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a b s t r a c t

The mantle section of Guleman ophiolite, southeast (SE) Turkey consists mainly of harzburgites and
dunite lenses and large chromitite pods. The average Cr ratio ¼ [100 � Cr/(Cr þ Al) atomic ratio] of Cr-
spinels in harzburgites and dunites is remarkably high (>63). The forsterite (Fo) content of olivine is
between 90.9 and 92.3 in harzburgites and dunites. These features indicate that the harzburgites and
dunites resulted from >35% of partial melting of a depleted mantle source. Discriminant geochemical
diagrams based on the mineral chemistry of harzburgites indicate a supra-subduction zone (SSZ) origin.
Orthopyroxene and clinopyroxene from the Guleman harzburgites have low CaO, Al2O3 and TiO2 con-
tents, resembling those of depleted harzburgites from modern forearcs and contrasting with moderately
depleted abyssal peridotites. Consequently, we propose that the Guleman peridotites formed in a forearc
setting during the subduction initiation that developed as a result of northward subduction of the
southern branch of the Neo-Tethys in response to the convergence between the Arabian and Anatolian
plates.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ophiolites represent fragments of ancient oceanic crust and
upper mantle that were tectonically emplaced on land. A complete
“Penrose” ophiolite includes tectonized peridotite, gabbro, sheeted
dikes and pillow basalt (Anonymous, 1972). Ophiolites mark tec-
tonic sutures, indicating both the location of ancient oceans and
convergent plate boundaries, also known as collision zones (Dilek,
2003). Ophiolites form in a variety of tectonic settings including
oceanic spreading center, backarc basins, forearc and arc. Ophiolites
were classified as subduction-related and subduction-unrelated
types by Dilek and Furnes (2014). The world's best-known ophio-
lites have petrological and geochemical characteristics that suggest
formation above a subduction zone, an environment of formation
known as a supra-subduction zone environment (Pearce et al.,
1984). It is increasingly clear from the simple perspective of the
plausible emplacement mechanism that forearcs are the most
likely source of ophiolites (Casey and Dewey, 1984; Metcalf and
Shervais, 2008; Milson, 2003). A relatively recent development in
ophiolite studies has been the recognition of the importance of
. Beyarslan).
intra-oceanic subductioneinitiation processes in ophiolite genesis
(Stern and Bloomer, 1992; Stern et al., 2012). The subduction
initiation rule (Whattam and Stern, 2011) predicts that ophiolites
that form as a result of subduction initiation processes consist of a
sequence of igneous rocks formed by a magma source that changed
progressively in composition by the combined effects of melt
depletion and subduction-related metasomatism.

The Guleman ophiolite is regarded as a fragment of Cretaceous
oceanic lithosphere, composed of oceanic crust and upper mantle.
The mantle sequence of the Guleman ophiolite is made up of
harzburgite and dunite lenses and podiform chromitites. There
have been a few studies on the mantle peridotites of the Guleman
ophiolite (€Ozkan and €Oztunalı, 1984; Bing€ol, 1986). They suggest
that the Guleman peridotite formed in a mid-oceanic ridge. In
recent years, some researchers working on the SE Anatolian
ophiolites accept that the SE Anatolian ophiolites are subduction-
related ophiolites (Beyarslan and Bing€ol, 2000, 2014; Bing€ol et al.,
2014; Karao�glan et al., 2013).

The purpose of this study is to report the petrological data of the
mantle peridotite with high Cr# spinel from the Guleman ophiolite.
We then propose that the studied mantle peridotite genetically
corresponds to subduction-related mantle and discuss that the
Guleman ophiolite mantle rocks originated in the forearc setting.
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2. Geological setting

The Guleman ophiolite located 50 km southeast of Elazı�g is one
of the important ophiolitic massifs of the Southeast Anatolian
Ophiolitic Belt. It consists of a core of mantle rocks overlain by an
ultramafic sequence, layered and isotropic gabbro, and sheeted
dykes. The ophiolite structurally overlies the Lower Miocene Lice
Formation and is overlain by young sandstones and shales of the
Upper MaashtrichtianeLower Eocene Hazar Complex and Middle
Eocene Maden Complex (Erdo�gan, 1977; €Ozkaya, 1978; Perinçek,
1979; Perinçek and Çelikdemir, 1979; Righo de Righi and
Cortesini, 1964) and tectonically overlain by Precambrian to Up-
per Triassic Bitlis metamorphic massif (Fig. 1A and B).

