yb 0.068 0.151 0.103 0.057 0.139 0.097 0.111 0.312 0.483 0.316 0.553 0.335 0.13 0.169 0.353
Lu 0.013 0.027 0.018 0.011 0.027 0.013 0.017 0.048 0.064 0.035 0.075 0.046 0.018 0.028 0.052
Hf (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) (<0.026) 0.079 0.073 0.019 0.057 (<0.026) (<0.026) (<0.026) (<0.026)
Ta (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) 0.018 (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007) (<0.007)
Pb 0.062 0.066 0.052 0.121 0.044 0.089 0.124 0.383 0.081 0.037 0.045 0.06 0.043 0.523 0.065
Th (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) 0.055 (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) 0.006
U (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) 0.048 (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) (<0.005)

Italic values in parentheses are shown their detection limits when analyzed data below their detection limits. If there are different lithological parts within one sample, it is noted, e.g.,
(Harz part). Abbreviations of rock lithology are the same as Figure 2.
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Table 7. Representative trace-element compositions of orthopyroxene in the Mersin ultramafic rocks.

Rock Suite LU Rocks MTZ Rocks Mantle Rocks

Rock Type Cpxite Harz Harz

Sample No. 2013MR2-08 2013MR2-10 2013MR1-02 2014MR2-16 2014MR2-12 2013MR7-01 2014MR2-03 2014MR2-01 2013MR4-04 2013MR8-01

No. of Analysis (N = 1) (N = 1) (N = 4) (N = 3) (N = 1) (N = 1) (N = 3) (N = 4) (N = 1) (N = 3)

Rb 0.077 0.017 0.034 0.033 0.014 0.054 (<0.010) 0.041 (<0.010) 0.035
Sr 0.200 0.115 3.508 0.079 0.120 0.199 0.034 0.102 0.035 0.113
Y 0.104 0.111 0.089 0.025 0.057 0.040 0.037 0.065 0.074 0.062
Zr 0.029 0.119 0.030 0.041 0.032 0.031 0.042 0.029 0.049 0.025
Nb 0.018 0.028 0.029 0.028 0.030 0.043 0.024 0.029 0.038 0.025
Cs 0.015 (<0.005) 0.011 (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) (<0.005) 0.006
Ba 0.208 0.142 0.263 0.023 0.016 (<0.010) 0.019 0.014 (<0.010) 0.011
La (<0.001) 0.003 0.001 0.002 (<0.001) (<0.001) (<0.001) (<0.001) 0.001 (<0.001)
Ce (<0.001) 0.005 0.002 0.004 (<0.001) (<0.001) 0.002 (<0.001) 0.001 (<0.001)
Pr (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Nd (<0.004) (<0.004) (<0.004) (<0.004) (<0.004) (<0.004) (<0.004) (<0.004) (<0.003) (<0.004)
Sm (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006)
Eu (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002)
Gd (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006)
Tb (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002)
Dy 0.013 0.011 0.007 (<0.003) (<0.003) (<0.003) 0.003 0.005 0.007 0.005
Ho 0.004 0.004 0.003 (<0.002) (<0.001) (<0.002) (<0.002) 0.003 0.003 0.002
Er 0.018 0.016 0.016 0.007 0.014 0.011 0.007 0.013 0.014 0.014
Tm 0.005 0.004 0.004 0.002 0.004 0.003 0.002 0.003 0.003 0.004
Yb 0.035 0.033 0.040 0.024 0.051 0.050 0.025 0.040 0.030 0.038
Lu 0.008 0.007 0.009 0.007 0.010 0.011 0.006 0.009 0.007 0.008
Hf (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006) (<0.006)
Ta (<0.002) 0.004 (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002) (<0.002)
Pb 0.137 0.944 0.160 0.268 0.028 0.060 0.324 0.093 0.156 0.043
Th (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.004)
U (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003) (<0.003)

Italic values in parentheses are shown their detection limits when analyzed data below their detection limits. If there are different lithological parts with in one sample, it is noted, e.g.,
(Harz part). Abbreviations of rock lithology are the same as Figure 2.
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5. Discussion and Summary

