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Anatolia is situated in a critical segment of
the Alpine–Himalayan orogenic system, where
remnants of Neotethyan ocean basins crop out
along east–west-trending tectonic zones located
between metamorphic massifs or platform car-
bonates (³engör & YIlmaz 1981; YIlmaz et al.
1993; Robertson 2002). The remnants of Neo-
tethys are characterized, in a structural descen-
ding order, by ophiolites, metamorphic soles
and ophiolitic mélanges (Fig. 1). The ophiolites
and related subduction–accretion units were gen-
erated during the closing stages of Neotethyan
oceanic basins in the Late Cretaceous (Pearce
et al. 1984; YalInIz et al. 1996, 2000; Robertson
2002, 2004; Parlak & Robertson 2004; Parlak
et al. 2004; Robertson et al. 2006, 2007). The Late
Cretaceous ophiolites in Turkey are located in
five zones based mainly on their geographical
distribution; namely, the Pontide ophiolite belt,
the Central Anatolian ophiolite belt, the Tauride

ophiolite belt, the SE Anatolian ophiolite belt and
the Peri-Arabian ophiolite belt (Fig. 1).

The SE Anatolian orogenic belt is one of the
best regions to study mountain-building pro-
cesses resulting from the collision of the Afro-
Arabian and Eurasian plates in Mid-Miocene
time (YIlmaz 1993; YIlmaz et al. 1993). The
ophiolites, ensimatic island arc units, ophiolite-
related metamorphic rocks and granitic rocks
within this orogenic belt are important elements
of the Late Cretaceous tectonomagmatic evo-
lution of the southern Neotethys. The Late
Cretaceous ophiolites are the Göksun (Kahra-
manmara¦ or N Berit), qIspendere (Malatya),
Kömürhan and Guleman ophiolites (ElazIg). The
ensimatic island arc volcanic unit is represented
by either the ElazIg magmatic rocks or the
Yüksekova complex. The ophiolite-related meta-
morphic units are the Berit metaophiolite (S
Berit ophiolite) and the metamorphic sole of the
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rocks–Yüksekova complex), and ophiolitic rocks (i.e. Kömürhan) of Late Cretaceous age.
All of these were intruded by the Baskil granitic rocks. These tectonomagmatic–stratigraphic
assemblages were emplaced over the Middle Eocene volcano-sedimentary Maden complex
to the south during the evolution of the SE Anatolian orogen. The Kömürhan ophiolite
exhibits an intact ophiolite pseudostratigraphy. The base of this has been metamorphosed to
amphibolite facies during intraoceanic subduction–thrusting. The amphibolitic rocks were
intruded by synkinematic granitic rocks (Baskil magmatic rocks). The ensimatic island arc
volcanic rocks are widely distributed in the region. The contact of the volcano-sedimentary
unit with the underlying Kömürhan ophiolite is a thrust dipping to the north. The rock
assemblages of the volcano-sedimentary unit suggest formation of small volcanic edifices
above a subduction zone, coupled with debris-flow deposits and volcaniclastic turbidites.
The whole-rock and mineral chemistry of the Kömürhan ophiolite and the ensimatic island
arc volcanic rocks suggests that they represent a comagmatic tholeiitic suite, formed in
the Late Cretaceous in a suprasubduction zone (SSZ) setting. The amphibolites beneath the
Kömürhan ophiolite indicate derivation from an island arc tholeiite (IAT) protolith. The
geological and geochemical evidence from the ElazIg region suggests the following evolutio-
nary scenario. The Kömürhan ophiolite was formed above a north-dipping subduction zone
between the Arabian platform to the south and the Tauride platform to the north in Late
Cretaceous (c. 90 Ma). An ensimatic island arc assemblage was then built on the SSZ-type
crust. The metamorphic sole was formed by metamorphism of IAT-type basalts that were
detached from the front of the overriding Kömürhan ophiolite and then underplated. These
units were then accreted to the base of the Tauride active margin to the north, where both
units were cut by the Baskil granitic rocks around 85 Ma.
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Kömürhan ophiolite. The granitic rocks are
located in three different areas: the Göksun–
Af¦in (Kahramanmara¦), Dogan¦ehir (Malatya)
and Baskil (ElazIg) regions. The petrology and
geochronology of the Göksun (N Berit) ophiolite
and related granitic rocks to the north of
Kahramanmara¦ are well constrained (Parlak
et al. 2004; Parlak 2006; Robertson et al. 2006,
2007). However, the relations of the Late Creta-
ceous tectonomagmatic units in the ElazIg region
are not well established because of very limited
geochemical and geochronological data. The
main uncertainty in the Late Cretaceous evolu-
tion of the region is the relationships between
the Baskil granitic body, the ElazIg magmatic
rocks–Yüksekova complex and the Kömürhan
ophiolite. One interpretation is that the ElazIg
magmatic rock units are the extrusive equivalents
of the Baskil arc plutonic rocks that represent an
Andean-type active margin along the Malatya–
Keban platform to the north; the Kömürhan
ophiolite formed away from the Tauride margin
to the south (i.e more oceanic) in this model
(Yazgan & Chessex 1991). A second interpreta-
tion is that the ElazIg magmatic unit, comprising
both intrusive and extrusive rocks, is an island
arc assemblage. This island arc unit formed
above the Kömürhan ophiolite during a mature
stage of suprasubduction zone (SSZ) spreading
(Beyarslan & Bingöl 1996, 2000). A third inter-
pretation is that the extrusive rocks in the ElazIg
region have nothing to do with the Baskil arc plu-
tonic rocks and could be seen as the westward
continuation of the Yüksekova ensimatic island

arc unit formed above a subduction zone during
the Late Cretaceous (Perinçek 1979; Akta¦ &
Robertson 1984).