The mantle peridotites consist mainly of fresh and in-place
serpentinized harzburgite tectonites with local bands and lenses
of dunites with chromitite (Fig. 2A and B). Harzburgites are
composed of olivine and orthopyroxene. They contain <2% clino-
pyroxene as exsolution lamellas in orthopyroxene. This suggests
that the mantle peridotites are most depleted and, like forearc
peridotites, they are the most depleted ultramafic rocks from any
modern tectonic environment (Stern et al., 2012). They display
high-temperature, low-pressure deformation (Bing€ol, 1986). The
dunites outcrop as small, dunitic lenses and thin envelopes around
the chromite pods. They are intruded by pegmatitic, pyroxenite and
gabbros and contain large amounts of podiform chromite deposits.
The contact between the mantle peridotites and cumulate gabbros
is represented by an ultramafic sequence.

There are numerous chromite occurences in Guleman ophiolite.
Chromite occurences are present in ultramafic sequences (in the
dunitic part) of the cumulate rocks, but the economically important
deposits are mainly located in the mantle peridotites. Cassard et al.
(1981) classified podiform chromitites into two types: concordant
Fig. 1. (A) Geological map of Guleman area, (B) Tectono-stratigraphic columnar se
and discordant. In Guleman mantle peridotites, both types are pre-
sent and additionally intermediate pod types also exist (Üşümezsoy,
1986). In themantle peridotites the chromite pods are enveloped by
dunite. The thickness of these envelopes may vary from a few cen-
timeters to 3e4 m. The ultramafic sequence consists of dunites and
chromian-rich layers. Along with dunites, the chromian-rich layers
form the deepest cumulate layers and pass into dunite and wehrlite
alternations higher in the sequences. This sequence is similar to the
Kızılyüksek ultramafic cumulate of the Pozantı-Karsantı ophiolite
(Bing€ol, 1978). All rocks in the ultramafic cumulates possess adcu-
mulate texture, and variable degrees of serpentinization are present
in these rocks.Dunites containdisseminatedandstratiformchromite
layers at the centimeter to millimeter scale in the Kef area (Fig. 2B).
Cumulus olivine (Fo 91e94%) constitutes 95% of the rock, serpenti-
nized to variable degrees.

Gabbroic rocks above this transition zone display cumulate
textures. The layering of the gabbro is defined by variation in the
relative abundance of the main mineral phases (olivine, clinopyr-
oxene, and plagioclase) or by the appearance or disappearance of
one of these phases (Fig. 2C). Mineral-graded layers are common;
size-graded layers are also observed. The thickness of the layers
ranges from centimeters to decimeters. The layered gabbro tran-
sitions to isotropic gabbro towards the upper levels. Multiple and
mutually intrusive relations between isotropic gabbro and a small
body of leucocratic gabbro are common in the uppermost part of
the plutonic sequence.

The main outcrop of the sheeted dyke complex occurs in the
Northwest part of the Guleman ophiolite and is bounded on both
sides by the gabbroic rocks (Fig. 2D). Isolated dykes cut through the
cumulate and sheeted dykes. The volcanics associated with cu-
mulates or sheeted dykes are missing, but there are some volcanic
rocks (Caferi volcanics) that are tectonically separated from the
ction of the Guleman ophiolite (modified from Beyarslan and Bing€ol, 2014).



Fig. 2. Field photographs of Guleman ophiolite. (A) General view of mantle peridotites, on the Elazı�g-Guleman way, near Sorida�g (B) pyroxenite vein in harzburgite, Sorida�g, (C)
layered mafic cumulates, on the Elazı�g-Guleman way (D) diabase dykes injected into cumulate gabbros on the Elazı�g-Guleman way at the west of Baltaşı village.

Fig. 3. Modal plot of the studied samples in olivine-orthopyroxene-clinopyroxene
diagram.
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main body and thrust over theMaden complex in the North. (Fig.1).
Caferi volcanics belong to the lower part of Upper Cretaceous Elazı�g
Igneous Complex, which constitute the upper volcanic unit of
ophiolites (Beyarslan and Bing€ol, 2014).

3. Petrography

The mantle peridotites of the Guleman ophiolite mainly consist
of harzburgites (Fig. 3). They also contain small dunitic lenses and a
thin envelope around the chromite pods. The dunites are serpen-
tinized to variable degrees. Harzburgitic rocks are characterized by
the near absence of primary clinopyroxene.

They commonly display high-temperature deformation fabrics
suchaskink-bands inolivines. Themain textureof theharzburgites is
porphyroclastic, indicating that the rocks are tectonites (Fig. 4A).
Mylonitic textures can be seen occasionally. Orthopyroxene and
spinel are stretched in some samples. Chrome-spinel exhibits
vermicular and xenomorphic and, rarely, idiomorphic habits in pe-
ridotites. Clinopyroxene in harzburgites is rare. The harzburgites
contain 70e80 modal % of olivine and 15e25 modal % of orthopyr-
oxene. The minor phases are clinopyroxene (2e3 modal %) and
chrome-spinel (2e3 modal %). The peridotites show some extent of
serpentinization. A mesh texture is formed due to alteration of
olivine forming chrysotile and lizardite (Fig. 4B). Porphyroclastic
orthopyroxene displays plastic deformational features such as un-
dulatory extinction, strain lamella, kink bands, rotation, and lobate
boundaries.Most likely, plastic deformationoccurredwhen the rocks
were very close to the solidus temperature (Boudier et al., 1982).

