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Abstract In southeast Anatolia, there are number of
tectonomagmatic units in the Kahramanmarag—Mala-
tya—Elazig region that are important in understanding
the geological evolution of the southeast Anatolian
orogenic belt during the Late Cretaceous. These are (a)
metamorphic massifs, (b) ophiolites, (c) ophiolite-related
metamorphics and (d) granitoids. The granitoids (i.e.
Goksun—Afsin in Kahramanmaras, Dogangehir in Mal-
atya and Baskil in Elazig) intrude all the former units in a
NE-SW trending direction. The granitoid in Géksun—
Afsin (Kahramanmarag) region is mainly composed of
granodioritic and granitic in composition. The granodi-
orite contains a number of amphibole-bearing mafic
microgranular enclaves of different sizes, whereas the
granite is intruded by numerous aplitic dikes. The gran-
itoid rocks have typical calcalkaline geochemical fea-
tures. The REE- and Ocean ridge granite-normalized
multi-element patterns and tectonomagmatic discrimi-
nation diagrams, as well as biotite geochemistry suggest
that the granitoids were formed in a volcanic arc setting.
The K—Ar geochronology of the granitoid rocks yielded
ages ranging from 85.76 £3.17 to 77.49+£1.91 Ma. The
field, geochemical and geochronological data suggest the
following Late Cretaceous tectonomagmatic scenario for
southeast Anatolia. The ophiolites were formed in a su-
prasubduction zone tectonic setting whereas the ophio-
lite-related metamorphic rocks formed either during the
initiation of intraoceanic subduction or late-thrusting
(~90 Ma). These units were then overthrust by the
Malatya—Keban platform during the progressive elimi-
nation of the southern Neotethys. Thrusting of the
Malatya—Keban platform over the ophiolites and related
metamorphic rocks was followed by the intrusion of the
granitoids (88—85 Ma) along the Tauride active conti-
nental margin in the southern Neotethys.
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Introduction

Turkey occupies a critical segment in the Alpine—
Himalayan orogenic system, where remnants of both the
Paleotethyan and Neotethyan ocean basins crop out
between nearly E-W trending tectonic belts, such as the
Pontides, Anatolides, Taurides and the Border folds
(Ketin 1983) (Fig. 1a). Most of the evidence related to
the Paleotethyan evolution lies in the Sakarya zone
(Karakaya complex) and Central Pontides in the north
and northwestern Turkey and is characterized by a tec-
tonic collage of various units covered unconformably by
Liassic sediments (Sengdr and Yilmaz 1981; Pickett and
Robertson 1996), whereas the Neotethyan event was
active throughout the Anatolia between the Triassic and
the Miocene (Sengoér and Yilmaz 1981; Robertson and
Dixon 1984). The Neotethyan subduction zones are
traced by the E-W trending belts of Late Cretaceous
ophiolites and related rocks obducted onto the platform
carbonates during the closure of the oceanic basins in
between the metamorphic massifs of the Anatolia.
Mesozoic- to Cenozoic-aged granitoids related to
closure of the Neotethys are extensively observed as
intruding the metamorphic massifs, platform units,
ophiolites and post-Mesozoic (Early Tertiary) rocks
throughout Turkey. The granitoids in the southeast
Anatolian orogeny are Late Cretaceous in age. The
granitoids are wide spread in Kahramanmarag, Malatya
and Elazig regions (Fig. 2) and are intrusive into the
metamorphic platform carbonates (i.e. Malatya, Ke-
ban), ophiolites (G6ksun, Berit, Ispendere and Komiir-
han) and volcanic arc units (Yiiksekova/Elazig
magmatics) of the southeast Anatolia (Tarhan 1986;
Yazgan and Chessex 1991; Yilmaz et al. 1993; Parlak
and Rizaoglu 2004; Robertson et al. 2006a). The only
available K—Ar isotopic age determinations range from
76 £2.45 and 78 £2.5 Ma from the Baskil (Elazig) area



610

36N —

MED g RRANEAN

200

;ITa\-san]i metamorphic zone

metamorphic rocks)

a o BLACK SEA
, | 4&#/ o
:-. --'\ﬂ','.”
7 Astanbul - ‘“\}\_‘5:\_‘." SUSL , 77 E‘E’}'- ‘KURE
B '-;i’.\,' R
/ ,ly”""’/:///’ R s SR R o s o
< P AT SR CANKARA MELANGES
R S A s i
z ré =l e .EE'E\')\VtQ ’
,5 kald “Central Anatolian #
T rystalline _C.c_lmplexyz‘
= r—1
<

(high-pressure-low-temperature

43'E

m Pontides Continental
[[IIIII] Anatolides Oceanic-Ophiolite
Taurides 22200 Are

m Border folds Tertiary volcanic rocks

2

Undifferentiated Palacozoic-

: ] Taurus tectonostratigraphic
Mesozoic sedimentary seq.

units

11 1

Unmetamorphosed

L1 1
T 11— Mesozoic sequence

Taurus units involved

Metamorphosed Palacozoic-
Upper Cretaceous seq.

in the orogeny

/ ’
k§un,-’ y
urhak

<

[ ]
|
]

Giksun ophiolite

Metamorphic massifs, Nappe zone

Metamorphosed ophiolite
and Maden basin unit

Imbricated Upper Cret.-

: Zone of imbrication
Lower Miocene Seq.