More recently, geological mapping was
carried out in the area between Baskil and Sivrice
(ElazIg) regions (see Fig. 3) to investigate the field
relations of the tectonomagmatic units. A detai-
led stratigraphic log was measured of the ensi-
matic island arc volcanic unit (ElazIg magmatic
rocks–Yüksekova complex). This paper presents
whole-rock and mineral chemical data for the
Kömürhan ophiolite and the ensimatic island arc
unit from the ElazIg region; the results can be
interpreted in terms of the spatial and temporal
relations between the tectonomagmatic units
and the Baskil granitic body during the Late
Cretaceous.

Regional geology

The Malatya–ElazIg region comprises a number
of tectonomagmatic–stratigraphic units that are
important for the evolution of the southern
Neotethyan ocean. These are the Malatya–
Keban metamorphic unit, the Pütürge metamor-
phic unit, Late Cretaceous ophiolites, the Baskil
arc magmatic unit, the ElazIg magmatic unit, the
Maden unit and sedimentary cover units (Fig. 2).
The Malatya–Keban metamorphic unit is a
low-grade metamorphosed Late Palaeozoic–
Mesozoic unit consisting of marble, schist, slate
and black phyllite, with rare metaconglomerates
(Asutay 1988; Turan & Bingöl 1991; YIlmaz et al.

Fig. 1. Distribution of the Neotethyan ophiolites in the eastern Mediterranean region (from Robertson 2002).
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1993). It has both tectonic and intrusive contact
relationships with the Baskil arc magmatic unit
and is, in turn, overlain by Tertiary unmetamor-
phosed sedimentary rocks in the ElazIg region
(Bingöl 1984; Yazgan & Chessex 1991; RIzaoglu
et al. 2004). The Pütürge metamorphic unit com-
prises both core and cover units. The core rocks
are dominated by augen gneiss, amphibole schist
and biotite schist with an intruding granite
(YIlmaz 1971, 1978), whereas the cover rocks
consist of slates, phyllites, calc-schists and mar-
bles (YIlmaz et al. 1993; Erdem & Bingöl 1995).
The Pütürge metamorphic unit is unconformably
overlain by the Middle Eocene Maden unit.
YIlmaz et al. (1993) believed that, the metamor-
phism of the Malatya–Keban and Pütürge
units occurred during the Campanian to Early
Maastrichtian interval because the uppermost
units of the metamorphic sequences are Cam-
panian in age (YIlmaz et al. 1987) and the massifs
are unconformably overlain by an Upper
Maastrichtian sedimentary cover.

The Baskil arc magmatic unit is mainly
exposed near Baskil town and to the north of
Keban Lake (Fig. 2) where it cuts the Malatya–
Keban platform, the ElazIg magmatic unit–
Yüksekova complex and the Kömürhan
ophiolite (Parlak 2006). This magmatic complex

was interpreted as I-type calc–alkaline intrusive
rocks formed as a result of ensimatic island
arc–continent collision during closure of the
southern Neotethys. It is represented by basic to
silicic plutonic rocks and swarms of dykes. K–Ar
ages from the Baskil intrusive rocks are reported
as 76P2.45 and 78P2.5 Ma by Yazgan &
Chessex (1991).

The Maden group is a low-grade metamor-
phosed volcanic and sedimentary unit of Mid-
Eocene (Ypresian–Lutetian) age that crops out
to the south of ElazIg region (Fig. 2). It uncon-
formably overlies the Pütürge metamorphic unit
and is, in turn, tectonically overlain by ophiolites
(Fig. 2). There is no consensus on the nature
of the Maden Group. Various interpretations
were proposed, such as an immature island
arc association (Erdogan 1977), a product of
intracontinental subduction (Yazgan 1983, 1984;
Michard et al. 1985), a back-arc basin (³engör
& YIlmaz 1981; Hempton 1984, 1985), or an
immature back-arc basin (Yigitba¦ & YIlmaz
1996a, b).

The ElazIg magmatic unit is a basic to silicic
volcanic and volcano-sedimentary rock assem-
blages of Late Cretaceous age. It is widely distri-
buted around the Keban Lake and ElazIg town

Fig. 2. Regional geological map of the ElazIg region (MTA 2002).
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(Fig. 2). This unit has been interpreted as the
extrusive equivalents of the Baskil arc plutonic
rocks (Yazgan & Chessex 1991; Beyarslan &
Bingöl 1996, 2000), or an ensimatic volcanic
arc unit–Yüksekova complex (Perinçek 1979;
Akta¦ & Robertson 1984). Recently, based on
field and geochemical data, RIzaoglu et al. (2004)
showed that this volcanic and sedimentary rock
assemblage has a thickness of c. 750 m and has a
tholeiitic nature. They interpreted this unit as the
extrusive part of the Kömürhan ophiolite which
was formed in an SSZ environment in the Late
Cretaceous.

The ophiolites in the region, from west to east,
are represented by the qIspendere, Kömürhan and
Guleman ophiolites (Fig. 2). The Kömürhan
is distinct as the lower part of the ophiolite
pseudostratigraphy is metamorphosed (Yazgan
& Chessex 1991). These ophiolites are interpreted
as the emplaced remnants of southern Neotethys
formed above a subduction zone (Perinçek
1979; Akta¦ & Robertson 1984; Beyarslan 1996;
Beyarslan & Bingöl 2000).

