
inTroducTion

Over the past three decades, petrologic and geochemical
studies of cumulate rocks have played a significant role in
clarifying their petrogenesis and the magma chamber
processes (Juteau and Whitechurch, 1980; Thy, 1987; 1990;
Hébert and Laurent, 1990; Parlak et al., 1996; 2000; 2002;
Bağcı et al., 2005; 2006; İlbeyli, 2008; Sarıfakıoğlu et al.,
2009; Bağcı, 2013; Parlak et al., 2013). Furthermore, the re-
lationship between cumulate rock composition and an is-
land-arc tectonic setting have been proposed for the Eastern
Mediterranean ophiolites (Burns, 1985; DeBari et al., 1987;
DeBari and Coleman, 1989; Spandler et al., 2003).

Late Cretaceous ophiolites in Turkey crop out in five su-
ture zones: the Pontide, Anatolian, Tauride, SE Anatolian,
and peri-Arabian ophiolites (Fig. 1) (Robertson, 2002). The
well-documented Neotethyan ophiolites of Turkey show a
suprasubduction zone (SSZ) geochemical signature (Yalınız
et al., 1996; Parlak et al., 1996; 2000; 2002; 2004; 2009;
2013; Beyarslan and Bingöl, 2000; Robertson, 2002; Robert-
son et al., 2006; 2007; Bağcı et al., 2005; 2006; 2008; Rıza-
oğlu et al., 2006; Bağcı and Parlak, 2009; Dilek and Thy,
2009). However, only limited petrologic and geochemical da-
ta (Camuzcuoğlu, 2012; Metin et al., 2013) are available for
ophiolitic rocks from the area between Hekimhan and Kulun-
cak, which is northwest of Malatya, in the Tauride belt (Figs.
1, 2). In this paper, we focus on the mafic cumulate rocks of
the Kuluncak (Malatya) ophiolite. The aims of this study are
(1) to provide whole-rock and mineral chemistry of mafic cu-
mulate rocks, (2) to compare the obtained results with data on
the eastern Mediterranean ophiolites and (3) to emphasize the
occurrence of cumulate rocks and their tectonic significance.

regional geology

The Kuluncak-Hekimhan-Hasançelebi region (Fig. 2) is
in the Eastern Tauride system and consists of Jurassic-Cre-

taceous neritic limestones, Late Cretaceous ophiolitic rocks,
and latest Cretaceous-Late Eocene sedimentary and igneous
rocks of the Hekimhan Basin (Gürer, 1992; 1994; Metin et
al., 2013; Booth et al., 2014). The stratigraphically oldest
unit is composed of carbonate platform rocks, locally named
Geniz Formation (Booth et al., 2014). This formation is tec-
tonically overlain by Late Cretaceous ophiolitic rocks. The
Hekimhan Formation, which unconformably overlies the
ophiolitic rocks, contains carbonate and clastic rocks and
represents marine transgression within the Hekimhan Basin
(Gürer, 1994; Booth et al., 2014). The Maastrichtian sedi-
mentation was contemporaneous with the formation of vol-
canogenic rocks, known as the Hasançelebi Formation,
which includes (extrusive and intrusive) rocks and associat-
ed clastic sediments. The extrusive volcanic rocks consist of
basaltic pillow lavas, lava flows and volcanic breccias. The
intrusive basaltic dykes cut the Hasançelebi Formation lavas
and the Hekimhan Formation sediments. The alkaline
Yüceşafak syenite consists mainly of syenite and quartz
syenite, with minor monzonite or quartz monzonite, which
have been chemically modified by metasomatic, hydrother-
mal, or weathering processes. Isolated syenitic dykes cut the
basaltic rocks of the Hasançelebi Formation. The Akpınar
Formation, which overlies Maastrichtian limestones, con-
sists primarily of sedimentary rocks of Paleocene-Eocene
age (Gürer, 1992; Metin et al., 2013; Booth et al., 2014).
Oligocene clastics (Kamatlar Formation) unconformably
overlie the Akpınar Formation and consist mainly of red flu-
vial sandstones and conglomerates. The Kamatlar Forma-
tion is unconformably overlain by Miocene limestones
(Boyralı Formation). This unit is overlain by Late Miocene-
Pliocene volcanic rocks (Yamadağ volcanics), which consist
of pyroclastics, andesites and basalts (Yalçın et al., 1998).
The contact between the surficial Quaternary alluvium and
the underlying units is an angular unconformity.