Ophiolitic melange (island S —
and forearc basin units Misis-Andirin Belt

.| Lower Palacozoic-Lower
Miocene sedimentary seq.

Sediments of the Arabian

Fig. 1 a Major tectonic belts and suture zones of Turkey (from
Dilek et al. 1999). b Tectonic units and structural features of the
Kahramanmarag—Elbistan regions (Simplified from Yilmaz 1993).

(Yazgan and Chessex 1991). No detailed geochemical
analyses have been published for the granitoids in the
region so far. Therefore, the geodynamic significance of
the felsic intrusions is not well constrained. This paper
presents new geochemical and K—Ar geochronological
data on the granitoid rocks of the GoOksun—Afsin
(Kahramanmarag) region (1) to describe compositional
features, (2) to determine their tectonic setting and (3) to
show their importance within the Late Cretaceous col-
lisional setting of Neotethys between the Tauride plat-
form and ensimatic island arc units of the Southeast
Anatolian Orogen.

Platform

Key to the abbreviations: EAF East Anatolian Fault, DSF Dead
Sea Fault, CGF Cigekli-Goksun Fault, GSF Goksun-Siirgii Fault,
SYF Sartyatak Fault

Regional geology

Southeast Anatolian orogen comprises three distinct,
approximately E-W trending, tectonic units which are
separated from one another by major north-dipping
thrust faults (Fig. 1b). From north to south these are the
nappe zone, the zone of imbrication and the Arabian
platform (Yimaz 1990, 1993; Yilmaz et al. 1993). The
nappe zone forms, morphologically, the highest tectonic
unit which consists of two large nappes, the Lower and
the Upper nappes (Yilmaz 1993). The Lower nappe is



mainly characterized by the variably metamorphosed
ophiolitic units and the Maden Group whereas the
Upper nappe is represented by the metamorphic massifs
(Bitlis, Piitiirge, Malatya, Keban, Engizek and Binboga)
of southeast Anatolia (Ketin 1983; Yilmaz 1993). The
imbrication zone is a narrow E-W trending belt which
was squeezed between the nappe region to the north and
the Arabian platform to the south (Fig. 1b). The zone of
imbrication is represented by a number of north dipping
thrust slices with southerly vergence (Yilmaz et al. 1987,
Yilmaz 1990; Karig and Kozlu 1990). The rock units in
the imbricated thrust sheets range in age from Late
Cretaceous to Early Miocene (Yilmaz 1993). Further to
the west-southwest, the rock units of the imbrication
zone are traced along the Misis—Andirin Mountain belt
(Yilmaz et al. 1987; Yilmaz 1990; Kelling et al. 1987;
Robertson et al. 2004, 2006a). The Arabian platform
comprises autochthonous and parautochthonous sedi-
mentary units deposited since Early Paleozoic time
(Fig. 1b), the tectonically emplaced Upper Cretaceous
ophiolites and their sedimentary cover (Yilmaz 1993).
The granitoids related to the subduction of the
southern Neotethyan oceanic crust in the southeast
Anatolia are observed at three localities namely the
Goksun—Afsin (Kahramanmaras), Dogangehir (Mala-
tya) and Baskil (Elazig) regions (Fig. 2). They intrude
the tectonostratigraphic and magmatic units of the
nappe zone (Yilmaz 1993). The most important point
at these localities is that the granitoids are seen as
intruding the Malatya—Keban platform, ophiolites and
ophiolite-related metamorphics, suggesting that the
Malatya—Keban platform and ophiolitic units had been
tectonically juxtaposed before the intrusions took place
in Late Cretaceous (Yazgan and Chessex 1991; Mi-
chard et al. 1984; Peringek and Kozlu 1984; Robertson
et al. 2004). The Goksun—Afsin (Kahramanmarag) re-
gion comprises the Malatya—Keban platform, Géksun
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ophiolite, granitoid rocks and post-Mesozoic sedimen-
tary units (Fig. 3). The Malatya metamorphics crop
out at different localities of the study area as distrupted
and fragmented above the ophiolitic units (Fig. 3). The
Malatya metamorphics in the Goksun—Afsin region is
represented by dark-grey limestone, calcschist, marble,
crystallized limestone, phyllite and the occasional pe-
litic schists. The carbonate rocks at the top of the
Malatya metamorphics have yielded an Upper Permian
age (Peringek and Kozlu 1984). However, Yilmaz et al.
(1993) stated that the metamorphic massifs of the
southeast Anatolia are similar to each other in terms
lithology, stratigraphy and structural features and that
they yield an age ranging from Permian to Campanian.
The Late Cretaceous GoOksun ophiolite, tectonically
underlying the Malatya metamorphics, is represented
by a complete oceanic crustal section between Goksun
and Afsin (Kahramanmarag) region (Fig. 3). From
bottom to top, it comprises serpentinized mantle tect-
onites, ultramafic to mafic cumulates, isotropic gabbro,
sheeted dikes and extrusives represented by wide vari-
ety of volcanic rocks from basalt to rhyolite (Fig. 4)
(Peringek and Kozlu 1984; Yilmaz 1993; Yilmaz et al.
1993; Parlak et al. 2004). The granitoid body forms
two SW-NE trending bands in the west, merging into a
single unit, up to 4 km, across in the east along the
Goksun river (Perincek and Kozlu 1984; Robertson
et al. 2006a). It crops out at Goksun, Karadmer,
Deveboynu and Kargabiikii (Fig. 3). It has intrusive
contact relations with the ophiolitic units and is over-
lain by the Cenozoic cover sediments (Fig. 3). Al-
though intrusive contact relationship between the
granitoid and the Malatya—Keban platform is obscured
in the Goksun (Kahramanmarag) area, it is well con-
strained in Dogangehir (Malatya) and Baskil (Elazig)
regions in the east of present study area (Fig. 2). The
rock types in the granitoid are mainly granodioritic and