Field relations and petrography

The Baskil granitic rocks are represented by
mafic to acidic plutonic rocks (diorite, granodior-
ite, granite, tonalite, quartz diorite, quartz mon-
zonite) and swarms of dykes (aplite, diabase,
microdiorite and granophyre). It has both tec-
tonic and intrusive contact relationships with the
Malatya–Keban platform in the central part of
the study area near AyranlI (Fig. 3). The Baskil
intrusive rocks are unconformably overlain by
Palaeocene and younger sediments between
Odaba¦I and HasandagI (Fig. 3), whereas they
intrude the Kömürhan unit and the volcano-
sedimentary unit to the south (Fig. 3). The
Kömürhan ophiolite comprises a complete oce-
anic lithospheric remnant and is represented,
from the bottom to the top, by mantle tectonites,
ultramafic–mafic cumulates, isotropic gabbros,
sheeted dykes, volcanic rocks and associated
sedimentary rocks (Fig. 4). A thin metamorphic
sole unit tectonically underlies the mantle
tectonites to the south of Karakaya Tepe (Fig. 3).

The volcano-sedimentary unit of the
Kömürhan ophiolite crops out along an east–
west-trending belt in the central part of the study
area (Fig. 3). It is represented by alternations of
volcanic and sedimentary rock units and has a
thickness of c. 750 m (see Fig. 5). At the base, the
volcanic section has a sharp tectonic contact with
the plutonic rocks (gabbro) of the Kömürhan
ophiolite, as seen along the Baskil–Ku¦sarayI
road, and is intruded by the Baskil granitic
rocks at SapanlI and south of KargadagI (Fig. 3).

Massive to stratified lithologies of the volcanic
section are pillow lavas, lava breccias, massive
lava flows, debris flow, alternations of volcano-
genic sandstone and siltstone, siliceous tuff,
mudstone–limestone alternations and columnar-
jointed lava flows (Fig. 5). The volcanic rocks are
characterized by basalt, basaltic andesite, andes-
ite, dacite and rhyodacite including secondary
gypsum as veins and massive sulphfide deposits
(Bölücek et al. 2004) (see Fig. 5). The basalts dis-
play amygdaloidal, intersertal, hyalomicrolitic
porphyritic to microlitic porphyritic textures and
are dominated by plagioclase and pyroxene-
phyric lavas. The andesites show amygdaloidal,
hyalomicrolitic porphyritic to microlitic porphy-
ritic textures and are plagioclase and amphibole-
phyric lavas. The rhyodacites display microlitic
porphyritic to microgranular porphyritic tex-
tures, and are represented by plagioclase-phyric
lavas. Plagioclase is seen either as phenocrysts
or as microliths within the matrix. Euhedral to
subhedral corroded quartz forms phenocrysts.
Dacites show hyalo-porphyritic to amygdaloidal
textures and are dominated by zoned plagioclase
and corroded quartz set in a fine-grained matrix.
Common secondary phases in the volcanic rocks
are epidote, chlorite, calcite, albite, kaolinite and
opaque minerals.

The sheeted dyke complex of the Kömürhan
ophiolite is represented by diabase, microdiorite
and quartz microdiorite, and is well preserved
in the eastern part of the study area, east of
KamI¦lIkdag (Figs 3 and 4). Individual dykes
exhibit variable thicknesses ranging from
15–20 cm to 100–150 cm, without obvious chilled
margins. The dykes display intergranular, doler-
itic and microgranular textures. The main mine-
ral phases are plagioclase, pyroxene, amphibole,
quartz and magnetite. The sheeted dyke rocks
are often associated with secondary calcite,
amphibole, chlorite and epidote.

The isotropic gabbros of the Kömürhan ophi-
olite crop out extensively in the southern part of
the study area, between Eskiköy and KamI¦lIk
(Figs 3 and 4), and are represented by gabbro,
diorite and quartz diorite. Gabbros display a
non-cumulus granular to poikilitic texture and
are characterized by primary plagioclase (An55–60)
(60–70 vol.%), clinopyroxene (15–20 vol.%),
orthopyroxene (<5 vol.%) and opaque minerals
(Fe–Ti oxide). Diorites exhibit granular to inter-
granular texture and are represented by plagio-
clase (An35–40) (60–70 vol.%), amphibole (30
vol.%), quartz (c. 1 vol.%) and opaque minerals
(Fe–Ti oxide). Quartz diorites display granular
textures and comprise slightly zoned plagioclase
(50 vol.%), amphibole (25 vol.%), quartz (15–20
vol.%) and opaque minerals (Fe–Ti oxide). The
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rock isotropic gabbros include secondary calcite,
chlorite, epidote and kaolinite.