4. Analytical method

Following the observation of 50 thin sections prepared from the
mantle peridotites, 18 samples (16 harzburgites, 2 dunites) were
chosen for whole-rock chemical analysis using an Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS) (Groups 4A and 4B)
instrument from ACME Analytical Laboratory at Vancouver (Can-
ada). The total abundances of major oxides and several minor ele-
ments were determined on 0.2 g aliquot for each of the samples
following a LiBO2 fusion dilute nitric digestion. Major oxides have a
detection limit of 0.01% except for SiO2 with 0.1%. Major and some
detectable trace elements of the analyzed samples are listed in
Table 1. Major element analysis of minerals of mantle peridotites



Fig. 4. (A) Crashed olivine crystals, porphiroclastic texture (Crossed polars: CP) (ol: olivine, opx: orthopyroxene), (B) mesh texture in serpantinized olivine minerals (CP) (ol: olivine,
srp: serpentine).

Table 1
Whole rock major oxides (wt%) and some trace elements abundances (ppm) in peridotite samples of Guleman ophiolite. LOI: Loss on ignition; Serp%¼ (100/18)*LOI (wt%); DL:
Detection limits.

Sample rock type MG1 MG2 MG7 MG8 MG10 MG11 MG12 MG20 MG24 MG26 MG27 MG28 MG29 MG33 MG35 MG36 MG37 MG38 DL

Hrz. Dun. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Dun. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz.

SiO2 43.89 43.29 42.46 43.21 43.57 41.53 42.22 43.09 40.24 43.84 43.42 42.75 43.31 43.35 44.46 42.21 43.82 43.67 0.01
TiO2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
Al2O3 0.33 0.30 0.33 0.36 0.20 0.24 2.23 0.36 0.34 0.34 0.36 0.53 0.16 0.41 0.46 0.35 0.33 0.19 0.01
Fe2O3 9.12 9.10 8.60 8.76 9.03 8.56 7.91 8.86 8.08 8.26 8.56 8.96 8.66 8.72 8.22 8.62 8.86 8.80 0.04
MnO 0.13 0.13 0.12 0.12 0.13 0.12 0.12 0.12 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.01
MgO 43.69 44.98 44.09 44.72 44.92 43.83 34.72 42.70 43.86 44.31 44.09 43.65 43.60 43.63 43.97 43.64 44.04 44.00 0.01
CaO 0.53 0.49 0.47 0.44 0.41 0.33 2.30 0.55 0.30 0.38 0.46 0.65 0.27 0.49 0.34 0.34 0.39 0.32 0.01
Na2O <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.04 <0.01 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
K2O <0.01 <0.01 <0.01 <0.01 <0.01 <0 þ A1G13 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
LOI 1.60 1.00 3.20 1.70 1.10 4.80 9.70 3.60 6.40 1.90 2.30 2.60 2.60 1.90 1.00 3.30 1.00 1.50
Ʃ 99.95 99.95 99.95 99.95 99.97 99.95 99.95 99.95 99.96 99.94 99.94 99.95 99.29 99.28 99.28 99.28 99.28 99.28
%Serp. 8.9 5.6 17.8 9.4 6.1 26.7 53.9 20.0 35.6 10.6 12.8 14.4 14.4 10.6 5.6 18.3 5.6 8.3

Ni 2521 2568 2509 2554 2595 2464 2105 2441 2566 2480 2546 2443 2324 2227 2271 2269 2370 2253 20.0
Sc 9 9 8 8 9 7 13 9 6 7 9 9 7 8 6 7 8 8 1.0
Co 109.6 112.7 101.8 102.1 111.7 103.6 91.6 100.8 104.9 116.9 109.7 114.0 106.7 110.2 114.2 112.5 114.7 111.1 0.2
Ga 0.8 1.1 0.6 0.9 0.6 0.7 2.2 0.8 0.6 1.6 1.0 <0.5 0.5 1.2 1.0 0.6 0.9 <0.5 0.5
V 31 30 28 27 21 25 58 34 21 35 27 38 21 31 24 29 27 26 8.0
Zr 1.4 0.3 6.9 0.6 1.2 0.4 0.7 1.8 1.6 0.6 1.6 2.3 0.1 0.2 0.2 0.2 0.3 0.3 0.1
Cu 9.6 13.4 5.5 2.8 5.7 3.3 24.2 3.6 2.1 3.1 38.0 10.8 2.2 4.5 2.4 2.5 4.2 4.0 0.1
Zn 25 27 25 25 27 28 24 22 24 24 25 25 28 26 24 26 26 25 1.0

Table 2
Average composition (wt%) and standard deviation (s) for analyses of spinel in each sample. n: number of spot analyses performed; Mg# ¼ 100 � Mg/(Mg þ Fe2þ);
Cr# ¼ 100 � Cr/(Cr þ Al); Fe2þ# ¼ 100 � Fe2þ/(Mg þ Fe2þ); e: below detection limits.