[[[Im Metamorphosed Tauride units

:' Opbhiolitic rocks N
Ophiolitic melange
Granitoid rocks

E Unmetamorphosed Tauride units :| Plio-Quaternary T
Miocene-Pliocene o F j
E Oligocene units o 7]

17 2
Eocene units

1 Berit metaophiolite
(2) Ispendere ophiolite
(3 Kémiirhan ophiolite

i v pd

e Baskil
I ; 16 km : Yonhant Baskile? #
Voleanic rocks Paleocene units A e iy
= - ++, + ++
ey e B P} l e )
v =
skl Wb e W W o aw 3
T ) B e S 5 A
..... < (7) e
AT ) ¢ v vt ens > 7 =i (2
A1 T R S ;
Elbistan’ * * * * ¢ v ¢ riw
Libistan, [ 0 D <
= ~ 4\ 3815}
) s 7 Piitiirge
s . M A
b < = >(:v \ Dogansgehir [ |
'Ekindzii . |}
Goksun > < st e
gy ] EEAT 1SS, ] [ w38 58

Fig. 2 Simplified geological map of the area between Goksun (Kahramanmarag) and Baskil (Elazig), showing the distribution of Late
Cretaceous granitoids (simplified from MTA 2002). Location of Fig. 3 is also shown
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Fig. 3 Geological map of the Goksun—Afsin (Kahramanmarag) region (modified from Peringek and Kozlu 1984)

granitic in composition. The granodiorites are relatively
fresh at outcrop scale whereas the granites are more
altered and show extensive arenitization. The granodi-
orites contain a number of ellipsoidal mafic micro-
granular enclaves (MME) of different sizes (Fig. 6a),
especially in the north of Tiiliice Tepe (Fig. 3). The
granites are commonly intruded by aplitic dikes as seen
between Deveboynu and Domuzdere (Fig. 3).

Analytical methods

A total of 46 samples from the granitoid rocks were
analysed for major and trace elements by XRF in the
Mineralogy Department at the University of Geneva.
The major element contents were determined on glass
beads fused from ignited powders to which Li,B405
was added at a ratio 1:5, in a gold—platinum crucible at
1,150°C. The trace element contents were measured by
XRF on pressed-powder pellets. A subset of represen-
tative eight samples were analysed by ICP-MS for trace
elements (including REE) at Actlabs-Activation Labo-
ratories in Canada. Four representative polished sec-
tions from granodiorites were used for -electron
microprobe analysis on a JEOL JXA-8600 in the
Geology and Paleontology Department at Salzburg
University (Austria). The analytical conditions for the
elements were 13 s (10 s for Peak and 3 s for Back-
ground) of counting interval, beam current —20 nA

and acceleration voltage —15 kV. Thirteen biotite and
one hornblende separates from the granodiorites were
selected for K—Ar analysis in the geochronology labo-
ratory of the Mineralogy Department at Geneva Uni-
versity (Switzerland) in order to determine their
relation within the regional geological context. The K
content of each sample was measured by Atomic Ab-
sortion Spectrometers (AAS). Ar was extracted by total
sample fusion into a pyrex line fitted with high vacuum
metal valves. The resultant gas was mixed with a **Ar
spike to apply the isotopic dilution technique. The
contamining gasses were separated with titanium traps
and liquid nitrogen. Measurements were done in static
mode with an AEI MS-10S spectrometer fitted with a
permanent magnet of 4.1 kG. Samples were degassed
at about 100°C for several hours before the analysis to
reduce atmospheric contamination. Analytical precision
is near 0.5%. To calculate the age, Steiger and Jager
(1977) constants were used. The results of geochemical
and geochronological analyses are presented in
Table. 1, 2, 3, 4, 5, 6.

Petrography and mineralogy

The granitoid rocks in the Goksun—Afsin region are
represented by two main groups. The first group is
dominated by medium to coarse-grained granodiorites
and also transitional between granite and quartz
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monzodiorite (Fig. 5). These rocks contain amphibole-
bearing MME in different sizes ranging from 5 to 30 cm
(Fig. 6a). They present a granular texture and are
composed of quartz (15-30 vol. %), plagioclase (44—62
vol. %), K-feldspar (17-32 vol. %), hornblende (3-5 vol.
%) and biotite (3-5 vol. %) (Fig. 6¢, d). The accessory
phases are titanite and iron-oxides. The granodiorite
displays variable degrees of low-temperature alteration
minerals, including kaolinite, sericite, calcite and chlo-
rite. The MME in granodiorites are dioritic in compo-
sition. They present microgranular texture and are
mainly composed of plagioclase (50%), hornblende
(35%), K-feldspar (7-8%), quartz (1-2%) and iron
oxide minerals. The second group is represented by
granites and exhibits granular and micrographic tex-
tures. They are composed of quartz (35-42 vol. %),
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plagioclase (25-38 vol. %), K-feldspar (22-38 vol. %),
biotite (34 vol. %) and hornblende (1-2 vol. %)
(Fig. 6e). They contain low-temperature alteration
minerals such as sericite, kaolinite, chlorite, epidote and
prehnite. The aplitic dykes present micrographic texture
and are composed of quartz (34—43 vol. %), orthoclase
(27-35 vol. %), plagioclase (28-47 vol. %), biotite (1-2
vol. %), muscovite (1-2 vol. %) and iron-oxide minerals
(Fig. 6b, ).