The ultramafic to mafic cumulate rocks of
the Kömürhan ophiolite crop out at KaradagI,
Çortunlu and KamI¦lIkdag (Fig. 3). Ultramafic
cumulates consist of wehrlite, whereas mafic
cumulates are represented by olivine gabbro,
gabbro–norite, gabbro and amphibole gabbro.
The wehrlite displays a granular texture and is
represented by olivine (60–70 vol.%), clinopy-
roxene (20–30 vol.%) and chromite (1–2 vol.%).
The olivines and pyroxenes in the wehrlites are
serpentinized to variable degrees. The olivine
gabbro displays granular to poikilitic textures:
it comprises olivine (Fo73–76; 20–30 vol.%) with
a grain size of 1–6 mm, plagioclase (An92–94;
50–80 vol.%) with a grain size of 0.4–7 mm,

clinopyroxene (En69–70Wo22–27Fs4–8; 5–30 vol.%)
with a grain size of 1–4 mm, orthopyroxene
(En76–77Wo0.6–0.7Fs22–23; <5 vol.%) with a grain
size of 1–5 mm, chromite and Fe–Ti oxide miner-
als. Serpentine, chlorite, talc, epidote and am-
phibole are secondary phases. The gabbronorite
displays granular to poikilitic textures and is
characterized by clinopyroxene (En40–51Wo21–44

Fs7–26; 20–30 vol.%) with a grain size of 0.5–
3 mm, orthopyroxene (En57–61Wo1.3–2.2Fs37–40;

Fig. 4. Tectonomagmatic–stratigraphic units in
Baskil–Sivrice (ElazIg) region.

Fig. 5. Measured stratigraphic section from the
volcano-sedimentary rocks of the Kömürhan
ophiolite.
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10–15 vol.%) with a grain size of 0.5–2.5 mm,
plagioclase (An53–77; c. 50 vol.%) with a grain size
of 0.5–4 mm and opaque (Fe–Ti oxide) minerals.
The gabbro displays granular to poikilitic tex-
tures and is characterized by plagioclase (60–80
vol.%) with a grain size of 0.5–7.5 mm, clinopy-
roxene (15–20%) with a grain size of 1–7 mm,
orthopyroxene (1–2%) and amphibole (3–5%).
Kaolinite, sericite, chlorite and magnetite are
secondary phases. The amphibole gabbro has a
granular to poikilitic texture and is represented
by plagioclase (An43–57; 80–85%), amphibole
(10–15%), biotite (2–3%) and opaque minerals
(1–2%).

Mantle tectonites within the Kömürhan ophi-
olite are very limited, and are observed only in the
SW of the study area (Fig. 3). The rock units are
of serpentinized dunite, qharzburgite, lherzolite
and serpentinite.

The metamorphic sole rocks crop out in the
southwestern end of the study area especially
south of Karakaya Tepe (Figs 3 and 4) where
they have a tectonic contact with the mantle
tectonites. They are cut by synkinematic granites
near Kömürhan bridge. The metamorphic
sole is represented by amphibolite, plagioclase
amphibolite, plagioclase–epidote–amphibole
schist, quartz–plagioclase–amphibole schist and
metasediments. The amphibolites exhibit grano-
blastic texture and comprise coarse-grained
magnesio-hornblendes. The plagioclase amphi-
bolites show granoblastic to grano-nematoblastic
texture and are represented by plagioclase
(20–25%), amphibole (70–75%) and accessory
sphene and magnetite minerals. The plagioclase–
epidote–amphibole schists display banded to
nematoblastic textures and comprise amphibole
(50–60%), epidote (15–20%), plagioclase (5–
10%), secondary chlorite and magnetite. The
quartz–plagioclase–amphibole schists exhibit
banded to nematoblastic textures, and are
characterized by amphibole (70–75%), plagio-
clase (c. 20%), quartz (c. 5%) and accessory
sphene and magnetite.

Geochemistry

Analytical methods

A total of 75 samples from the metamorphic
sole (11), cumulate (19), isotropic gabbro (six),
sheeted dyke (15) and volcanic rocks (24) of the
Kömürhan ophiolite were analysed for major
and trace elements by standard X-ray fluoresence
(XRF) spectrometry. Major element contents
were determined on glass beads fused from
ignited powders to which Li2B4O7 was added at
a ratio of 1:5, in a gold–platinum crucible at
1150 °C. Trace element contents were measured

by XRF on pressed-powder pellets. A subset
of 29 samples were also analysed for trace
elements (including rare earth elements (REE))
by inductively coupled plasma–mass spectrome-
try (ICP-MS) at Acme Analytical Laboratories in
Canada. The results of the analyses are presented
in Tables 1 and 2. A total of eight representative
polished sections were used for electron micro-
probe analysis on a JEOL JXA-8600 instrument
in the Geology and Paleontology Department at
Salzburg University (Austria). The analytical
conditions for the elements were a counting inter-
val of 13 s (10 s for peak and 3 s for background),
a beam current of 20 nA and an acceleration volt-
age of 15 kV. The data reduction was done fol-
lowing the ZAF procedure. Fe3+ and Fe2+ were
determined from stoichiometry of spinel using
the equation of Droop (1987). The results of the
analyses are presented in Tables 3–5.