Dismembered Neotethyan ophiolitic rocks crop out be-
tween Hekimhan and Kuluncak approximately 80 km
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ABSTRACT

The Kuluncak (Malatya) ophiolite in the Eastern Tauride, Turkey, consists of mantle tectonites, ultramafic-mafic cumulates, isotropic gabbros, a sheeted
dike complex, plagiogranites, and a volcanic complex. The best exposure of the mafic cumulate rocks of the Kuluncak ophiolite is in the Hekimhan region,
where they are represented by olivine gabbro and gabbro showing orthocumulate to mesocumulate textures. The cumulus and postcumulus minerals do not
show significant zoning. The crystallization order of the cumulates is olivine, plagioclase, clinopyroxene and orthopyroxene. Whole-rock major- and trace-ele-
ment geochemistry of the mafic cumulate rocks indicates that the primary magma generating the Kuluncak ophiolite is similar in composition to those ob-
served in modern island-arc tectonic settings. Rare earth element (REE) concentrations of the mafic cumulates exhibit depleted light rare earth element (LREE)
patterns, with CeN/SmN and CeN/YbN ratios ranging from 0.21 to 0.75 and from 0.17 to 0.66, respectively. The coexistence of anorthite-rich plagioclase (An73.4-

93.7), highly magnesian olivine (Fo65.2-86.9), clinopyroxene (Mg#75-92.1), and orthopyroxene (Mg#77.6-84.3) in the cumulate gabbroic rocks is indicative of an intra-
oceanic subduction setting and suggests that the Kuluncak ophiolite was formed during the Late Cretaceous closure of the Inner Tauride Ocean.
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Fig. 1 - Distribution of the Neotethyan ophiolites
and major tectonic features in Eastern Mediter-
ranean region (from Dilek and Flower, 2003). AC-
Antalya Complex; IPO- Intra Pontide Ophiolites;
BHN- Beyşehir-Hoyran Nappes; İAESZ- İzmir-
Ankara-Erzincan Suture Zone; MO- Mersin Ophio-
lite; PO- Pindos Ophiolite; VO- Vourinous Ophio-
lite; AO- Aladağ Ophiolite; DO- Divriği Ophiolite. 

Fig. 2 - Simplified geological map of the Kuluncak-
Hekimhan region (modified from the 1:500.000 Geo-
logical map of Turkey, Sivas sheet, MTA, 2002).
The location of Fig. 4 is indicated as “Study area”.

02Camuzcuoglu 81 COLORE_Layout 1  26/07/17  12:12  Pagina 82



northwest of the city of Malatya in the Eastern Tauride
Mountains (Fig. 2). The ophiolitic rocks, locally called the
Hocalıkova ophiolites (Gürer, 1992; 1994), represent a dis-
rupted and incomplete ophiolite sequence. The ophiolites
are extensively exposed in the area under investigation (Fig.
2), whereas the Mesozoic Tauride carbonate platform is ex-
posed to the west. Approximately 70 km farther west, small
outcrops of dismembered ophiolites are exposed along the
southwestern margin of the Darende Basin. The dismem-
bered ophiolites, renamed the Kuluncak ophiolite, can be re-
stored as a complete ophiolite sequence consisting of the
following rocks, from the bottom to the top: mantle tec-
tonites, ultramafic-mafic cumulates, isotropic gabbros, a
sheeted dike complex, plagiogranites and a volcanic com-
plex (Fig. 3) (Yılmaz et al., 2005; Rızaoğlu et al., 2010; Ca-
muzcuoğlu, 2012; Camuzcuoğlu et al., 2013; Metin et al.,
2013). The contact relations between the subunits of the
ophiolite are mainly tectonic. The mantle tectonites, cumu-
lates and isotropic gabbros are intruded by isolated dikes.

In the study area, the mantle tectonites are well exposed
at Kösrelik, Karatepe and Ataçoğluevsünü (Figs. 4, 5a) and
consist of dunites, harzburgites, serpentinites and chromi-
tites. Locally, rodingite veins and dykes cut across the peri-
dotites and serpentinites (Fig. 5b). The rodingites are mainly
composed of hydrogarnet, clinozoisite, wollastonite, amphi-
bole, plagioclase, chlorite and titanite (Camuzcuoğlu and
Bağcı, 2016). The ultramafic-mafic cumulate rocks display
igneous layering, cross-bedding, graded bedding and other
cumulate structures (Fig. 5c-e). The ultramafic cumulates
are dominated by dunites, wehrlites and pyroxenites, where-
as the gabbroic cumulates are represented by low-Ti olivine-
gabbros and gabbros. The mafic cumulate rocks in the Ku-
luncak ophiolite crop out mainly along Pamuklu Tepe to the
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Fig. 3 -Synthetic log of Kuluncak (Malatya) ophiolite (Rızaoğlu et al.,
2010; Metin et al., 2013).

Fig. 4 - Geological map of the southern Hekimhan region (Camuzcuoğlu, 2012).
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southeast and Keklicek Tepe to the northwest. The isotropic
gabbros are gabbroic and dioritic or quartz dioritic in com-
position and have granular to ophitic or subophitic textures.
The sheeted dike complex is composed of diabasic dykes
(Yılmaz et al., 2005), whereas the isolated dykes are made
up of dolerite and microdiorite with ophitic, intersertal and
microgranular textures (Rızaoğlu et al., 2010). The volcanic
complex consists mainly of pillow basalts covered by radio-
larites, cherts, pelagic limestones and hemipelagic mud-

stones (Rızaoğlu et al., 2010; Metin et al., 2013). Brown-
and red- to pink-colored pelagic limestones are observed on
Kızılceviz Tepe and Kızılca Tepe. The Keklicek granitoid
intrudes cumulate rocks at Keklicek Tepe in the study area.
The Kuluncak ophiolitic sequences are unconformably over-
lain by Maastrichtian post-emplacement reddish-brown
clastic sediments, pertaining to the Karadere Formation and
the transgressive Hekimhan Formation, which consists of al-
ternating clastics and carbonates.