5.1. Partial Melting Process Recorded in Mantle Harzburgite

Harzburgite samples from both MTZ and mantle peridotite zones show depleted features, high
Fo content of olivine (90–91) and high Cr# of spinel (0.62–0.77), and are plotted in the trend of OSMA
(Figure 7b). The Cr# of chromian spinel is an indicator of degree of partial melting for residual spinel
peridotite or primary melt composition for cumulative ultramafics and volcanic rocks (e.g., [49–51]).
It is known to be resistant against alteration and weathering, although changeable via subsolidus
formation of Al-rich phase or metasomatism (e.g., [50,52]). In the Mersin’s case, there is no obvious
formation of subsolidus Al-rich phase around the spinel, e.g., plagioclase (and its alteration product),
in both MTZ and mantle harzburgites. There are abundant discordant dunite and pyroxene-rich dikes
in the mantle section (cf. Figure 2, Figure 3, and Figure 4e), possibly giving metasomatic effect to
the wall-rock harzburgite. However, chromian spinel in the mantle harzburgite samples adjacent to
the dunite show no appreciable change in Cr# (e.g., 2013MR1-02 and 2014MR2-09; 0.72 and 0.73) as
compared to other distal harzburgite samples (0.62–0.77) (Table 3). These lines of evidence indicate
that the chromian spinel in the Mersin harzburgites has kept its initial chemical features, apart from
subsolidus Mg-Fe2+ exchange, after their partial melting. The Mersin harzburgites are the residual
peridotite after a substantially high degree of melting compared to the general abyssal peridotites
(e.g., [50]). However, the Fo content of olivine of the Mersin harzburgite shows slightly lower values
and some harzburgites are off the partial melting trend of spinel peridotite [40] (Figure 7b). The Fo
content of olivine, the Cr# of spinel and the HREE contents of clinopyroxene in harzburgite normally
show simple depletion trend with increasing the degree of melting (e.g., [50,53]). The Cr# of spinel
shows a simple increase with a decrease of HREE in clinopyroxenes in harzburgites (Figure 13d). Note
that the LREE content of clinopyroxene shows no clear correlation with other parameters (Figure 13a,b).
These features indicate that partial melting had occurred possibly under the presence of LREE-rich
influx. No negative correlation between HREE content of clinopyroxene and Fo content of olivine
(Figure 13c) implies the addition of Fe during partial melting. In addition, high concentration of some
LILE (e.g., Sr and Pb) are possibly resulted from the addition of such elements during the partial
melting (Table 6). Aqueous fluid, which is rich in LREE, LILE, and Fe, is a candidate as the influx,
and high Cr# of spinel in the Mersin harzburgite (up to 0.8) is consistent with the high-degree partial
melting under hydrous condition (e.g., [54]). Then, the harzburgite of the Mersin ophiolite is possibly
residue after high-degree partial melting assisted by influx of aqueous fluid(s) or hydrous melt(s),
which were rich in Fe, LILE, and LREE.

To estimate the degree of partial melting of residual mantle peridotite, HREE concentrations
in clinopyroxene are quite useful (e.g., [53,55]) because they are relatively unchangeable during
metasomatism and weathering, although they could be slightly lowered by formation of subsolidus
clinopyroxenes and subsolidus trace-element redistribution with other peridotitic minerals (e.g., [56,57]).
Here we do not estimate the subsolidus effects for REE in clinopyroxene and orthopyroxene, because
such subsolidus redistribution effect for HREE is relatively small. We roughly estimated the degree of
melting by using HREE compositions of clinopyroxene for both the MTZ and mantle harzburgites,
to be approximately 25% melting of depleted MORB mantle (=DMM; [58]) at spinel stability field.
We also checked the possibility of melting at garnet stability field. The calculated melting degree
of DMM at the garnet stability field is mostly 5% followed by 18–20% melting of the residue at the
spinel stability field. The HREE concentrations of orthopyroxene are also a good measure for the
partial melting event (e.g., [59]). Calculated degree of melting of DMM by using HREE composition
of orthopyroxene is 10% at garnet stability field and 10% at spinel stability field. These values are
consistent with the high Cr# (up to 0.8) of chromian spinel in the Mersin harzburgite, which could be
attained by a relatively high degree (>~20%) of melting of peridotite with an influx of H2O-bearing
fluid or melt (e.g., [54,60]).
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of clinopyroxene.