Whole rock

Major, trace and rare earth elements are given
in Tables 1 and 2 for the volcanic, sheeted dyke,
isotropic gabbro, cumulate and metamorphic
sole rocks of the Kömürhan ophiolite. Loss on
ignition (LOI) values reach 9.12% in the volcanic
rocks, 2.41% in the sheeted dykes, 3.21% in the
isotropic gabbros and 4.1% in the metamorphic
sole rocks, reflecting variable secondary alter-
ation, which is indicated by the presence of mine-
ral phases such as epidote, calcite or chlorite.
The mobility of many elements during low-grade
submarine alteration has been well constrained
by a number of studies (e.g. Hart et al. 1974;
Humphries & Thompson 1978). For this reason,
recourse is generally made to relatively immobile
elements such as Ti, P, Zr, Y, Nb and REE, and
to a lesser extent Cr, Ni, Sc and V, to designate
lava groups, petrogenetic trends and tectonic
environments (Pearce & Cann 1973; Floyd &
Winchester 1975, 1978; Pearce & Norry 1979).
The rock classification diagram for the rock units
of the Kömürhan ophiolite is based on Zr/Ti v.
Nb/Y (Pearce 1996). The lavas cover a wide com-
positional range from basalt to rhyodacite, but
basaltic to andesitic compositions predominate
(Fig. 6a). The sheeted dykes are characterized
by diabase and microdiorite, whereas the isotro-
pic gabbros are dominated by gabbroic rocks
(Fig. 6b and c). The amphibolites of the meta-
morphic sole reflect their derivation from a basal-
tic protolith (Fig. 6d). Nb/Y ratios are in the
range of 0.5–0.02 in volcanic rocks, 0.19–0.09 in
sheeted dykes, 0.2–0.06 in isotropic gabbros and
0.33–0.07 in metamorphic sole rocks, indicating
that all the analysed rocks from the Kömürhan
ophiolite are tholeiitic in character (Pearce 1982)
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Fig. 6. Rock classification diagrams based on Nb/Y v. Zr/Ti (Pearce 1996) for the Kömürhan ophiolite rocks.

Fig. 7. Nb/Y v. Ti/Y diagrams showing tholeiitic nature of the Kömürhan ophiolite rocks (Pearce 1982).

(Fig. 7). To exhibit the chemical relationships of
the Kömürhan ophiolite rocks, several diagrams
based on immobile elements are presented in
Figure 8. In the TiO2 v. Zr diagram (Fig. 8a), the
volcanic rocks define a decreasing trend with
increasing Zr from basic (1.43%) to acidic
(0.21%) rocks, suggesting magnetite or titano-
magnetite crystallization in the more evolved
rocks. By contrast, the sheeted dyke rocks have
a high content TiO2 (1.20–2.69%) compared with
the volcanic rocks and the metamorphic sole
rocks (0.16–1.28%). The Y and FeO*/MgO ratios

of the rocks, plotted against Zr in Figure 8b and
c show a positive correlation and coherent trends.
By contrast, a decreasing Y content in some
of the acidic volcanic rocks may be caused by
amphibole fractionation. The chemical features
displayed suggest that the volcanic rocks, sheeted
dykes and the protolith of the metamorphic sole
rocks represent a differentiated co-magmatic
tholeiitic suite, exhibiting similar fractionation
trends.

Representative analyses of major and trace
element contents of the cumulate rocks and the
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isotropic gabbros are presented in Table 1. Loss
on ignition (LOI) values are up to 3.05% in the
mafic cumulates and 6.97% in one ultramafic
cumulate rock sample (Table 1), indicating vari-
able amount of serpentinization or alteration.
The Al2O3, CaO, Ni and Cr contents of the
isotropic gabbro and the ultramafic to mafic
cumulate rocks are plotted against Mg-number
(100xMgO/(MgO+FeO)) as an indication of
the degree of differentiation (Fig. 9). The CaO

content is 6.09 wt% in wehrlite and ranges from
20.9 to 9.44 wt% in gabbroic rocks, and from
15.59 to 8.72 wt% in the isotropic gabbros; it is
negatively correlated with MgO (Fig. 9b). The
Al2O3 content, which is also negatively correlated
with increasing MgO, shows lower values in
wehrlite (5.73 wt%), but higher values in cumu-
late gabbros (from 27.57 to 13.39 wt%) and in
isotropic gabbros (from 18.39 to 14.81 wt%)
(Fig. 9a). The high CaO and Al2O3 contents in the
gabbroic rocks are an indication of the presence
of plagioclase (An95–45). Ni and Cr contents
decrease markedly from high values in wehrlite
(633 ppm for Ni and 1081 ppm for Cr) to much
lower values in plagioclase-rich gabbros (from
306 to 3 ppm for Ni and from 1483 to 4 ppm for
Cr), consistent with the fractionation of olivine,
spinel and clinopyroxene (Fig. 9c and d).

The REE patterns of the volcanic, sheeted
dyke and metamorphic sole rocks are presented
in Figure 10. The basic to intermediate volcanic
rocks exhibit (1) flat [(La/Yb)N=1.65–0.75]
and (2) marked light rare earth element (LREE)
enrichments with respect to heavy rare earth
element (HREE) ((La/Yb)N=4.96–4.36). The
acidic volcanic rocks also exhibit similar
REE patterns; one group has a flat pattern
((La/Yb)N=1.12–0.87) and a second has an
LREE-enriched pattern ((La/Yb)N=7.89–5.18)
(Fig. 10). These samples exhibit a slight Eu nega-
tive anomaly, as a consequence of the removal of
feldspar by fractional crystallization or the par-
tial melting of a source material in which feldspar
is retained in the source (Rollinson 1993). The
sheeted dyke complex generally exhibits slightly
LREE-depleted to flat ((La/Yb)N=0.96–0.57)
REE patterns with an overall enrichment of
10–30 times chondritic values (Fig. 10). The
metamorphic sole rocks display slightly LREE-
enriched ((La/Yb)N=2.99–1.40) to LREE-
depleted ((La/Yb)N=0.42) patterns (Fig. 10). The
enrichment of the LREE is commonly inter-
preted as a consequence of mantle source enrich-
ment by subduction-derived components (Floyd
et al. 1991; Bortolotti et al. 2004). Flat to LREE-
enriched patterns are typically found in island-
arc tholeiites (Pearce 1982; Peate et al. 1997) and
suprasubduction-zone type ophiolites of the
eastern Mediterranean (Desmons et al. 1980;
Searle et al. 1980; Alabaster et al. 1982; Pearce
et al. 1984; Parlak 1996; YalInIz et al. 1996, 2000;
Parlak et al. 2000; Al-Riyami et al. 2002).