Fig. 5 - (a) Field relations and rocks units of the Kuluncak ophiolite; (b) rodingitized dyke (white) in serpentinized peridotite; (c, d) igneous layering and lami-
nation (e) cross bedding in the mafic cumulate rocks.
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sampling and analyTical meThods

For petrographic and chemical analyses, samples were
collected around the village of Hekimhan and to the south of
the Hasançelebi from outcrops of the mafic cumulates within
the Kuluncak (Malatya) ophiolite (Figs. 2, 3). A total of 25
selected samples (15 olivine gabbros and 10 gabbros) were
analyzed for major and trace elements at ACME Analytical
Laboratories in Vancouver, Canada. After LiBO2 fusion and
nitric-acid digestion of the rock powders, major-element,
trace-element, and REE analyses were performed on the so-
lutions by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). Loss on ignition (LOI) was calculated
as the weight difference after ignition at 1000°C. Detection
limits range from 0.002 to 0.04 wt% for major oxides, 0.1 to
8 ppm for trace elements and 0.05 to 0.1 ppm for REEs. 

Microprobe analyses were performed on approximately
480 points in 6 representative polished thin sections from the
mafic cumulates of the Kuluncak ophiolite. Mineral compo-
sitions were determined using a CAMECA SX-100 electron
microprobe at the Institute of Mineralogy in Hannover, Ger-
many. The analytical conditions were 15kV for the accelera-
tion voltage, 15nA for the beam current and 10 to 30 secs of
counting time for silicates. Raw data were revised by a PAP
(Pouchou and Pichoir, 1984) matrix correction. The micro-
probe detection limits in weight percent for the oxides are
0.09 for Si, Mg; 0.07 for Al, Ca and Na; 0.13 for Fe and Mn;
0.04 for Ti; 0.08 for Cr; 0.02 for K; and 0.10 for Ni.

peTrography and mineral chemisTry

The mafic cumulates of the Kuluncak (Malatya) ophiolite
are composed of olivine gabbros and gabbros characterized
by orthocumulate and mesocumulate texture (cf. Wager et
al., 1960) with cumulus and intercumulus olivine, clinopy-
roxene and plagioclase. The olivine gabbros (Fig. 6a) con-
sist mainly of 40-55 vol% plagioclase with a grain size of
0.05-0.75 mm, 21-43 vol% clinopyroxene with a grain size
of 0.05-0.9 mm, 10-25 vol% olivine with a grain size of
0.05-1.25 mm and 2 vol% intercumulus anhedral orthopy-
roxene with a grain size of 0.02-0.15 mm, 2 vol% intercum-
ulus amphibole (Fig. 6b) with a grain size of approximately
0.02 mm. The gabbros (Fig. 6c) are made of 43-64 vol%
plagioclase with a grain size of 0.05-0.8 mm, 32-51 vol%
clinopyroxene with a grain size of 0.05-0.5 mm and 5-8
vol% olivine with a grain size of 0.05-0.4 mm. Clinopyrox-
ene is partly or completely altered to green-brown amphi-
bole in gabbroic samples (Fig. 6d). The serpentine, fibrous
actinolite, sericite, kaolinite and opaques (Fe-Ti oxides) are
the retrograde minerals. The olivine inclusion in a plagio-
clase (Fig. 6e) and plagioclase inclusion in a clinopyroxene
(Fig. 6f) indicate that the crystallization order for the cumu-
late gabbros of the Kuluncak (Malatya) ophiolite is olivine,
plagioclase, clinopyroxene, orthopyroxene and amphibole.
Petrographic features of the cumulate rocks are given in
Table 1, and the results of microprobe analyses are summa-
rized below (Tables 3, 4, 5, 6, 7).
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Table 1 - Summary of petrographic features of the mafic cumulate rocks of the Kuluncak (Malatya) ophiolite.
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Olivine
The olivines are unzoned and have Fo contents of 65.2 in

gabbros and from 72.5 to 86.9 in olivine gabbros. The NiO
content decreases from olivine gabbros to gabbros and
varies within the range 0.10-0.16 wt% in the mafic cumu-
lates (Table 3). 

Clinopyroxene
The clinopyroxenes are unzoned, and their compositions

are shown in the pyroxene quadrilateral in Fig. 7a. In terms
of the quadrilateral components, cumulus clinopyroxene
composition is En43.2-55.4Fs4.2-14.3Wo35.8-48.1 in olivine gabbro
and En41.6-47.4Fs6.8-14.3Wo41.7-47.4 in gabbros. The clinopyrox-
enes crystallizing in cumulates have diopsidic to augitic

86

Fig. 6 - Microstructure of the mafic cumulate rocks of the Kuluncak (Malatya) ophiolite: (a, b) mesocumulate olivine gabbro; (c) mesocumulate gabbro; (d)
amphibole replacing the clinopyroxene in gabbro; (e) subhedral olivine included in plagioclase; (f) euhedral plagioclase included in clinopyroxene. Cross-po-
larized light (a, c, e, f), plane-polarized light (d) and back-scattered electron image (b). Mineral abbreviation from Whitney and Evans (2010).
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composition. The Cr2O3 content of the clinopyroxenes vary
between 0.12-0.51 wt% in olivine gabbro and 0.11-0.24
wt% in gabbro. The TiO2 content of the clinopyroxenes is in
the range 0.20-0.48 wt% in olivine gabbro and 0.14-0.73
wt% in the gabbros. The Mg number (Mg# = Mgx100/Mg +
Fetot) of the clinopyroxenes ranges from 77.8 to 92.1 in
olivine gabbros and from 75.0 to 87.2 in gabbros (Table 4). 