Mineral chemistry analysis was only performed on
granodiorite samples because the granitic rocks have
suffered low-temperature alteration. Therefore, four
samples of the granodiorites were chosen to characterize
the compositions of felsic and mafic mineral phases. The
plagioclases are present as subhedral to anhedral crystals
in granodiorites. They exhibit both normal (Angg_39) and
reverse (Ang_46) zoning (Table 1) (Fig. 6¢). The pla-
gioclases have a wide range of compositions from lab-
radorite (Ange) to oligoclase (Any;) (Fig. 7a). The K-
feldspars in granodiorites are present as subhedral and
anhedral crystals, and exhibit perthitic texture and
carlsbad twining. They are dominated by an orthoclase
component (Oryg g1, Abyg 3, Angs o) (Fig. 7a) (Table 1).
The Fig. 7a shows the isotherms of temperatures for
feldspars based on the experimental study of Fuhrman
and Lindsley (1988). The analysed samples plot below
the isotherms of 700°C, suggesting that the feldspars of
the granodiorites crystallized around 650+ 50°C
(Fig. 7a).

The hornblendes in granodiorites are exclusively
represented by magnesiohornblende based on the clas-
sification of Leake et al. (1997) (Fig. 7b) (Table 2). The
Mg# (Mg/Mg + Fe " ?) ranges from 0.8 to 0.64 (Table 2).
Some of the hornblendes analyses show zoning, as
indicated by high Mg (3.03) content in the cores and
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Fig. 5 QAP nomenclature diagram of the granitoid rocks (adapted
from Le Maitre 1989)
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Fig. 6 Field and microscopic
views from the granitoid rocks.
Abbreviations: mme mafic
microgranular enclave, bio
biotite, plg plagioclase, hbl
hornblende, kf K-feldspar,

¢ quartz

high Fe™? (1.04) content in the rims (Table 2). Amphi-
bole is a common igneous mineral in hydrous calc-al-
kalic magmas crystallizing at depth. The chemistry of a
crystallizing amphibole is sensitive to pressure, temper-
ature, oxygen fugacity and water fugacity (Spear 1981;
Johnson and Rutherford 1989). It has been shown that
there is an empirical correlation between the estimated
pressures of crystallization of calc-alkaline plutons and
the total Al content of hornblende (Hammarstrom and
Zen 1986; Hollister et al. 1987; Johnson and Rutherford
1989; Schmidt 1992). The analysed hornblendes from
the granodiorite samples yielded pressures, ranging from
0.79 to 3.81 kbar based on the equation of Hammar-
strom and Zen (1986), ranging from 0.52 to 3.9 kbar
based on the equation of Hollister et al. (1987), 0.50—
3.04 kbar based on the equation of Johnson and Ruth-
erford (1989), 1.45-4.3 kbar based on the equation of
Schmidt (1992). When combined, the average Al geo-
barometer is between 0.82 and 3.76 kbar. These values
correspond to depths ranging from 3 to 10 km. This may
indicate that the early phases of the granitoids started to

.o atem

e
.. granite

€1 o no iet Y
4 ﬁ
E 1 -

crystallize at relatively great depth and that final crys-
tallization occurred at shallower levels during uplift of
the granitoid body.

The biotite is a common hydrated ferromagnesian
silicate in mafic, intermediate and felsic igneous rocks. It
is a very sensitive indicator of physico-chemical condi-
tions and compositional evolution in granitoid genesis
(Speer 1984). Hence, there is a relation between the
compositions of igneous biotites and their host magmas
(Abdel-Rahman 1994). The Al,03,MgO and FeO con-
tents of the biotites were used to discriminate anorogenic
alkaline, peraluminous (including S-type) and calcalka-
line suites in granitoid rocks (Abdel-Rahman 1994). The
Al,O5 content of the biotites in the granodiorites from
the Goksun—Afsin (Kahramanmarag) region ranges
from 13.51 to 14.69%; the MgO content ranges from
11.85 to 14.38%, and the FeO content ranges from 17.17
to 19.86% (Table 3). The MgO-FeO*-Al,0; triangular
and the Al,O3 versus MgO diagram clearly show that
the biotites from the rocks studied plot within the
field of calc-alkaline orogenic suites (Fig. 7c, d). The
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Table 1 Mineral chemistry of the feldspar minerals from the granodiorite rocks