Figure 11 presents normal mid-ocean ridge
basalt (N-MORB)-normalized spider diagrams
of the volcanic, sheeted dyke and metamorphic
sole rocks of the Kömürhan ophiolite. Some
general features include (1) enrichment in large
ion lithophile elements (LILE; Rb, Ba, Th, K)

Fig. 8. Major and trace element variations against Zr
for the Kömürhan ophiolite rocks.
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Fig. 9. Selected major and trace element variations for the gabbroic and wehrlitic rocks.

elements; (2) depletion in Nb; (3) flat patterns
of high field strength elements (HFSE) relative
to N-MORB (Fig. 11). Th enrichment (together
with the LREE) and Nb–Ta depletion are fea-
tures of subduction-related volcanic rocks (Wood
et al. 1979; Pearce 1983; Arculus & Powel 1986;
Yogodzinski et al. 1993; Wallin & Metcalf 1998).
The Th enrichment and Nb depletion of the
Kömürhan ophiolite rocks imply their formation
in a subduction-related tectonic setting.

Nb/Th ratio v. Y discriminates between sub-
duction and non-subduction settings based on
Nb enrichment or depletion (Jenner et al. 1991).
The volcanic rocks, sheeted dykes and meta-
morphic sole rocks of the Kömürhan ophiolite
plot within the arc-related field (Fig. 12a). The
Th/Yb v. Ta/Yb plot discriminates between
depleted mantle (MORB) and enriched mantle
(intraplate) sources (Pearce 1982). Addition of a
subduction component from slab-derived fluids
or melts results in an increase in Th/Yb in the
mantle source, as shown by the arrow (Fig. 12b).
On this diagram, all the rocks plot within the
volcanic arc field. The Th–Hf–Nb triangular

diagram (Wood et al. 1979), and the Zr–Nb–Y
triangular diagram (Meschede 1986) discrimi-
nate volcanic rocks erupted in different geotec-
tonic settings. The volcanic rocks, sheeted dykes,
isotropic gabbros and metamorphic sole rocks
from the Kömürhan ophiolite plot within the
subduction-related field (Fig. 13a and b).

Mineral chemistry

Cumulus olivine (unzoned) analyses from the
gabbroic cumulate rocks are presented in Table 3.
Their Fo contents range from 76.2 to 73.9. NiO
content ranges from zero to 0.06% (Table 3).
Representative plagioclase analyses from the
mafic cumulate rocks are presented in Table 3.
The plagioclase has a very wide compositional
range: from An94.8 to An92.2 in olivine gabbro,
from An77.8 to An52.2 in gabbronorites, and from
An56.9 to An43.4 in amphibole gabbro (Table 3).
The basic to evolved rock types in the cumulates
have resulted in variable An contents. Plagio-
clases in the amphibole gabbro exhibit both
reverse and normal zoning, whereas plagioclases
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Fig. 10. REE diagrams of the Kömürhan ophiolite rocks (normalizing values are from Sun & McDonough
1989).

Fig. 11. Spider diagrams of the Kömürhan ophiolite rocks (normalizing values are from Sun & McDonough
1989).
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Fig. 12. (a) Nb/Th v. Y diagram (after Jenner et al.
1991) and (b) Ta/Yb v. Th/Yb diagram (after Pearce
1982), showing the typically arc-like signature of the
Kömürhan ophiolite rocks.

in more basic cumulate rocks (gabbronorite
and olivine gabbro) are unzoned. Clinopyroxene
analyses from the gabbroic cumulate rocks are
presented in Table 4. In terms of quadrilateral
components, the cumulus clinopyroxene
composition is En50.6–39.5 Fs23.7–14.6Wo44.9–26.8 in
gabbronorite, and En69.9–69.5Fs8.0–3.7Wo26.8–22.2

in olivine gabbro. The Mg-number of the
clinopyroxene ranges from 74 to 68 in
gabbronorite, from 95 to 90 in olivine gabbro
(Table 4). Representative orthopyroxene analy-
ses from the mafic cumulate rocks are presented
in Table 4. The orthopyroxene composition is
En61.3–57.9Fs40.4–36.4Wo2.3–1.3 in the gabbronorite, and
En77.3–76.2Fs23.1–22.1Wo0.8–0.6 in olivine gabbro. The
Mg-number of the orthopyroxene ranges from
63.9 to 60.1 in the gabbronorite, and from 78.2 to
77.3 in the olivine gabbro. Representative analy-
ses of amphiboles from the cumulate rocks are
presented in Table 5. The amphiboles in the
amphibole gabbro rocks are primary and repre-
sented by magnesio-hornblende, whereas the
amphiboles in the gabbronorite and olivine

Fig. 13. (a) Th–Hf–Nb (after Wood et al. 1979) and
(b) Zr–Nb–Y (after Meschede 1986) tectonomagmatic
discrimination diagrams for the rocks of the
Kömürhan ophiolite. N-MORB, normal mid-ocean
ridge basalt; E-MORB, enriched MORB; WPB,
within-a-plate basalt; IAB, island-arc basalt; VAB,
volcanic arc basalt.

gabbro are secondary, derived from alteration
of pyroxenes and represented by magnesio-
hornblende in gabbronorite and tschermakite in
olivine gabbro (Table 5). The Mg-number of the
amphiboles is 56.4–59.4 for amphibole gabbros,
70.3–63.7 for gabbronorites, and 77.9–75.9 for
olivine gabbro.