5.2. Metasomatism by SiO2-Rich Fluid/Melt Suggested by High-Ni Olivine of Harzburgite

Some olivines in harzburgites both from MTZ and from the mantle section show obviously high
NiO content off the “mantle olivine array” (Figure 7a). To increase NiO content of olivine, Ni addition
is needed and could be supplied from surrounding olivine, replaced by secondary orthopyroxene (cf.
Figure 6d) due to infiltration of SiO2-rich melt or fluid: 2(Mg, Fe, Ni)2SiO4 (olivine) + SiO2 (melt/fluid)
= 2(Mg, Fe)SiO3 (orthopyroxene) + Ni2SiO4 (Ni-rich olivine component) [61]. This is due to a > two
times higher distribution coefficients of Ni between silicate melt and olivine than those between
silicate melt and orthopyroxene [62]. However, local Ni enrichment has not been observed even on
olivine grains adjacent to any orthopyroxene grains in individual samples. These imply that such a
metasomatic event was relatively old and the local metasomatic Ni enrichment in olivine obscured
by subsequent partial melting of the metasomatized peridotite (Figure 14). The subsequent partial
melting of the metasomatized peridotite consumed both orthopyroxenes, i.e., primary and secondary,
and left no obvious texture of orthopyroxene enrichment in the Mersin harzburgite (cf. Figure 5),
which is in contrast to the clear replacement textures of secondary orthopyroxene formed by young
metasomatism in sub-arc peridotite xenoliths (e.g., [1]).

5.3. Nature and Formation Process of Dunites, Wehrlite and Pyroxenites

As for the origin of dunite, we have three possibilities: i.e., (1) Residual dunite after extremely
high degree of partial melting of peridotite (residual origin); (2) a cumulus dunite crystallized from
primitive mantle melt; and (3) a replacive dunite formed by interaction between residual mantle
harzburgite and upwelling mantle melt. If the dunite is of residual origin, it is expected to occur at the
uppermost mantle and to show extremely depleted mineral chemistry, i.e., high Cr# of spinel, high
Fo content of olivine (e.g., [63]) and low incompatible trace element concentrations of clinopyroxene
(e.g., [64]). Clinopyroxenes in LU dunites show slightly higher REE abundances than in the both
harzburgites of MTZ and mantle section (Figure 11). In addition, the LU dunite shows adcumulate and
mesocumulate textures [29] and the mineral chemistry, e.g., abrupt decrease of NiO content of olivine
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in harmony with Fo content of olivine (Figure 7a), also supports its cumulus origin. On the other hand,
the MTZ dunite often contains olivine grains showing wavy extinction and kink bands (Figure 6b)
and do not show obvious cumulus textures and depleted chemical features of minerals, e.g., high
Cr# of chromian spinel (Figure 8a) and low HREE abundance of clinopyroxene than mantle residual
peridotite (Figures 11b and 13). However, abrupt decrease of NiO content of olivine with decreasing
Fo content of olivine implies their fractional crystalized character (Figure 7b). These features deny its
simple cumulus nature. A simple residual origin is not accepted either for the MTZ dunite because of
the presence of modal gap between dunite and harzburgites (Figure 5) [65]. Nicolas and Prinzhofer [66]
discussed the petrogenesis of MTZ dunite and mentioned possible replacive nature of most of the
MTZ dunite in the Oman ophiolite, and the Mersin MTZ dunite is possibly of such replacive origin.
The presence of chromitite in MTZ dunite of the Mersin ophiolite also supports their replacive origin
based on the idea of petrogenesis of chromitite, which is a reaction product of mantle peridotite and
relatively primitive basaltic magmas (e.g., [67]).
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Figure 14. Schematic model showing evolution of the Mersin ophiolite. We suggest that the Mersin
ophiolite was formed at a frontal part of suprasubduction zone setting. Abbreviations of minerals are
the same in Figure 6. (a) Original peridotite experienced partial melting with assistance of slab-derived
aqueous fluid, which was rich in LREE, LILE and Fe at relatively deeper part of mantle. (b) The original
peridotite had been metasomatized by SiO2-rich melt and/or fluid to form secondary orthopyroxene
at expense of olivine prior to partial melting event. (c) Buoyant Mg-rich metasomatized mantle
with some amount of low-density partial melt started to ascend and partially melted. (c-1) In the
deeper part of the upwelling diapir, the metasomatized peridotite was remelted to produce high-Mg
basaltic to boninitic melt and highly depleted residual mantle harzburgite now observed in the Mersin
mantle section. (c-2) In the upper part of the upwelling diapir, such Mg-rich basaltic and boninitic
melt, was accumulated at the top and reacted with the roof harzburgite to produce boninite and left
highly depleted dunite (MTZ rocks). The ascending boninitic melt formed cumulus LU upsection.
(d) Schematic image of chemical evolution during these stages. Cr# of spinel in the Mersin ultramafic
rocks has increased during partial melting and reaction stage, i.e., from panel (b) to (c), and in the
fractionation stage, cumulus LU has formed from ascending boninitic melt.