Sample Plagioclase

K-feldspar

K199-4¢ K199-4r K199-5¢ K199-5r K201-5 K201-7 K39-3 K39-11 K204-7 K204-18 K199-1 K199-3 K201-1 K204-1 K204-4 K39-1

SiO, 58.35 56.40 5405 61.80 63.61 55.63 53.37 63.35 51.55 66.28 6536 66.36 65.59  65.35 64.22 65.38
ALO; 26.19 26.16 2922 2413  22.67 28.00 29.63 22.70 31.00 21.56 18.14 17.95 17.93  18.58 18.27 18.43
TiO, 0.01  0.01 0.01 0.03 0.00 0.00 0.00 0.01 0.01 0.00  0.05 0.00 0.08 0.01 0.03 0.00
FeO* 024 0.20 0.18 0.17 0.18 0.15 030 0.16 0.18 0.02 0.10 0.06 0.10 0.08 0.01 0.05
MnO 0.00  0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00  0.01 0.00 0.02 0.00 0.02 0.00
MgO 0.02 0.01 0.02 0.01 0.00 0.00 0.01 0.02 0.00 0.00  0.00 0.00 0.00 0.01 0.00 0.00
CaO 874 9.24 12.28 6.15 444 10.28 11.80 3.90 13.46 230  0.04 0.00 0.08 0.05 0.06 0.05
Na,O 6.40 5.83 4.38 7.86 897 565 439 919 359 10.14 1.53 0.79 1.57 1.50 0.32 2.01
K,0 023 0.19 0.08 0.33 035 0.13 0.17 033 0.13 0.18 13.70 1491 1343 14.64 16.17 13.78
Total 100.18 98.02 100.22 100.47 100.23 99.84 99.71 99.66 99.92 100.47 98.93 100.07 98.79 100.23 99.10 99.70
Si 262 259 2.45 2.74 281 251 243 281 235 291  3.04 3.07 3.06 3.00 3.00 3.01
Al 138 1.42 1.56 1.26 1.18 149 159 1.19 1.66 1.11  1.04 1.05 1.05 1.00 1.00 1.01
Ti 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.01  0.01 0.01 0.01 0.01 0.01 0.01 0.0 0.0l 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Ca 042 0.45 0.60 0.29 021 0.50 057 0.19 0.66 0.11  0.00 0.00 0.00 0.00 0.00 0.00
Na 0.56 0.52 0.38 0.68 0.77 049 039 079 0.32 0.86 0.14 0.07 0.14 0.13 0.03 0.18
K 0.01  0.01 0.00 0.02 0.02 0.01 0.01 0.02 0.01 0.01  0.81 0.88 0.80 0.86 096 0.81
Total 5.00 5.00 5.00 5.00 500 500 500 5.00 500 5.00 5.00 5.00 5.00 5.00 500 5.00
Or 133 1.15 0.45 1.92 1.99 0.72 101 189 0.77 1.02 8529 92.53 84.54 86.28 96.76 81.66
Ab 56.24  52.69 39.08 6848 7696 49.51 3982 7947 3232 8796 14.50 7.47 15.06 13.45 294 18.07
An 4243 46.15 60.47 29.60 21.05 49.77 59.17 18.64 6691 11.02 0.21 0.00 0.40 027 030 0.27

Number of ions on the basis of eight oxygens. Total Fe is expressed as FeO*, ¢ and r represent core and rim, respectively

FeO*/MgO ratio varies between 1.44 and 1.67 (Table 3),
similar to the average ratio (1.76) of subduction related
calc-alkaline magmas (Abdel-Rahman 1994).

Geochemistry

Major, trace and rare earth element contents of the
granitoid rocks from the Goksun and Afsin (Kahr-
amanmaras) region are presented in Table. 4 and 5.
Compared to granites and aplitic dikes, the granodi-
orites are characterized by high TiO; (0.25-0.46 wt %),
ALO;3 (15.01-16.45 wt %), FeO (2.58-5.64 wt %),
MgO (0.82-2.25 wt %), CaO (1.74-5.04 wt %), P,Os
(0.09-0.13 vol. %), Zr (84-138 ppm) and Sr (185-
395 ppm) contents and low SiO, (63.8-69.7 wt %) and
K,0 (2.364.54 wt %) contents (Table. 4, 5). In Har-
ker’s (1909) variation diagrams, the granodiorites,
granites and aplitic dikes define a coherent trends. This
may simply be explained by fractional crystallization.
The Al,O3, TiO,, FeO, MgO, CaO and P,Os contents
decrease with increasing SiO, contents whereas the K,O
contents increase with increasing SiO, (Fig. 8). These
variations indicate that plagioclase, hornblende and
magnetite crystallizations have played important role
during the crystallization of the granitoid rocks. The
granitoid rocks in the Goksun—Afsin (Kahramanmaras)
region exhibit a typical calc-alkaline trend on AFM
diagram of Irvine and Baragar (1971) (Fig. 9a). The
aluminum saturation index [Al,O3/CaO + Na,O + K,O]
of the rocks is presented in Fig. 9b. The granodiorites
exhibit metaluminous (A/CNK =0.94) to a peralumi-