Sample rock type n MG 10 MG 11 MG 20 MG 26 MG 27 MG 29 MG 32 MG 36

Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz.

27 s 19 s 22 s 25 s 22 s 26 s 18 s 20 s

SiO2 SiO2 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.01 0.02
TiO2 TiO2 0.02 0.02 0.05 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.02 0.06 0.03
Al2O3 Al2O3 12.02 0.93 15.07 0.61 15.61 0.73 15.40 1.55 17.32 1.09 10.04 0.41 19.67 0.90 18.68 1.49
Cr2O3 Cr2O3 56.58 1.25 53.20 1.04 50.79 1.11 53.08 1.98 49.75 1.39 58.44 0.81 49.21 1.19 48.56 1.66
FeO 20.53 0.52 19.57 0.49 23.64 0.64 18.97 0.33 21.10 0.41 21.70 0.74 18.37 0.48 20.56 0.72
MnO 0.90 0.23 0.62 0.22 0.89 0.25 0.86 0.18 0.85 0.17 0.95 0.17 0.81 0.20 0.77 0.13
MgO 9.51 0.34 10.55 0.36 8.23 0.26 11.03 0.22 10.83 0.27 8.81 0.33 11.77 0.27 11.30 0.51
NiO e e e e e e e e e e e e e e e e

CaO 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Na2O Na2O e e e e e e e e e e e e e e e e

K2O K2O e e e e e e e e e e e e e e e e

P2O5P2O5 e e e e e e e e e e e e e e e e

ZnO 0.14 0.10 0.18 0.08 0.31 0.12 0.16 0.10 0.16 0.09 0.16 0.11 0.16 0.10 0.14 0.08
S 99.73 99.27 99.51 99.57 100.05 100.16 100.03 100.09

Mg# 45.20 1.47 48.99 1.39 38.30 1.29 50.88 0.76 47.77 1.05 41.97 1.68 53.30 1.06 49.46 1.94
Cr# 75.95 1.75 70.30 1.08 68.57 1.40 69.82 2.82 65.84 2.01 79.61 0.84 62.66 1.62 63.56 2.54
Feþ2# 54.80 1.47 51.01 1.39 61.70 1.29 49.12 0.76 52.23 1.05 58.03 1.68 46.70 1.06 50.54 1.94
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Table 3
Average composition (wt%) and standard deviation (s) for analyses of clinopyroxene in each sample. n: number of spot analyses performed; Mg# ¼ 100 � Mg/(Mg þ Fe2þ);
Cr# ¼ 100 � Cr/(Cr þ Al); e: below detection limits.

Sample rock type n MG 10 MG 11 MG 26 MG 27 MG 29 MG 32 MG 36

Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz.

23 s 16 s 17 s 23 s 11 s 20 s 21 s

SiO2 54.32 0.43 53.78 0.50 54.04 0.56 53.97 0.47 54.55 0.47 53.97 0.36 54.08 0.31
TiO2 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.03 0.02
Al2O3 0.69 0.11 0.16 0.85 0.15 1.13 0.21 0.52 0.10 1.23 0.27 1.21 0.13
Cr2O3 0.37 0.08 0.43 0.11 0.42 0.09 0.52 0.14 0.37 0.07 0.54 0.15 0.47 0.10
FeO 1.81 0.15 1.72 0.16 1.72 0.15 1.76 0.19 1.78 0.13 1.67 0.12 1.81 0.17
MnO 0.08 0.03 0.07 0.03 0.05 0.03 0.06 0.04 0.06 0.04 0.07 0.03 0.06 0.02
MgO 18.18 0.42 18.27 0.27 18.35 0.32 18.03 0.23 18.26 0.27 17.99 0.21 18.23 0.53
NiO e e e e e e e e e e e e e e

CaO 23.70 0.63 24.08 0.45 23.96 0.40 24.37 0.37 24.20 0.47 24.49 0.33 24.27 0.85
Na2O 0.03 0.02 0.03 0.02 0.08 0.02 0.03 0.02 0.13 0.03 0.02 0.02 0.04 0.02
K2O 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
S 99.20 99.27 99.49 99.89 99.90 99.99 100.20

Mg# 94.71 0.36 94.99 0.42 95.00 0.38 94.80 0.54 94.82 0.32 95.05 0.34 94.73 0.41
Cr# 26.59 2.21 24.55 2.87 25.01 2.19 23.39 3.41 32.53 2.80 22.47 1.94 20.53 2.34

Table 4
Average composition (wt%) and standard deviation (s) for analyses of orthopyroxene in each sample. n: number of spot analyses performed; Mg# ¼ 100 � Mg/(Mg þ Fe2þ);
Cr# ¼ 100 � Cr/(Cr þ Al); Wo ¼ 100 � Ca/(Ca þ Mg þ Fe2þ); En ¼ 100 � Mg/(Ca þ Mg þ Fe2þ); Fs ¼ 100 � Fe2þ/(Ca þ Mg þ Fe2þ); e: below detection limits.