Orthopyroxene
The orthopyroxenes are unzoned and are hypersthene in

composition (Fig. 7a). In terms of quadrilateral components,
orthopyroxene compositions are En76.8-83.5Fs15.7-21.5Wo0.7-1.8
(Table 5), and Mg# ranges from 77.6 to 84.3.

Plagioclase
Representative analyses for the plagioclases in the mafic

cumulates indicate anorthite contents between 76.4-93.7
mol% in olivine gabbros and 73.4-86.8 mol% in gabbros
(Table 6).

Amphibole
The primary amphiboles in the olivine gabbros are repre-

sented by pargasitic hornblende (Fig. 7b). They contain 12-
15.1% Al2O3, 0.5-0.6% TiO2, 2.5-2.6% Na2O and 0.1% K2O
by weight. In contrast, the amphiboles in the gabbros are
secondary, derived from alteration of pyroxenes, due to in-
teraction of gabbros with seawater-derived hydrothermal
fluids and represented by mainly tschermakitic hornblende
or tschermakite (Fig. 7b) and contain 10.6-15% Al2O3, 0-
2.6% TiO2, 1.9-2.7% Na2O and 0-0.1% K2O by weight.
Mg# of the amphiboles ranges from 75.8 to 77.3 for olivine
gabbros and from 68.8 to 71.6 for gabbros (Table 7).

whole-rocK chemisTry

The major-element, trace-element and REE contents of
the mafic cumulates are listed in Table 2. LOI values range
from 0.9 to 5.4 wt% for the olivine gabbros and from 1.2 to
4.3 wt% for the gabbros. The highest LOI values measured

in these rocks reflect variable secondary alteration, which is
indicated by the presence of retrograde minerals (i.e., ser-
pentine and amphibole) as discussed in the “Petrography
and Mineral Chemistry” section.

Variations and correlations of some selected major and
trace elements are presented in Fig. 8a-i. SiO2 and Al2O3
show positive correlations with MgO, while TiO2 and CaO
do not show any correlation with MgO (Fig. 8a-d); Sr and
Ga show negative correlation (Fig. 8e, f), whereas Ni, Co
and Cr exhibit positive correlation with MgO (Fig. 8g-i).

The olivine gabbros show relatively low SiO2 (42.46-
48.07 wt%) and contain 12.86-20.43 wt% Al2O3, 0.45-1.39
wt% Na2O, 51.1-292.9 ppm Sr, 7.8-11.5 ppm Ga, 59-427.6
ppm Ni (high), 29.3-69.1 ppm Co and 321.6-1067.4 ppm
Cr. In contrast, the gabbros show relatively high SiO2
(45.08-50.58 wt%) and contain 15.25-27.76 wt% Al2O3,
0.77-3.14 wt% Na2O, 125.2-322 ppm Sr, 10.1-15.3 ppm Ga,
14.6-82.4 ppm Ni (low), 21.5-42.6 ppm Co and 13.7-513.2
ppm Cr (Table 2).

The chondrite-normalized REE and spider diagrams for
the mafic cumulate rocks normalized to normal mid-ocean
ridge basalt (N-MORB) are presented in Fig. 9. The REE
concentrations of the olivine gabbros are 0.2 to 7.4 fold
times that of chondritic abundance (Fig. 9a). They exhibit
downwardly convex LREE patterns. The ratio CeN/SmN
ranges from 0.21 to 0.50, and CeN/YbN, from 0.17 to 0.56,
but one olivine gabbro sample (H30) shows slightly LREE-
depleted patterns. The gabbros contain 0.42-11.76 times
chondritic abundances and are characterized by variously
LREE-depleted patterns and CeN/SmN that ranges from 0.21
to 0.75 and CeN/YbN from 0.19 to 0.66 (Fig. 9b). Two gab-
bro samples (H45 and H46) show slightly LREE-depleted
patterns while others display REE patterns similar to those
of the olivine gabbros. The N-MORB-normalized multi-ele-
ment diagram of the mafic cumulate rocks indicates that
they generally are depleted in high field strength (HFS) ele-
ments (Nb, Zr, Hf, Ti), whereas some enrichment of large-
ion lithophile (LIL) elements (Rb, Ba, K, Sr) has been ob-
served in some samples (Fig. 9c, d).