nous (A/CNK=1.09) character whereas the granites
and aplitic dikes display peraluminous (A/CNK =0.99—
1.12) character as the rocks become more felsic (Maniar
and Piccolli 1989). The REE patterns of the granitoid
rocks in Goksun—Afsin (Kahramanmaras) region are
presented in Fig. 10a. All the samples show LREE
enrichment and flat HREE patterns [(La/Lu)y=11.75—
5.47 for granodiorites, (La/Lu)y=3.34-3.49 for gran-
ites and (La/Lu)y=4.66-0.49 for aplitic dikes], and also
a marked negative Eu anomalies indicative of feldspar
involvement during fractionation and/or melting
(Rollinson 1993). The REE patterns of the rocks
studied show similarities to granitoids of modern arc
settings (Pearce et al. 1984). The Ocean ridge granite
(ORG)-normalized multi element diagram of the
granitoids display selective enrichment in large ion
lithophile (LIL) elements such as Rb, Ba, Th and
depletion in high field strength (HFS) elements such as
Ta, Nb, Zr, Hf, Sm, Y, Yb (Fig. 10b). The field of
plutons from modern volcanic arc settings is shown for
comparison (Pearce et al. 1984). The multi-element
patterns of the granitoid rocks show similarity to vol-
canic arc granites (Fig. 10b). Moreover distinctly neg-
ative Nb anomaly are typical of magmas derived from a
subduction-metasomatized mantle (Wilson 1989). Tec-
tonomagmatic discrimination diagrams of Pearce et al.
(1984) based on immobile elements are effective at
discriminating between tectonic environments in gran-
itoid material. Figure 11 presents Nb versus Y and Rb
versus Y + Nb diagrams for the granitoid rocks from
Goksun—Afsin (Kahramanmarag) region. The Nb ver-
sus Y diagram separates volcanic arc+ syncollisional
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Fig. 7 a Classification of feldspars (circle is plagioclase and diamond is K-feldspar), b classification of amphibole (after Leake et al. 1997),
¢ MgO versus Al,O3 and d FeO-Al,05;-MgO ternary diagram for the biotite (after Abdel-Rahman 1994)

and within plate granites (Fig. 11a). The samples from
this study are mainly plotted in the volcanic arc+
syncollisional granite field. To separate volcanic arc
granites from syncollisional granites, a Rb versus
Y + Nb diagram is used in Fig. 11b. It is clear that the
granitoid rocks of the study area plot within the vol-
canic arc granite field. A subset of selected samples
were analysed by ICP-MS. These samples are used
within the Rb-Hf-Ta triangular diagram of Harris
et al. (1986) which discriminates volcanic arc, ocean
floor and within-plate type granitoids (Fig. 12a). The
granitoid rocks of the Goksun—Afsin (Kahramanmaras)
region are characterized by Ta depletion and plot
within the volcanic arc field. Brown et al. (1984) stated
that the Rb/Zr ratio increases with increasing Nb
content in accordance with the arc maturity. Once it is
well constrained that the granitoid rocks of the study
area were formed in a volcanic arc setting one may
compare the data with the field of arc-type granitoids
(Fig. 12b): they mainly overlap in the field of normal
continental arc and are also slightly transitional to the
field of mature arc.

K-Ar geochronology

Thirteen (12 biotite and 1 hornblende separates) samples
from the granodiorite and one sample (biotite separate)
from the aplitic dike cutting the granites have been used
for K-Ar isotopic age determination (Table 6). No
granite samples were included for K—Ar isotopic dating
due to low-temperature alteration effects on the biotite
and hornblende. As the proportion of radiogenic to total
YOAr increases, it is evident that the error in its mea-
surement decreases exponentially (Cox and Dalrymple
1967). Except for sample K-36, the radiogenic *°Ar* in
the measured biotite and hornblende separates ranges
from 92.8 to 66.7% (Table 6). The biotite ages from the
granodiorite samples cluster in two groups. The first
group ranges from 74.40+1.5 to 70.05+1.75 Ma,
whereas the second group ranges from 80.42+2.0 to
77.49+1.91 Ma (Table 6). The petrography of the
samples dated in the first group show that the biotites
exhibit slight effects of chlorite alteration which may
reduce the ages. It is known that chemical weathering
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Fig. 8 Harker type (Harker 18 0.5
1909) variation diagrams of the /A Granodiorite
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and alteration by aqueous fluids lead not only to argon
loss but also to changes in the potassium content of
minerals (Faure 1986). Therefore, the ages of the first
group should be taken with caution. The biotites of the
second group are petrographycally fresh and thus are
expected to give more reliable ages. The one hornblende
separate yielded 85.76 £3.17 Ma. (Table 6). The biotite
and hornblende ages normally do not provide a measure
of the time since the emplacement of a plutonic igneous
body, but instead yield information related to the cool-
ing history. The biotite separates from an aplitic dike
(K-185) yielded an age of 77.49+1.91 Ma (Table 6). In
the field, the aplitic dike is seen to intrude the granites,
suggesting that the age of the granite in Goksun—Afsin
(Kahramanmarag) region is coeval or slightly older than
the aplitic dikes. All the age determinations from the

granitoid rocks in the study area reveal that they were
contemporaneously formed during the underthrusting of
ophiolitic and related metamorphic units beneath the
Malatya—Keban platform in the Late Cretaceous.

Discussion

Three alternative tectonic models have been proposed by
several authors to explain genesis and the emplacement
of the ophiolites and the granitoid magmatism in the
region. These are namely single subduction zone”
model (Hall 1976; Aktas and Robertson 1984, 1990;
Yilmaz 1993; Yilmaz et al. 1993; Robertson 1998, 2000),
“double subduction zone” model (Robertson 1998,
2000, 2002; Parlak et al. 2004) and ‘“multi-phase
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convergence” model (Robertson et al. 2006a). The field,
geochemical and geochronological data presented here
support the “multi-phase convergence” model of Rob-
ertson et al. (2006a). Before presenting the ““multi-phase
convergence’” model, there are number of points which
should be clarified. Yazgan and Chessex (1991) and
Beyarslan and Bingdl (2000) stated that the Baskil/Ela-
71§ magmatics represent a well-developed magmatic arc
unit with plutonic as well as the volcanic rocks. Recent
investigations in the region show that the wide spread
volcanic units in the region are tholeiitic in character and
interpreted as belonging to an ensimatic island arc
association which was built up on the top of subduction
related oceanic crust (Rizaoglu et al. 2004; Robertson
et al. 2006b). These volcanic units are observed as tec-
tonically overlain by the Malatya—Keban platform and
cut by the granitoids in the field, suggesting that the
volcanic units were underthrust beneath the Malatya—
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Fig. 10 Chondrite-normalized REE diagram (a) and ORG-nor-

malized spider diagram (b) of the granitoid rocks (normalizing
values are from Sun and McDonough 1989; Pearce et al. 1984)