The calculated melt in equilibrium with clinopyroxene in the LU rocks, including clinopyroxenite
and wehrlite, shows lower REE abundances than the Mersin effusive rocks (tholeiitic basalt), although
similar in REE pattern and concentrations to boninite, except for the slightly lower LREE abundance
for the former (Figure 11b). Boninites from Izu-Ogasawara arc show variable LREE concentrations,
which were interpreted to be due to the difference in amount of added slab component [48]. The high
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LREE may indicate high contributions of slab component [68]. Mineral chemistry and mineral
assemblages of LU rocks, which are high-Mg# of olivine and clinopyroxene and free of plagioclase,
suggests their high-pressure crystallization (≈1 GPa: [29,69]).

The melt responsible for formation of the high-Mg MTZ dunite, which contains high-Cr# spinel
(Figures 7b and 8), was likely in-situ produced at the level of MTZ. No sign for the production or
passage of such melt has been left in the mantle section (Figure 7). To produce a replacive MTZ dunite
with a highly depleted nature (higher Cr# of chromian spinel, Fo content of olivine and lower HREE
clinopyroxene), we need a highly depleted reaction system, where both or either of wall harzburgite
and infiltrated melt should be depleted. The calculated melt in equilibrium with clinopyroxene in
the MTZ dunite shows a similar REE pattern with boninite, although varied in LREE~MREE content
(Figure 11b). This variation of REE patterns of clinopyroxene in MTZ dunite possibly indicates a
variation of melt volume to the wall rock harzburgite, and the MREE-depleted spoon-shaped pattern
of the calculated melt implies that the clinopyroxene had not achieved equilibration in terms of
REE content with the infiltrated melt (Figure 11b). The higher Fo content of the dunite olivine in
MTZ than in any harzburgite of the Mersin ophiolite implies predominance of the factor of melting
of already depleted harzburgite during the interaction with infiltrated melt. Such a phenomenon
possibly occurs around the top of upwelling mantle diapir of depleted peridotite, which is relatively
buoyant because of the higher-Mg feature with possible presence of low-density partial melt(s) [70–72].
The partial melting produced high-Mg basalt to boninitic melt, possibly assisted by slab-derived
hydrous components. The secondary addition of metasomatic orthopyroxene may have contributed
to enhance the volume of the partial melt accumulated at the diapir top (Figure 14). Such basaltic to
boninitic melt actively reacted with the roof harzburgite overlying the diapir to produce boninite and
highly depleted dunite [73]. Additionally, the ascending melt formed cumulus LU rocks upsection. The
MTZ wehrlite possibly represents the melt-rich portion of the reaction zone because REE abundances
are high both in clinopyroxene and the calculated equilibrium melt. The melt moved upward to
formed the LU rocks upsection because the REE pattern of clinopyroxene is almost the same between
the MTZ wehrlite and the LU rocks (Figure 11).