Fig. 7 - (a) Pyroxene ternary diagram showing clinopyroxene and orthopyroxene compositions from the mafic cumulate rocks (nomenclature from Morimoto
et al., 1988). Fields of island arc gabbroic rocks and Skaergaard trends are from Burns (1985), (b) Plot of Al(IV) versus cations in A-site for amphibole in the
cumulate gabbros (nomenclature from Leake, 1978).
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discussion

New petrologic and geochemical data obtained in the pre-
sent study from the cumulates of the Kuluncak (Malatya)
ophiolite suggest that mafic cumulate rocks evolved by frac-
tional crystallization and gravitational differentiation. The
mineral chemistries of olivine, orthopyroxene, clinopyroxene
and plagioclase within cumulates have been used to establish
the tectonic setting for cumulates of the ophiolitic sequences
(Elthon et al., 1982; 1984; Komor et al., 1985; Burns, 1985;
Thy, 1987; 1990; Hébert and Laurent, 1990; Parlak et al.,
2000; 2002; Bağcı et al., 2005). On this basis, the petrogene-
sis and tectonic implications are discussed below.

petrogenesis

The cumulates define a trend that is consistent with the
progressive removal of cumulate phases, such as olivine,
clinopyroxene and plagioclase, from the magma. The over-
all differentiation trend is from highly magnesian olivine
gabbros to gabbros rich in Al2O3, CaO and Sr (Table 2, Fig.
8c-e). The high Al2O3 and CaO contents of the cumulates
are evidence of crystallization of Ca-rich plagioclase (An73-

94) within the magma chamber of the Kuluncak ophiolite.
The Sr content of the gabbroic cumulates increases notably
with decreasing MgO, owing to the increasing modal pla-
gioclase in the gabbroic cumulates (Grove and Baker, 1984;
Beard, 1986). The Ga content of the cumulate rocks is nega-
tively correlated with MgO (Fig. 8f) since the Ga is incom-
patible element in olivine. The compatible trace elements,
such as Ni, Co and Cr, decrease from notably high values in
the olivine gabbros to much lower values in the gabbros
(Table 2, Fig. 8g-i), which is consistent with fractionation of
olivine, spinel and clinopyroxene. The REE and multi-ele-
ment patterns of the mafic cumulates exhibit slight enrich-
ment in LIL elements and negative Nb and Zr anomalies
(Fig. 9c, d). High concentrations of LIL relative to HFS ele-
ments in subduction zone magmas originate from fluids
and/or siliceous melts derived from a subducting oceanic
slab. These slab-derived fluids have high concentrations of
LIL elements, whereas HFSE and Nb are retained in the
slab (Pearce, 1982; Arculus and Powel, 1986; Yogodzinski
et al., 1993; Wallin and Metcalf, 1998). The slab-derived
fluid, the subducted sediment, and the overlying mantle
wedge are the three main sources for the trace-element sig-
nature of subduction-related magmas (Perfit et al., 1980;

94

Fig. 8 - Selected major and trace element variation diagrams of the mafic cumulate rocks of the Kuluncak (Malatya) ophiolite. Symbols as in Fig. 7.
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Pearce, 1982; Arculus and Powell, 1986). The incompatible
element patterns are comparable to those of the cumulate
gabbros from the Kızıldağ ophiolite (Dilek and Thy, 2009),
cumulate gabbros from the Neyriz ophiolite (Moghadam
and Stern, 2014) and the ultramafic-mafic cumulates from
the ophiolitic rocks of the southern Kahramanmaraş
Province (Bağcı, 2013; Tanırlı and Rızaoğlu, 2016).

In SSZ ophiolites, clinopyroxene and sometimes or-
thopyroxene commonly crystallize before plagioclase
(Pearce et al., 1984). Jacques and Green (1980) demonstrat-
ed that the first phase crystallizing after olivine in a cumu-
late series is determined by the degree of partial melting that
occurred in the lherzolite mantle source region. Olivine →
plagioclase corresponds to low, olivine → clinopyroxene to
medium, and olivine → orthopyroxene to high degrees of
partial melting. Ishiwatari (1985) demonstrated that the
TiO2 content of the clinopyroxene within these three kinds
of crystallization trends may be an indicator of the next
phase crystallizing after olivine: (1) plagioclase-type cumu-
lates have high TiO2 (0.6-0.8 wt%), (2) clinopyroxene-type
cumulates have moderate TiO2 (0.4 wt%) and (3) orthopy-
roxene-type cumulates have low TiO2 (0.1 wt%). The order
of crystallization in cumulates and the average TiO2 con-
tents of clinopyroxenes (0.20-0.48 wt% in olivine gabbros
and 0.14-0.73 wt% in gabbros) from cumulates of the Ku-
luncak ophiolite are consistent with a parental magma being
generated by a low to moderate degree of partial melting,
leaving a mantle residue represented by the harzburgites. 