Keban platform before the granitoid emplacement. The
field data also show that the ophiolites and the ophiolite-
related metamorphic rocks were accreted to the base of
the Malatya—Keban platform before granitoid magma-
tism (Robertson et al. 2006a). The K—Ar ages obtained
from the granitoid of the Goksun—Afsin (Kahraman-
marag) region display an age range from 85 to 77 Ma
(Table 6), suggesting that they were formed after the
genesis of the ophiolites (~90 Ma) in the southern
Neotethys (Mukasa and Ludden 1987; Robertson et al.
2006a).

The wide spread out crops of the granitoids, the
ophiolites and the ophiolite-related metamorphic rocks
between Kahramanmaras and Elazig are important Late
Cretaceous tectonomagmatic units of the southeast
Anatolian orogen. The granitoids are located in Gok-
sun—Afsin (Kahramanmarag), Dogansehir (Malatya)
and Baskil (Elazig) regions (Aktas and Robertson 1984;
Yazgan and Chessex 1991; Beyarslan and Bingol 2000).
They are predominantly composed of plutonic rocks
ranging from gabbros to diorites and monzonite. The
Late Cretaceous ophiolitic bodies of southeast Anatolia
are represented by the Goksun in the north of Kahr-
amanmarag, Ispendere in the Malatya region and
Ko6miirhan-Guleman in the Elazig region. The ophiolites
show a complete ophiolite pseudostratigraphy from the
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Table 5 Trace element and REE compositions of the subset of the granitiod rocks analysed by ICP-MS

Sample Granodiorite Granite Aplitic dike

K-39 K-171 K-202 K-206 K-47 K-163 K-184 K-196
Th 15.1 21.6 14.0 19.4 26.1 27.7 25.1 334
U 5.7 7.66 4.59 4.93 5.47 14.0 5.92 4.82
Nb 6.8 5.5 5.6 9.5 3.9 12.1 3.9 4.6
Hf 42 3.5 3.6 4.7 2.4 2.7 23 2.1
Ta 1.4 0.77 0.63 0.95 0.5 2.50 0.58 1.26
La 27.8 38.8 19.1 21.9 248 12.4 14.9 16.7
Ce 50.5 66.6 36.6 47.9 45.7 21.4 30.9 33.7
Pr 5.15 5.93 3.91 5.28 4.37 1.73 2.95 3.25
Nd 19 224 14.2 223 15.7 5.53 10.7 11.7
Sm 3.69 4.23 2.90 4.84 3.85 1.15 2.70 2.65
Eu 0.633 0.875 0.721 0.794 0.285 0.184 0.238 0.282
Gd 3.24 4.01 291 4.76 4.26 1.31 3.08 2.78
Tb 0.49 0.61 0.47 0.74 0.89 0.28 0.61 0.49
Dy 2.87 3.75 275 421 5.95 2.07 4.25 3.16
Ho 0.59 0.73 0.59 0.84 1.34 0.48 0.91 0.67
Er 1.89 2.26 1.82 2.75 4.29 1.68 2.98 222
Tm 0.298 0.349 0.271 0.448 0.706 0.308 0.494 0.371
Yb 1.84 2.36 1.89 2.86 4.64 2.32 3.37 2.46
Lu 0.297 0.354 0.300 0.430 0.796 0.382 0.510 0.384

ultramafic to volcanic rocks and tectonically underlain
by ophiolite-related metamorphic rocks. The ophiolite-
related metamorphic rocks crop out discontinuously
beneath the ophiolites. The most important one is ob-
served in the Dogangehir (Malatya) region in tectonic
contact with overlying ophiolitic units; they display in-
verted metamorphic zonation from pyroxene-granulite
facies to epidote-amphibolite facies (Geng et al. 1993;
Parlak et al. 2002). These ophiolite-related metamorphic
rocks is thought to be the equivalent of the Berit
metaophiolite (Peringek and Kozlu 1984; Geng et al.
1993; Robertson et al. 2006a) further to the southwest in
the Goksun (Kahramanmarag) region. K—Ar isotopic
age determination on the hornblende yielded an age of
90+7 Ma (Parlak et al. 2002). Figure 13 presents an
evolutionary model to explain the genesis of ophiolites
and granitoids based on the field, geochemical and geo-
chronological data. The ophiolites in the southeast
Anatolia were formed above a north dipping subduction

zone between the Arabian platform and the Tauride
platform in the Late Cretaceous (~90 Ma) (Parlak et al.
2004) (Fig. 13a). The seamount-type volcanics, MORB
type oceanic crust and sea floor sediments occurred
during the period between Late Triassic and Early Cre-
taceous were fragmented and accreted to the base of the
hanging wall to form the metaophiolites and/or meta-
morphic soles in subduction zone (Fig. 13a). An ensi-
matic island arc was developed above the newly formed
subduction-related oceanic crust with time (Fig. 13b).
The cold and dense MORB type oceanic crust close to
the Tauride platform in the north was then underthrust
(Fig. 13b). Following this event the ophiolites and
ophiolite-related metamorphic units were then accreted
to the base of the Malatya—Keban platform during the
progressive subduction of the southern Neotethyan
oceanic basin. The thrusting of the Malatya—Keban
platform over the ophiolites and the ophiolite-related
metamorphic rocks was followed by the intrusion of the