Sample rock type n Mg 10 Mg 11 Mg 20 Mg 26 Mg 27 Mg 29 Mg 32 Mg 36

Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz.

23 s 13 s 10 s 21 s 21 s 10 s 20 s 10 s

SiO2 57.18 0.36 57.07 0.42 56.83 0.22 57.26 0.53 57.22 0.43 57.79 0.52 57.18 0.67 56.76 0.51
TiO2 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02
Al2O3 0.66 0.08 0.99 0.06 1.14 0.08 0.94 0.09 1.19 0.11 0.51 0.04 1.34 0.13 1.25 0.17
Cr2O3 0.28 0.07 0.40 0.05 0.45 0.04 0.38 0.10 0.39 0.10 0.21 0.06 0.47 0.08 0.34 0.10
FeO 5.33 0.12 5.15 0.15 5.44 0.23 4.99 0.15 5.33 0.14 5.36 0.12 5.32 0.20 5.36 0.14
MnO 0.14 0.04 0.12 0.02 0.13 0.02 0.12 0.03 0.13 0.03 0.13 0.03 0.12 0.04 0.12 0.04
MgO 34.86 0.31 34.75 0.33 34.24 0.40 34.89 0.34 34.83 0.28 35.49 0.34 34.86 0.48 35.18 0.28
NiO e e e e e e e e e e e e e e e e

CaO 0.72 0.25 0.98 0.43 1.04 0.34 0.78 0.24 0.75 0.22 0.71 0.21 0.87 0.54 0.64 0.22
Na2O 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K2O 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
S 99.20 99.50 99.29 99.39 99.86 100.23 100.17 99.69

Mg# 92.1 0.2 92.3 0.2 91.8 0.3 92.6 0.2 92.1 0.2 92.2 0.1 92.1 0.2 92.1 0.2
Cr# 22.3 4.4 21.4 1.9 21.0 2.1 21.2 5.1 17.6 3.0 21.4 3.9 18.9 2.3 15.2 3.1
Wo 1.3 0.5 1.8 0.8 2.0 0.7 1.5 0.4 1.4 0.4 1.3 0.4 1.6 1.0 1.2 0.4
En 90.9 0.5 90.6 0.7 90.0 0.6 91.2 0.4 90.8 0.4 91.0 0.3 90.6 0.9 91.0 0.5
Fs 7.8 0.2 7.5 0.2 8.0 0.3 7.3 0.2 7.8 0.2 7.7 0.2 7.8 0.3 7.8 0.2

Table 5
Average composition (wt%) and standard deviation (s) for analyses of olivine in each sample. n: number of spot analyses performed; Fo ¼ 100 � Mg/(Mg þ Fe2þ); e: below
detection limits.

Sample rock type n Mg 10 Mg 11 Mg 12 Mg 20 Mg 26 Mg 27 Mg 29 Mg 32 Mg 36

Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz. Hrz.

27 s 21 s 7 s 27 s 16 s 22 s 16 s 21 s 27 s

SiO2 40.26 0.26 40.41 0.24 39.91 0.26 40.31 0.31 40.48 0.25 40.39 0.40 40.51 0.26 40.34 0.23 40.35 0.35
TiO2 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01
Al2O3 0.00 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04
Cr2O3 0.05 0.14 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.00 0.01 0.02 0.00 0.01 0.01 0.01 0.02 0.05
FeO 7.92 0.49 7.88 0.27 8.89 0.08 8.30 0.41 7.52 0.13 7.83 0.28 7.90 0.18 8.04 0.16 7.90 0.26
MnO 0.10 0.03 0.10 0.03 0.13 0.03 0.11 0.03 0.09 0.03 0.09 0.04 0.10 0.03 0.10 0.03 0.10 0.03
MgO 50.48 0.38 50.59 0.44 49.69 0.35 50.06 0.47 50.97 0.23 50.70 0.34 50.77 0.28 50.90 0.23 50.77 0.45
NiO 0.40 0.05 0.38 0.05 0.39 0.04 0.40 0.07 0.41 0.05 0.40 0.04 0.37 0.06 0.38 0.05 0.40 0.03
CaO 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Na2O e e e e e e e e e e e e e e e e e e