The extremely low Ti contents of the clinopyroxenes in
the cumulates of the Kuluncak ophiolite support crystalliza-
tion of clinopyroxenes from a Ti-poor magma (Fig. 10a). Ti
in clinopyroxenes is believed to reflect the degree of deple-
tion of the mantle source and the Ti activity of the parent

magma (Pearce and Norry, 1979). The absence of lherzolitic
ultramafic rock type in the mantle tectonites and the ex-
tremely low Ti contents of the clinopyroxenes in the cumu-
lates suggest that one or several earlier partial melting
events removed the Ti from the mantle clinopyroxenes
(Hébert and Laurent, 1990). Remelting of previously deplet-
ed peridotite might lead to such depletion (Duncan and
Green, 1980). This magmatic process is believed to be re-
sponsible for crystallization of the Ti-poor clinopyroxenes
in the cumulate rocks from the Kuluncak ophiolite. Ti-poor
magma was the source for the ophiolites that formed in a
SSZ setting, whereas the MORB-type ophiolites are charac-
terized by relatively high Ti contents. Low Ti contents have
been reported for clinopyroxenes in Eastern Mediterranean
ophiolitic basalts and plutonic rocks, including the Pindos
and Troodos ophiolites (Capedri and Venturelli, 1979),
Oman ophiolite (Pallister and Hopson 1981), Bay of Islands
ophiolite complex (Malpas, 1978), Sarıkaraman ophiolite
(Yalınız and Göncüoğlu, 1999), Pozantı-Karsantı ophiolite
(Parlak et al., 2000; 2002), Kızıldağ ophiolite (Bağcı et al.,
2005), Tekirova ophiolite (Bağcı et al., 2006) and the ophi-
olitic rocks from the southern Kahramanmaraş Province
(Bağcı, 2013; Tanırlı and Rızaoğlu, 2016).

The Cr2O3 content of cumulate clinopyroxenes decreases
with their decreasing Mg#, a correlation that may be related
to gradual Cr impoverishment of the magma with differenti-
ation (Hodges and Papike, 1976). This correlation is plotted
in Fig. 10b. Most of the clinopyroxenes in the gabbros and
some clinopyroxenes in the olivine gabbros that have rela-
tively lower Mg# overlap with the field of low-pressure
clinopyroxenes of N-MORB (Elthon, 1987), whereas most
of the clinopyroxenes in the olivine gabbros and some
clinopyroxenes have relatively higher Mg# and plot outside
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Fig. 9 - Chondrite-normalized REE (a, b) and N-MORB normalized spider (c, d) diagrams for the mafic cumulate rocks of the Kuluncak (Malatya) ophiolite
(normalizing values are from Sun and McDonough, 1989).

02Camuzcuoglu 81 COLORE_Layout 1  26/07/17  12:12  Pagina 95



96

the field of low-pressure clinopyroxenes of N-MORB. This
different trend implies that mafic cumulates of the Kuluncak
ophiolite formed under low to moderate-pressure conditions
and are similar to those of the Pozantı-Karsantı ophiolite
(Parlak et al., 2000), the Bay of Island ophiolite complex
(Elthon et al., 1982; 1984), Troodos ophiolite (Hébert and
Laurent, 1990), Mersin ophiolite (Parlak et al., 1996) and
Tekirova and Kızıldağ ophiolites (Bağcı, 2004).

The presence of high An-content plagioclases in gab-
broic rocks from island arcs (Jaques, 1981; Dupuy et al.,
1982; Beard, 1986; Fujimaki, 1986; DeBari et al., 1987;
DeBari and Coleman, 1989; Thy et al., 1989), and has been
ascribed to the presence of H2O in the melt during crystal-
lization (Helz, 1973). Experimental data on the crystalliza-
tion of highly calcic plagioclases in cumulates indicate that
primary magmas with high (> 13) CaO/Na2O ratios
(Jaques, 1981) or basaltic melts with low CaO/Na2O ratios
(< 7) and high water pressure (2-6%) (Sisson and Grove,
1993). The high-Ca plagioclases in the mafic cumulate
rocks have been widely reported in cumulate rocks from
many supra-subduction zone-type ophiolites in the Eastern
Mediterranean region (Parlak et al., 1996; 2000; Hébert and
Laurent, 1990; Bağcı et al., 2005; 2006; Sarıfakıoğlu et al.,
2009; Bağcı, 2013). Pargasitic amphiboles also occur in
gabbroic rocks in subduction-related tectonic environ-
ments, such as island arc (Beard, 1986; Tiepolo and
Tribuzio, 2005), back-arc (Harigane et al., 2011) and ophi-
olitic settings (Tribuzio et al., 2000). The origin of parga-
sitic amphiboles, for some workers have proposed that it is
of igneous origin (Gillis, 1996; Tribuzio et al., 2000; Gillis
and Meyer, 2001; Coogan et al., 2001) whereas others have
argued for an origin hydrotermal which resulting from reac-
tions between igneous minerals and oceanic fluids (Camp-
bell et al., 1988; Michard, 1989; Gillis and Meyer, 2001).
The pargasitic amphibole was the final major phase to crys-

tallize in gabbroic rocks from Argentine and Alaskan lower
crustal suites (Debari, 1997), as a results of the reaction be-
tween the pyroxene and melt. This reaction is reported
melting experiments on hydrous basaltic composition (Helz
1973; Holloway and Burnham, 1972). The presence of the
pargasitic amphibole and An-rich plagioclase in the cumu-
late gabbros of the Kuluncak ophiolite indicates that they
were derived from a tholeiitic magma in an intra-oceanic
subduction-related setting where the melting of the mantle
wedge was facilitated by the addition of volatiles from the
subducting slab.