Table 6 K—Ar ages and analytical data for the granodiorite and aplitic dike from the Goksun—Afsin (Kahramanmarag) region

Sample  Rock type Mineral % K “Ar* moles/g x 107" % PAr*  OAr°Ar x10° YK/Ar x10*  Age (Ma)

K-36 Granodiorite  Biotite 2.35 30.296 46.40 5.51 5.92 7290+ 1.70
K-37 Granodiorite  Biotite 4.01 52.023 67.30 9.04 14.00 73.30+1.70
K-38 Granodiorite  Biotite 5.12 66.971 80.40 15.06 27.61 73.90+£1.70
K-39 Granodiorite  Biotite 5.01 64.122 66.70 8.88 13.83 72.30+1.60
K-198 Granodiorite  Biotite 5.90 77.720 92.20 37.65 78.62 74.40+£1.50
K-200 Granodiorite  Biotite 6.05 78.289 83.63 18.05 34.82 73.12+£1.80
K-203 Granodiorite  Biotite 5.50 69.593 76.34 12.49 22.50 71.53+£1.77
K-204 Granodiorite  Biotite 5.67 70.228 69.21 9.60 16.01 70.05+1.75
K-198 Granodiorite  Hornblende 0.66 10.006 68.17 9.28 12.40 85.76 £3.17
K-199 Granodiorite  Biotite 5.96 83.672 86.93 22.61 41.79 79.19+£1.96
K-201 Granodiorite  Biotite 6.17 86.832 89.38 27.83 58.76 79.38+1.97
K-202 Granodiorite  Biotite 6.20 86.243 87.91 24.44 46.10 78.48 £1.92
K-206 Granodiorite  Biotite 4.26 60.755 91.08 33.12 63.12 80.42+2.00
K-185 Aplitic dike Biotite 6.55 89.930 92.80 41.07 82.96 77.49+1.91
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granitoids (88-85 Ma) along the Tauride active conti-
nental margin in the southern Neotethys (Fig. 13c).
The major and trace element geochemistry of the
granitoid rocks in the Goksun—Afgin (Kahramanmaras)
region suggests that they were formed along the Tauride
active continental margin during the Late Cretaceous.
The metaluminous to peraluminous nature of the
granitod rocks is consistent with an evolution involving
contamination of mantle-derived magmas by continen-
tal crust. The biotite geochemistry further strengthens
the interpretation of subduction-related setting for the
granitoids in the southeast Anatolia. Volcanic arc
granitoids related to subduction of the Neotethys in
Turkey are also reported from the Pontide belt (Arslan
et al. 2004; Karsl et al. 2004; Boztug et al. 2004). Fur-
ther east along the Neotethyan belt, a similar history of
intraoceanic accretion and later marginal arc magma-
tism of Cretaceous age is recorded in the Kohistan-
Karakorum-Himalayas area (Crawford and Searle 1992;
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Fig. 12 a Rb—Hf-Ta triangular diagram (after Harris et al. 1986)
and b Rb/Zr versus Nb diagram (after Brown et al. 1984) for the
granitoid rocks

Debon et al. 1987; Petterson and Windley 1985; Rolland
et al. 2002).

Conclusions

The field, geochemical and geochronological data
obtained in this study suggest following conclusions:

1. The granitoids of the Southeast Anatolian Orogen
intrude the metamorphic massifs, the ophiolites and
the ophiolite-related metamorphic rocks. This further
indicate that the ophiolites and the ophiolite-related
metamorphic rocks were accreted to the base of the
Malatya—Keban platform before intrusion took
place.

2. The K-Ar age determinations indicate that the
granitoids in the region date the underthrusting of
ophiolitic and related-metamorphic units beneath the
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3. The major, trace and rare earth element geochemistry
of the granitoid rocks show that they are typical
I-type, calcalkaline volcanic arc granites which
formed along the Tauride active continental margin
as a result of north-dipping subduction of the
southern Neotethys in Late Cretaceous.

4. The biotite chemistry from the granodiorites also
confirm the calc-alkaline geochemical affinity with
their MgO (11.85-14.38%), Al,O5; (13.51-14.69%)),
FeO (17.17-19.86%) contents and exhibits close
similarities to calc-alkaline granitoids that formed in
the other parts of the Neotethyan orogenic belt.

5. The hornblende geobarometers from the granodior-
ites indicate that the early phases of the granitoid
body started to crystallize relatively at greater depth

Late Cretaceous

Thrusting of Tauride platform
over the ophiolitic units

and intrusion of granitoid
_1--

Late Cretaceous
(88-85 Ma)

(~10 km) and final crystallization occurred at shal-
lower levels (~3 km) during uplift of the granitoid
body.
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