K2O e e e e e e e e e e e e e e e e e e

S 99.24 99.39 99.04 99.22 99.50 99.45 99.69 99.81 99.53

Fo 91.90 0.01 91.96 0.00 90.88 0.00 91.48 0.00 92.35 0.00 92.02 0.00 91.97 0.00 91.85 0.00 91.97 0.00
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Fig. 5. MgO wt% versus Al2O3, CaO, SiO2 wt%, Sc, V, Ga and Ni diagram (MOR peridotites from Niu (2004), forearc harzburgite and SSZ dunite from Parkinson and Pearce (1998)).
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was carried out with a wavelength dispersive microprobe JXA
8900R (JEOL) at the Institute of Earth Sciences, Academia Sinica,
Taipei, Taiwan. The accelerating voltage and beam current were
15 kV and 12 nA respectively. The Fe3þ and Fe2þ contents of the
minerals were calculated based on stoichiometric criteria. The
detailed analytical procedure and precision were reported by
Shellnutt and Iizuka (2013). Analytical results are given in
Tables 2e5.
4.1. Whole-rock geochemistry

The low Al2O3 (0.44 wt% on average) and CaO (0.40 wt% on
average) contents testify their highly depleted nature.

The rare-earth element (REE) contents are very low (commonly
below the detection limits). Hence, the REEs were not used in this
study. The trace elements are also depleted in the studied samples,
many of which are below the detection limits, except elements such
as Ni, Sc, Co, Ga, and V, which are enriched in all samples. MgO
versus other oxides and Sc, V, Ga, Y, and Ni ppm discrimination
diagrams are used to distinguish the domains among forearc
harzburgites, SSZ dunites and MOR peridotites. These criteria show
that all harzburgites of the Guleman ophiolite plot within the
forearc harzburgites field (Fig. 5). In the CaO wt% versus Al2O3 wt%
diagram also, all harzburgites and dunites plot in the forearc peri-
dotite field (Fig. 6).
4.2. Mineral chemistry

4.2.1. Spinel
The harzburgite contains high-Cr with Cr# in the range of

66e80%. The Cr2O3 content of spinel in harzburgites is high with an
average of 52.45 wt%. The Al2O3 content displays narrow ranges
(10.04e19, 64 wt%). Spinels in harzburgites are chromian spinels
(the amount of TiO2 is 0.02e0.03 wt%) (Table 2).

TiO2 versus Al2O3 of spinel is used to distinguish between supra-
subduction zone ophiolites and MOR ophiolites (Kamenetsky et al.,
2001). This criterion shows that the peridotites of the Guleman
ophiolites are SSZ peridotites (Fig. 7). Mg# [¼100 � Mg/
(Mgþ Fe2þ)] versus Cr# in spinels is used to determine the tectonic
environment. The spinels plot in the forearc peridotites field
(Fig. 8). In the relationships between Cr# of spinel and Fo content of
olivines, the harzburgites plot within the olivine-spinel-mantle
array (OSMA) field in the diagram of Arai (1987; 1994a, 1994b)
indicating residual mantle peridotites. The Cr# of spinel is a good
indicator of the degree of partial melting for mantle-derived spinel
peridotite (Arai, 1994b; Dick and Bullen, 1984). When the harz-
burgites are plotted within the Arai diagram Arai (1994a), it can be
seen that the degree of partial melting is between 35% and 45%
(Fig. 8). The Cr# versus TiO2 plot of spinels is used to distinguish
between forearc and abyssal peridotite. The Guleman peridotites
plot within the forearc peridotite field (Fig. 9).



Fig. 6. Variation diagram of Guleman peridotite in CaO wt% versus Al2O3 diagram
(Pearce et al., 1992).

Fig. 7. Al2O3 wt% (in spinel) versus TiO2 wt% (in spinel) diagram (Kamenetsky et al.,
2001).

Fig. 8. Composition of spinels in Guleman peridotites, plotted on Mg# [¼100 � Mg/
(Mg þ Fe2þ) atomic ratio] versus Cr# [¼100 � Cr/(Cr þ Al) atomic ratio] diagram.
Abyssal peridotite and boninite field from Dick and Bullen (1984), forearc peridotite
field from Ishii et al. (1992); backarc basin basalts field from Allan (1994).
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4.2.2. Clinopyroxene
Clinopyroxene in harzburgites occurs as exsolution lamellas in

orthopyroxenes. Clinopyroxenes in the harzburgite are character-
ized by 0.37e0.54 wt% Cr2O3 and 0.01e0.03 TiO2 (Table 3). Using
the plot of Al2O3 in clinopyroxene versus the other oxides in cli-
nopyroxene; the harzburgites fall within the forearc peridotite field
(Fig. 10).
Fig. 9. Compositional relationship between Fo content of olivine and Cr# of spinel and
degree of partial melting in the harzburgite and dunite from the Guleman ophiolite.
OSMA: olivine-spinel mantle array; Arai, 1994a).
4.2.3. Orthopyroxene
The chemical composition of orthopyroxene in harzburgites is

enstatite with Mg# of 91.8e92.6%, 0.21e0.47% Cr2O3 and low TiO2

(<0.02 wt%) (Table 4).
4.2.4. Olivine
The chemical composition of olivine is close pure forsterite, and