Covariation of An content of plagioclase v.
Mg-number of orthopyroxene and olivine for the
gabbroic rocks is shown in Figure 14a and b,
together with results from the Troodos (Hébert
& Laurent 1990), Mersin (Parlak et al. 1996),
PozantI–KarsantI (Parlak et al. 2000) and
KIzIldag (BagcI et al. 2006) ophiolites, and other
comparable units from well-documented tectonic
settings. The mineral compositions of the gab-
broic rocks from the Kömürhan ophiolite show
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a close similarity to SSZ-type ophiolites of the
eastern Mediterranean region and known island-
arc settings (Stern 1979; Arculus & Wills 1980;
Gust & Johnson 1981; Fujimaki 1986).

Discussion

The most important tectonomagmatic–
stratigraphic units of SE Anatolia in the Late
Cretaceous were (1) metamorphic massifs (i.e.
Malatya–Keban platform), (2) ophiolites (i.e.
Göksun, Iqspendere, Kömürhan and Guleman),
(3) volcanic arc units (i.e. Yüksekova–ElazIg
magmatics units); (4) granitic rocks (i.e. Baskil).
The SE Anatolian orogenic evolution involved
progressive relative (southerly) movement of
the nappes towards the Arabian plate during
Late Cretaceous–Miocene time (YIldIrIm &
YIlmaz 1991; YIlmaz 1993; YIlmaz et al. 1993;
Robertson et al. 2006, 2007). The Malatya–
Keban platform, belonging to the upper part of
the nappe zone of the SE Anatolian orogen
(YIlmaz 1993), was amalgamated with the SSZ-
type ophiolites (Göksun–Kömürhan–qIspendere–
Guleman) and their arc-related volcanic
succession (Yüksekova complex–ElazIg mag-
matic rocks) around 88–85 Ma (Parlak, 2006;
Robertson et al. 2006, 2007).

The nature of the volcano-sedimentary units
interbedded with the lavas, the major and trace
element geochemistry of the volcanic rocks,
as well as their wide compositional range
(from basalt to rhyodacite) suggest that this
assemblage represents the upper levels of an
intra-oceanic volcanic arc formed above of
north-dipping subduction zone during Late
Cretaceous time. A similar volcano-sedimentary
rock association has been reported from the same
belt, notably the Göksun (N Berit) ophiolite
(Parlak et al. 2004; Robertson et al. 2006) and
Late Cretaceous arc-related rocks around ElazIg
(Bölücek et al. 2004; Robertson et al. 2007).
The sheeted dyke and isotropic gabbroic rocks
in the Kömürhan ophiolite are tholeiitic in char-
acter (Nb/Y=0.2–0.06). The REE patterns,
multi-element and tectonomagmatic discri-
mination diagrams suggest their formation in a
subduction-related environment. The major and
trace element geochemistry of the cumulate rocks
is similar to that observed in a modern island-arc
tholeiite (IAT) sequence. Crystallization of calcic
plagioclases in olivine gabbros and amphibole is
suggestive of hydrous conditions during magma
differentiation. The presence of intercumulus
water in the cumulate rocks (Arculus & Wills
1980) may be responsible for the reverse zoning

Fig. 14. (a) Anorthite content in plagioclase (mol%) v. Fo (mol%) content in olivine. (b) Anorthite content in
plagioclase (mol%) v. enstatite content in orthopyroxene (mol%) for the Kömürhan ophiolite. The Troodos
ophiolite trend is from Hébert & Laurent (1990). The Mersin ophiolite trend is from Parlak et al. (1996). The
PozantI–KarsantI ophiolite trend is from Parlak et al. (2000). The KIzIldag ophiolite trend is from BagcI et al.
(2006). R, Rindjami volcano (Foden 1983); B2, B3a, Boisa volcano (Gust & Johnson 1981); U, Usa volcano
(Fujimaki 1986); A, Agrigan volcano (Stern 1979); Data for Lesser Antilles are from Arculus & Wills (1980).
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of plagioclase observed in the amphibole gabbro.
The amphibole gabbros are widespread in
central Anatolia and are interpreted as being
formed from a wet magma by high-degree
partial melting of peridotite in a subduction-
related setting (Koçak et al. 2005). High-level
amphibole-bearing gabbros are reported from
other eastern Mediterranean ophiolites (Hébert
& Laurent 1990) and island-arc settings (Debari

& Coleman 1989). Water-rich magmas are obser-
ved in arc regions where amphiboles commonly
form (Arculus & Wills 1980). The geochemical
evidence from the volcanic and plutonic rocks
of the Kömürhan ophiolite shows that these
are cogenetic tholeiitic suites formed in an SSZ
tectonic setting during the Late Cretaceous in
the southern branch of Neotethys. The meta-
morphic sole rocks of the Kömürhan ophiolite

Fig. 15. Tectonic model for the genesis of the ophiolites, related metamorphic units and granitoids in SE
Anatolia. (See text for discussion.).
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exhibit a tholeiitic (Nb/Y=0.07–0.33) nature.
The REE patterns, multi-element and tectono-
magmatic discrimination diagrams suggest that
the protolith is akin to IAT.