The Fe-Mg partition for the olivine-clinopyroxene pairs
is plotted in Fig. 11. The Fe-Mg distribution suggests that
olivines are chemically in equilibrium with clinopyroxenes
at a subsolidus state (Mori and Banno, 1973). The olivines
and clinopyroxenes are unzoned in the gabbroic cumulates
of the Kuluncak ophiolite. The olivine-clinopyroxene pairs
indicate high equilibration temperatures, above 700°C (Oba-
ta et al., 1974), for the gabbroic cumulates in the Kuluncak
ophiolite. The crystallization conditions of the cumulate
rocks were determined by several methods and calculations
(Brey and Köhler, 1990; Taylor, 1998). For olivine gabbros
from the cumulate rocks of the Kuluncak ophiolite, the two-
pyroxene thermometer of Brey and Köhler (1990) yielded
temperatures of 834-936°C (Table 8). The two-pyroxene
geo-thermo-barometer (Putirka, 2008) was used for estimat-
ing the temperatures and pressures of crystallization of the
olivine gabbros. This method yielded temperatures of 929-
943°C in equation 36 and 884-913°C in equation 37 and
pressures of 3.4-4.8 kbar for these rocks (Table 8). These
moderate pressure estimates suggest a depth of 10-15 km
for the crystallization of the olivine gabbros in the cumulate
rocks of the Kuluncak ophiolite. This implies that the cumu-
late gabbros were derived from the root of a nascent island
arc setting during Late Cretaceous.

Fig. 10 - (a) Covariation of Ti versus Al (IV) diagram for the clinopyroxenes from the mafic cumulate rocks. Fields of MORB, IAT and boninite are from
Beccaluva et al. (1989). Fields for the Pozantı-Karsantı ophiolite are from Parlak et al. (2000; 2002), Kızıldağ (Hatay) and Tekirova (Antalya) ophiolites are
from Bağcı (2004), (b) Cr2O3 versus Mg number in clinopyroxenes of the mafic cumulate rocks. Low-pressure Cpx field is from 1-atm experimental studies
of N-MORB (Elthon, 1987). Field of Bay of Island ophiolite complex ultramafic cumulates is from Elthon (1987). Field of clinopyroxenes in the ultramafic
and mafic cumulates of the Pozantı-Karsantı ophiolite is from Parlak et al. (2000; 2002).
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Tectonic implications

In the AFM diagram (Beard, 1986), the mafic cumulates
under investigation (Fig. 12) show enrichment from MgO
toward FeO. The composition of mafic cumulate rocks is
consistent with their formation in an arc-related tectonic
environment.

Burns (1985) reported that the iron-rich pyroxene 
(Fs6-13En45-40En81-63) coexisting with calcic plagioclase
(An75-100) in the gabbroic rocks of the Border Ranges ultra-
mafic-mafic complex (BRUMC) and their association with
magnetite are common in plutonic xenoliths in island-arc
rocks. Covariation of the Mg# in clinopyroxene with the An
content of the plagioclase from the mafic cumulates is shown
in Fig. 13, which shows that the cumulate samples that plot
within the field of arc-related gabbros differ from those of
gabbros formed at mid-ocean ridge setting and resemble gab-
broic rocks from the ophiolites of Mersin (Parlak et al., 1996),
Pozantı-Karsantı (Parlak et al., 2000), Kızıldağ (Hatay) (Bağcı
et al., 2005) and Tekirova (Antalya) (Bağcı et al., 2006). 
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Fig. 11 - Mg-Fe partition relations between olivine and clinopyroxene.
Isotherms (700°C and 550°C) are from Obata et al. (1974). Ultramafic-
mafic cumulates of the ophiolitic rocks of the southern Kahramanmaraş re-
gion from Bağcı (2013).

Fig. 12 - AFM compositions of the mafic cumulate rocks. Fields of cumu-
late and non-cumulate rocks are from Beard (1986).

Fig. 13 - Composition of coexisting plagioclase (An mol%) and clinopy-
roxene (Mg-number) in the mafic cumulate rocks. Fields of MORB and arc
gabbro are from Burns (1985). Fields for the Mersin and Pozantı-Karsantı
ophiolites are from Parlak et al. (1996; 2000), the Kızıldağ (Hatay) and
Tekirova (Antalya) ophiolites are from Bağcı et al. (2005; 2006).

Table 8 - Estimated temperatures (T) and pressures (P) for the olivine gabbros from the cumulate rocks.
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Plots of the covariation of the An content of plagioclase
with the Fo content of olivine and the En content of or-
thopyroxenes in cumulate rocks are presented in Fig. 14 to-
gether with some Eastern Mediterranean ophiolites and oth-
er well-documented tectonic settings. The mineral composi-
tion of the Kuluncak ophiolite cumulates indicates very lim-
ited fractionation and differs from compositions characteris-
tic of mid-ocean ridge oceanic cumulates. On the other
hand, they display compositions similar to cumulates from
the Eastern Mediterranean ophiolites (Hébert and Laurent,
1990; Parlak et al., 1996; 2000; Bağcı et al., 2005; 2006)
and from island-arc systems (Stern, 1979; Arculus and
Wills, 1980; Gust and Johnson, 1981; Fujimaki, 1986). The
high An contents of the plagioclases indicate that the cumu-
lates of the Kuluncak ophiolite did not crystallize under
low-pressure anhydrous conditions. Experimental studies
show that the effect of increasing pressure under anhydrous
conditions results in a decrease in the An content of plagio-
clase coexisting with olivine (Green, 1969; Bender et al.,
1978). The effect of high PH2O on the equilibrium plagio-
clase compositions in simplified systems is known to be an
increase in the An content (Yoder, 1969; Johannes, 1978;
Takagi et al., 2005; Hamada and Fujii, 2007). The crystal-
lization of the high-An plagioclase found in some island-arc
lavas requires PH2O and temperatures that exceed reason-
able estimates (Arculus and Wills, 1980; Gill, 1981). Arcu-
lus and Wills (1980) proposed that the addition of another
phase to the plagioclase-water system (e.g., quartz, diopside
or amphibole) would drastically lower equilibrium tempera-
tures and steepen the high An part of the solidus of the pla-
gioclase melting loop. 