Olivines in the mantle dunite does not show obviously low NiO content and low Fo content as
observed in LU and MTZ dunites, and are plotted in the residual mantle peridotite field (Figure 7).
However, the mantle dunite crosscuts the deformation structure of the mantle harzburgite (Figure 4e)
and is of replacive origin (e.g., [74]). The higher TiO2 content of chromian spinel in the mantle dunite
(Figure 8b) and the higher REE levels of the clinopyroxenes in the mantle dunite also support its
replacive origin. The calculated melt in equilibrium with clinopyroxene in mantle dunite shows almost
the same pattern as that of MTZ dunite, although the abundance is higher and approaches to that of the
Mersin tholeiitic basalt (Figure 11b). These characters indicate the infiltrated melt was possibly formed
at much deeper part of the mantle, and the mantle dunite could be a fossil of melt conduit to feed
the Mersin tholeiitic basalt upward. The variation of REE patterns of clinopyroxene in mantle dunite
possibly reflects variable volume ratios of the melt to the wall rock harzburgite, and the melt volume
was maybe low based on relatively high NiO content of olivine (Figure 7a) in respect of high partition
coefficient of Ni in olivine relative to melt (e.g., [62]). If the melt volume was high, the NiO content of
olivine decreased abruptly as observed in LU dunite (Figure 7a). The MREE-depleted spoon-shaped
pattern of the calculated melt in equilibrium with those clinopyroxene implies incomplete equilibration
with the infiltrated melt in terms of REE, as observed in the MTZ dunite (Figure 11).

5.4. Implications for Tectonic Setting and History of the Mersin Ophiolite

The geochemical features of the Mersin ultramafic rocks show their similarity to the present
arc-related rocks rather than MORB-related ones (Figure 8), confirming the arc affinity of the Mersin
ophiolite, except for the old (Late Jurassic to Early Cretaceous) alkaline basalt [9]. The whole section of
the Mersin ophiolite was formed at a suprasubduction zone condition. In addition, the boninite-related
features of MTZ and lower crustal section (LU section) specify that they were formed at this level.
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It is noteworthy that the MTZ is thicker (> 1 km) than in the Oman ophiolite (mostly < 500 m in
thickness) [75], which recorded the switch of tectonic setting from a mid-ocean ridge to an arc [4,5].

Residual harzburgite shows highly depleted character, i.e., high Cr# of chromian spinel (0.6–0.8)
(Figure 7b) and estimated high degree of partial melting (>~20%). In addition, it records Si
metasomatism, which formed olivine-replacing orthopyroxene (Figure 6d) and high NiO content
of remaining olivine (Figure 7a). Presence of such metasomatic orthopyroxene has been reported
in peridotite xenoliths from several localities of arc setting (e.g., [1]), and is interpreted as reaction
product between the peridotite and SiO2-rich melt or aqueous fluid derived from subducting slab.
We conclude that this is one of the representative features in arc mantle. However, the lack of obvious
correlation between modal amount of orthopyroxene and NiO content of olivine suggests that the
formation of the secondary orthopyroxene is relatively old prior to partial melting, which obscured
modal proportion of olivine/orthopyroxene and replacement texture (Figure 14).

The partial melting was due to upwelling of Mg-rich and melt-retaining buoyant peridotite
enriched with orthopyroxene and was also assisted by LREE-, LILE-, and Fe-rich slab-derived fluid.
The melting of the upwelling diapir produced Mg-rich basaltic-boninitic melts (Figure 14). The basic
geochemical features of the residual mantle harzburgite of the Mersin ophiolite were obtained in
this stage, and some modifications have occurred only around the discordant dunite or pyroxenite
dikes. The produced melt was accumulated at the top, where the degree of partial melting is
highest, and interaction with the roof harzburgite occurred to produce boninite and dunitic peridotites
(Figure 14). The MTZ is representative of the reaction zone. The boninitic melt formed by the reaction
migrated to shallower part and formed cumulus LU rocks. The ultramafic rocks cumulated from
the LU rocks downsection of the Mersin ophiolite are free of plagioclase [29], which indicates the
formation of such boninitic magma at a pressure higher than 1 GPa.

After the formation of the Mersin ophiolite sequence, i.e., from residual mantle to ultramafic–mafic
cumulates, the production of arc-type lavas (IAT tholeiite) has been a main volcanic event and such
tholeiitic magmas formed discordant dunite (mantle dunite) in the mantle harzburgite (harzburgite
in mantle section). Many diabase dikes with tholeiitic affinity have been observed in all levels of the
ophiolite, including metamorphic sole [10], suggesting the continuous IAT tholeiite production until
complete the ophiolite obduction.
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