Mg# is 90.88e92.35%. The NiO content is 0.37e0.41 wt% (Table 5).
In the Fo (olivine) versus NiO wt% diagram, the studied olivine is
plotted in the forearc peridotites (Fig. 11).
5. Discussion and conclusion

Mantle peridotites of the Guleman ophiolite composed of
harzburgites and dunite lenses with chromitite are interpreted to
be restites that experienced high degrees of partial melting beyond
the stability of clinopyroxene and therefore represent refractory
mantle (see Fig. 12). Earth has had mantle since shortly after it



Fig. 12. Relationship between Fo of olivine contents and NiO wt% in olivine of Guleman
peridotite. Forearc peridotites field from Ishii et al. (1992) various areas for mantle
peridotites from Constantin et al. (1995).

Fig. 10. Relationship between Cr# and TiO2 wt% of spinels in studied harzburgites (the
abyssal peridotites field from Dick and Bullen, 1984; Arai, 1994a; the forearc peridotite
field from Bloomer and Hawkins, 1983; Bloomer and Fisher, 1987; Ishii et al., 1992;
Parkinson and Pearce, 1998).
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formed, but it has been modified by melt extraction and mixing
with subductedmaterials. Idealized compositions are useful for this
discussion. For example, “primitive” mantle (PM) refers to an
idealized chemical composition after the core segregated but
before the continental crust was extracted (Stern et al., 2012).
Several studies have estimated PM compositions, including high
(89e90%) Mg# [¼100 � Mg/(Mg þ Fe2þ)], 2.8e3.7 wt% CaO and
3.5e4.5 wt% Al2O3 (Lyubetskaya and Korenaga, 2007). Primitive
Mantle (PM) is known as lherzolite. Partial melting of PM di-
minishes the abundance of clinopyroxene, CaO and Al2O3 and in-
creases Cr# in the residual spinel. Peridotite compositions are
sensitive indicators of tectonic setting (e.g., Bonatti and Michael,
Fig. 11. Relationship between Al2O3 wt% and other oxides wt% in clinopyroxenes from Gule
et al. (2000).
1989). Some major oxides such as Al2O3 and CaO are especially
useful for evaluating the degree of partial melting and peridotite
depletion (Ishii et al., 1992; Pearce et al., 1992). Clinopyroxene
contains nearly all CaO in peridotite, whereas spinel contains nearly
35% Al2O3. Melt depletion reduces the proportion of clinopyroxene,
so the residue progressively changes from lherzolite to harzburgite,
and extrememelt depletion yields dunite (Stern et al., 2012). Modal
mineralogy and primary mineral compositions of the upper mantle
peridotites are considered as a key to constrain the extent of partial
melting, fluid phase enrichment, and mantleemelt interaction
processes subsequent to melt extraction (Bonatti and Michael,
1989; Choi et al., 2008; Hellebrand et al., 2001; Morishita et al.,
man peridotites. Forearc peridotite field from Parkinson and Pearce (1998) and Pearce



Fig. 13. Schematic model for the formation and evolution of the Southeast Anatolian ophiolites.
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2011; Seyler et al., 2007). Pyroxenes in the SSZ peridotites, which
experienced higher degrees of partial melting, are depleted in the
moderately incompatible elements such as Al, Ti, and Na. Olivine in
these peridotites also has higher Fo contents. These characteristic
features are commonly found in minerals in equilibrium with
boninitic melt (Zhou et al., 1996; Melcher et al., 1997). The Al2O3
content in pyroxenes and Cr-spinels of mantle peridotites are
sensitive to the degree of mantle melting, decreasing systematically
with increasing peridotite depletion.