The geological history of the Mediterranean region was
dominated by the opening of the Neotethys Ocean, mainly
during the Early Mesozoic (Robertson and Comas, 1998).
During the Triassic Period, one or several microcontinents
rifted from Gondwana and drifted northwards, thereby
opening a Mesozoic ocean basin (Şengör and Yılmaz,
1981; Robertson and Dixon, 1984). At the end of the Early
Cretaceous Period, depending on the opening of the South
Atlantic Ocean, the divergent regime passed through the
convergent regime in the Neotethys oceanic basin between
the Eurasian and African plates (Livermore and Smith,
1984; Savostin et al., 1986; Dilek et al., 1999). In this com-
pressive regime, northward subduction lead to SSZ ophio-
lites within several oceanic basins, namely, the İzmir-
Ankara-Erzincan, the Inner Tauride and the Southern
Neotethys (Şengör and Yılmaz, 1981; Robertson and
Dixon, 1984; Görür et al., 1984; Dilek et al., 1999; Robert-
son et al., 2012) (Fig. 15). The Kuluncak ophiolite is in the
Tauride belt in the eastern part of Central Anatolia. Based
on ophiolite classification (Pearce et al., 1984; Shervais,
2001; Robertson, 2002; Pearce, 2003; Saccani and Photi-
ades, 2004; Arai et al., 2006; Pearce, 2008; Pearce and
Robinson, 2010; Dilek and Furnes, 2011) and several tec-
tonic models of the Eastern Tauride region (Perinçek and
Kozlu, 1984; Gürer, 1994; Parlak et al., 2006; Robertson et
al., 2012; 2013), our results indicate that the Kuluncak
ophiolites were formed in an intra-oceanic subduction zone
during the closure of the Inner Tauride Ocean in Late Cre-
taceous and emplaced over the Tauride carbonate platform.
After the emplacement of the Kuluncak ophiolite onto a
passive continental margin, the Hekimhan Basin (supra-

Fig. 14 - (a) Anorthite content in plagioclase (mol%) versus Fo (mol%) content in olivine, (b) Anorthite content in plagioclase (mol%) versus enstatite content in
orthopyroxene (mol%) for the Kuluncak (Malatya) ophiolite. The Troodos ophiolite trend is from Hébert and Laurent (1990). The Mersin ophiolite trend is from
Parlak et al. (1996). The Pozantı-Karsantı ophiolite trend is from Parlak et al. (2000). The Kızıldağ ophiolite trend is from Bağcı et al. (2005). The Tekirova ophi-
olite trend is from Bağcı et al. (2006). R- Rindjami Volcano (Foden, 1983); B2- B3a- Boisa Volcano (Gust and Johnson, 1981); U- Usa Volcano (Fujimaki,
1986); A- Agrigan Volcano (Stern, 1979); Lesser Antilles is from Arculus and Wills (1980). The oceanic cumulate spectrum is from Hébert and Laurent (1990).
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ophiolite basin) formed as part of the northern margin of
the Tauride microcontinent during the collision and sutur-
ing of the Inner Tauride Ocean and the İzmir-Ankara-Erz-
incan Ocean (Booth et al., 2014).

conclusions

Based on the field observation, petrological and geo-
chemical studies on mafic cumulates from the Kuluncak
ophiolite, the main conclusions are as follows:

1. Mafic cumulate rocks from the Kuluncak ophiolite are
composed of olivine gabbro and gabbro. The crystallization
order for the cumulate rocks is olivine → plagioclase →
clinopyroxene → orthopyroxene → amphibole.

2. Major and trace element geochemistry as well as the
mineral chemistry of the mafic cumulates indicate these
rocks were derived from an island arc tholeiitic (IAT) mag-
ma and resemble those of island arc suites and the Eastern
Mediterranean ophiolites. 

3. The mineral chemistry of the cumulates suggests a

low- to moderate pressure conditions for the mafic cumu-
lates during the magma fractionation and magma chamber
evolution of the Kuluncak ophiolite. 

4. The Kuluncak ophiolite was emplaced southwards on-
to the northern edge of the Tauride-Anatolide continent dur-
ing latest Cretaceous time.
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Fig. 15 - Regional palaeotectonic reconstruc-
tions of the Eastern Mediterranean region
during the Late Cretaceous (modified from
Robertson et al., 2012; Booth et al., 2014).
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