The granitic rocks related to the evolution
of the southern Neotethys in SE Anatolia are
observed at three localities the Göksun–Af¦in
(Kahramanmara¦), Dogan¦ehir (Malatya) and
Baskil (ElazIg) regions (Asutay 1988; Yazgan &
Chessex 1991; Akgül 1993; Önal 1995; Parlak
2006; Robertson et al. 2006, 2007), as intruding
the tectonostratigraphic–magmatic units of the
nappe zone (YIlmaz 1993). The most important
point is that the granitic rocks are seen to intrude
all of the Malatya–Keban platform, the ophi-
olites and the related metamorphic units, sug-
gesting that the Malatya–Keban platform and
ophiolitic units were tectonically juxtaposed
before the intrusion took place in the Late Creta-
ceous (Yazgan & Chessex 1991). The K–Ar iso-
topic age determinations on the granitic rocks of
the region range from 76P2.45 to 78P2.5 Ma
for the Baskil (ElazIg) area (Yazgan & Chessex
1991) and from 85.76P3.17 to 70.05P1.75 Ma
for the Göksun (Kahramanmara¦) area (Parlak
2006). This suggests that the granite intrusion
may be only slightly younger than the formation
of the ophiolites (c. 90 Ma) (Mukasa & Ludden
1987; Robertson et al. 2006). Moreover, the field
evidence throughout the region shows that
the ophiolites and related metamorphic rocks
were accreted to the base of the Malatya–Keban
platform before intrusion took place.

A number of alternative tectonic models
have been proposed to explain the genesis and
emplacement of the ophiolites and the granitoid
magmatism in the region. These are a the ‘single
subduction zone’ model (Hall 1976; Akta¦ &
Robertson 1984, 1990; Robertson 1998, 2000;
YIlmaz 1993; YIlmaz et al. 1993), a ‘double sub-
duction zone’ model (Robertson 1998, 2000,
2002; Parlak et al. 2004) and a ‘multi-phase con-
vergence’ model (Robertson et al. 2007). The
field, geochemical and geochronological evidence
from the ElazIg as well as the Kahramanmara¦
(Parlak & RIzaoglu 2004; Parlak 2006) and
Malatya regions are consistent with the ‘multi-
phase convergence’ model of Robertson et al.
(2006, 2007). The following evolutionary sce-
nario based on this model is proposed for the
tectonomagmatic units discussed above. The
Kömürhan ophiolite was formed above a north-
dipping subduction zone between the Arabian
platform to the south and the Tauride platform
to the north in the Late Cretaceous (c. 90 Ma)
(Fig. 15a). Following this, an ensimatic island-arc
assemblage was constructed on SSZ-type crust
(Fig. 15b). The metamorphic sole was formed

by the metamorphism of IAT-type basalts that
were detached from the front of the overriding
Kömürhan ophiolite and then underplated
(Fig. 15b). Northward underthrusting of cold
oceanic crust (possibly Early Mesozoic in age)
was then initiated beneath the Tauride platform
to the north (Fig. 15b). The Kömürhan
ophiolite, the related metamorphic rocks and the
volcano-sedimentary unit were then accreted to
the base of the Tauride active margin in the
north, where all the units were cut by the Baskil
granitic rocks around 88–85 Ma (Fig. 15c).

Conclusions

(1) Major, trace and rare earth element geo-
chemistry of the volcanic and subvolcanic
rocks, as well as the mineral chemistry of
the cumulate rocks from the Kömürhan
ophiolite, suggest that they formed in an
SSZ tectonic setting in the southern
Neotethys during Late Cretaceous time. The
presence of highly evolved rocks in the
volcanic (andesite–dacite), sheeted dyke
(microdiorite, quartz microdiorite), isotro-
pic gabbro (diorite, quartz diorite) and
cumulate gabbro (amphibole gabbro), as
well as the high Ca-plagioclase in the mafic
cumulate units are an indication of hydrous
conditions, related to subduction.

(2) The metamorphic sole of the Kömürhan
ophiolite was derived from metamorphism
of an IAT-type basaltic protolith during
intraoceanic thrusting–subduction. The vol-
canic rocks were presumably detached from
the front of the overriding SSZ-type crust
and then underplated and metamorphosed.

(3) The widespread volcanic–sedimentary unit
(c. 750 m thick) in the Baskil (ElazIg) area
exhibits alternations of basic to acidic
extrusive rocks, debris flows, volcaniclastic
sandstones and pelagic limestones. This
unit is interpreted as a tholeiitic ensimatic
island-arc assemblage, and has no genetic
link with the Baskil granitic rocks. This unit
was formed during a mature stage of SSZ
spreading as the upper part of the Late
Cretaceous Kömürhan ophiolite.

(4) The granitic rocks of the Baskil (ElazIg)
region are observed as intruding the ophi-
olites, the volcanic–sedimentary unit and
the Malatya–Keban platform. This suggests
that the ophiolites and the volcanic–
sedimentary unit were accreted to the base
of the Malatya–Keban platform before the
intrusions of the volcanic arc-type granitic
bodies (i.e. Baskil, Dogan¦ehir and Göksun)
around 88–85 Ma in SE Anatolia (Parlak
2006).
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