The low Al2O3 (0.44 wt% on average) and CaO (0.40 wt% on
average) contents of harzburgite and dunite of the Guleman peri-
dotite indicates their highly depleted nature, which is confirmed by
low clinopyroxene content. The harzburgites and dunites are
characterized by the high Cr# (>62.66%) of spinel and Fo of olivine
(90.9e92.3%). The harzburgites and dunites fall within the OSMA
field of the diagram of Arai (1987; 1994a, 1994b), indicating their
residual mantle peridotite composition. The Cr# of spinel is a good
indicator for the degree of partial melting of the mantle-derived
spinel peridotite (Dick and Bullen, 1984; Arai, 1994a). The Cr#
value is also useful in discriminating the tectonic setting of peri-
dotites. All Cr# values of the spinels in the Guleman peridotites
indicate a high degree of partial melting (>30%) and a forearc tec-
tonic setting environment. The diagrams, which are useful to
discriminate the tectonic settings, indicate that the Guleman peri-
dotites were formed in a forearc setting (Figs. 4e11). The unusually
depleted nature of forearc peridotites requires unusual melting
conditions: abnormally high temperature, volatile flux, or both.
Highly depleted harzburgites, dunites and chromitites in the
ophiolites form by second-stage melts of the mantle wedge over-
lying the new subduction zone. These melts form in response to
continued melting of previously depleted asthenosphere brought
about by increasing flux of fluids and melts from the subducting
slab (Shervais, 2000). According toWhattam and Stern (2011), most
ophiolites are fragments of exhumed forearcs, and forearcs formed
during subduction initiation allowing us to use ophiolites to
explore how subduction zones form. The Guleman mantle peri-
dotites contain many podiform chromite deposits with high Cr#
chromites (Cr# values in the range of 61e89%; Akmaz et al., 2014).
Chrome from both chromititea and mantle peridotites of ophiolites
are used as indicators of their tectonic setting of formation (Dick
and Bullen, 1984; Kamenetsky et al., 2001; Arai et al., 2006). A
general agreement has emerged that chromitites form in the
depleted mantle section of ophiolites from the supra-subduction
zone (SSZ) environments due to melterock or meltemelt interac-
tion (Zhou et al., 1994, 1998; Ballhaus, 1998; Melcher et al., 1999;
Uysal et al., 2005, 2007a,b,c; Rollinson and Adetunji, 2013). Arai
and Miura (2015, 2016) reported that podiform chromitites form
in a sub-arc magmatic setting and beneath mid-ocean ridges. Ac-
cording to these researchers, the Cr# of chromite of mid-ocean
mantle peridotites is similar to that in the host harzburgite. This
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is contrary to the observation that the Cr# of chromite is higher in
chromitites than in host mantle peridotites in ordinary ophiolites
or peridotite massifs. The Cr# of chromite of Tethyan ophiolites;
such as Bulqiza, Eastern Mirdita ophiolite (Albania), Lycian,
Pozantı-Karsantı, Kızılda�g, Guleman ophiolites (Turkey), Iran
ophiolites, Northern Oman and Isabela-Philippines ophiolites have
high Cr# of chromite (Bing€ol, 1978; Xiong et al., 2015; Uysal et al.,
2005; Akbulut et al., 2016; Chen et al., 2015; Shafaii Moghadam
et al., 2015; Arai and Miura, 2015, 2016) are mostly high. Accord-
ing to the researchers Arai and Yurimoto (1994); Gonz�alez-Jim�enez
et al. (2014); Noller and Carter (1986) and Zhou et al. (1994),
magma mixing is an essential factor for podiform chromitite for-
mation in the mantle. It requires a harzburgiteemelt reaction, so
the chemical composition of the wall peridotite is very important
(Arai, 1997; Arai and Abe, 1995). In a wall comprising highly re-
fractory harzburgite containing chromite with Cr# >70%, the melt
may have a high degree of chromite oversaturation (Arai, 1997). In
this case, the chromitites contain chromite with high Cr# (Arai and
Miura, 2015). The excess occurences of high Cr# chromite deposits
indicate that the mantle wedge has been extremely depleted by
partial melting. This extremely partial melting may occur in a
forearc setting during subduction initiation (Stern et al., 2012).

Akbulut et al. (2016) studied major-, minor- and trace-element
geochemistry of high-Cr chromites (ophiolitic podiform chromi-
tites) from the Lycian and Antalya peridotites in southwestern
Turkey and suggested a polygenetic origin from a range of arc-type
melts within forearc and backarc settings. They also studied zircons
in the chromitites and distinguished two types of zircons; (i) xen-
ocrystic zircon, (ii) young zircon grains originating either from
metasomatism of mantle peridotite or ocean crust recycled during
subduction. According to them, the UePb age of 88 ± 1.6 Ma of
young zircons dates the timing of its crystallization. This age
remarkably coincides with the proposed timing of the intra-oceanic
subduction and initiation of the contraction of the Neotethys
Oceanic Basin (Akbulut et al., 2016). This age of subduction also
coincides with the formation age of the Guleman ophiolite.

Beyarslan and Bing€ol (2014) suggested that the Southeastern
Anatolian ophiolites represent remnants of a Late Cretaceous
oceanic forearc formed along the southern margin of Eurasia. The
Guleman ophiolites and other southeast Taurus ophiolites are
classic examples of Tethyan ophiolites that were obducted onto a
passive continental margin and exposed by isostatic rebound of the
continental margin beneath the ophiolites. Rifting between the
Arabian Plate and Taurid Carbonate or Anatolian Plate to form the
south branch of the Neo-Tethys Ocean began in the Late Triassic
(Şeng€or and Yılmaz, 1981; Robertson, 2002). This Neo-Tethyan
ocean basin persisted until the Late Cretaceous. The formation of
the ophiolite above a northern dipping subduction zone began
sometime in the Cretaceous (Beyarslan and Bing€ol, 2014). Devel-
opment of the Eastern Taurus ophiolites is shown schematically in
Fig. 13.
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