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Abstract – Continental basalts ranging in age from 16.5 to 19.08 Ma crop out throughout the
northern part of the Arabian plate. The basalts have distinctive petrographic characteristics such
as rounded and skeletal olivine phenocrysts with abundant melt inclusions, implying the mixing
of two distinct magmas. All of the analysed basalts are tholeiitic in composition. The presence of
quartz xenocrysts with clinopyroxene rims in some samples indicates that crustal assimilation was
probably an important process during magma ascent to the surface, and low Mg number and high
SiO2 contents of the basalts clearly show that they have experienced fractional crystallization as
well as crustal contamination. Variations of the major and trace elements versus MgO show that
olivine + clinopyroxene + plagioclase were the main fractionating minerals. In terms of incompatible
trace elements, the basalts have OIB-like signatures with a slight depletion at Nb–Ta on primitive-
mantle-normalized diagrams. The basalts have slightly LREE enriched patterns with La/YbN = 5.5 to
6.7. La/Nb ratios are close to unity, suggesting the melts may have originated in the asthenospheric
mantle. Partial melting modelling based on REE data imply that the melts were not produced from
a single mantle source depth, which is either purely a spinel- or garnet-peridotite end member. The
samples lie on a binary mixing line between low-degree melts (< 5 %) from garnet-peridotite and
higher-degree melts (> 10 %) from spinel-peridotite sources on a plot of La/Yb v. Dy/Yb, requiring
interaction of melts derived from both garnet- and spinel-peridotite fields. Melts originating from both
sources were initially tapped by distinct magma chambers, which subsequently hybridized into a single
flow. Hybridized magma ascended to the surface along Neogene strike-slip faults, which are linked to
the Dead Sea Fault Zone.
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1. Introduction

Continental intra-plate basaltic volcanism, commonly
referred to as continental flood basalts (CFB), is formed
by rapid eruption of huge volumes of the basalts in
discrete events of geologically short duration. Despite
their volumetric significance, some uncertainties re-
main about their sources and processes of formation.
Generation of the most primitive magmas has been
explained either by a mantle plume raising the mantle
temperature (Richards, Duncan & Courtillot, 1989;
White & McKenzie, 1989; Campbell & Griffiths, 1990)
or lithospheric extension inducing decompressional
melting (Turcotte & Emerman, 1983; Anderson, 1994;
King & Anderson, 1995, 1998). Continental intra-plate
basalts display a relatively restricted major element
composition, similar to that of evolved mid-ocean ridge
basalts (MORB); they are enriched in light rare earth
elements (LREE) and large-ion lithophile elements
(LILE), but relatively depleted in high field-strength
elements (HFSE) with respect to LILE and LREE,
when normalized to primitive mantle compositions
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(Cox & Hawkesworth, 1985). These characteristics
have been attributed to crustal assimilation (Ellam &
Cox, 1989), enriched subcontinental mantle (Ellam &
Cox, 1991), mixing between depleted and enriched
mantle domains (Campbell & Griffiths, 1990), and
combinations of melting of enriched mantle and crustal
assimilation (Arndt & Christiansen, 1992).

Extensive volcanic activity developed mostly during
Neogene to present times on the Arabian plate (Fig. 1a;
Çapan, Vidal & Cantagrel, 1987; Giannerini et al. 1988;
Garfunkel, 1989; Heimann & Ron, 1993; Ilani et al.
2001), post-dating the break-up of Africa and Arabia,
and opening of the Red Sea. During Cenozoic times, the
northward motion of the Arabian plate caused tectonic
reorganization with more or less contemporaneous
igneous activity (Giannerini et al. 1988; Rukieh et al.
2005). The main stages are: (a) the development of
the Dead Sea Fault Zone (also known as the Levantine
fault system), a sinistral strike-slip fault with a total
length of about 1000 km and a total displacement
about 105 km (e.g. Garfunkel, 1981; LePichon &
Gaulier, 1988; Heimann & Ron, 1993; Sobolev et al.
2005); (b) northward subduction of Neotethys and a
final collisional event, which is responsible for the

https://doi.org/10.1017/S0016756807003524 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756807003524


868 M. ALPASLAN

Figure 1. (a) Major tectonic structures of Turkey and location
of the study area adopted from Yürür & Chorowicz (1998),
Coşkun (2004), Westaway (2003, 2004), Rukieh et al. (2005)
and Lustrino & Sharkov (in press) (DSFZ – Dead Sea Fault
Zone). (b) Geological map of the study area (modified after
MTA, 2002).

Bitlis–Zagros orogenic belt, between the Arabian and
Eurasian plates (e.g. Perinçek, 1979; Şengör & Kidd,
1979; Yılmaz, 1993); (c) Neogene to present volcanic
activity (e.g. A. Haksal, unpub. undergraduate thesis,
Univ. Hamburg, 1981; Çapan, Vidal & Cantagrel, 1987;
Ulu et al. 1991; Heimann & Ron, 1993; Polat, Kerrich
& Casey, 1997; Sharkov et al. 1998; Alıcı et al. 2001;
Bertrand et al. 2003; Shaw et al. 2003; Rukieh et al.
2005; Lustrino & Sharkov, 2006; Fig. 1a).

Most studies have focused on the Quaternary–
present basaltic volcanism and tectonics in the northern
part of the Dead Sea Fault Zone (e.g. Çapan, Vidal &
Cantagrel, 1987; Polat, Kerrich & Casey, 1997; Yürür
& Chorowicz, 1998; Arger, Mitchell & Westaway,
2000; Alıcı et al. 2001; Rojay, Heimann & Toprak,
2001; Tatar et al. 2004; Lustrino & Sharkov, 2006), but
little attention has been paid to the Miocene basaltic
volcanism in Southeast Anatolia (Ulu et al. 1991).
Lustrino & Sharkov (2006) suggest that the basaltic
volcanism occurs due to passive upwelling of the
shallow asthenosphere, resulting from transtensional
movements along the Dead Sea Fault Zone, during the
development of the Dead Sea Fault Zone without influ-

ence from the nearby Afar mantle plume and passive
decompression of the same sources during Miocene–
Pliocene times. Quaternary basaltic volcanism north of
Hatay has been related to extensional tectonics along
the Dead Sea Fault Zone (Rojay, Heimann & Toprak,
2001; Alıcı et al. 2001).

In this paper, the whole range of geochemical
data from the early–middle Miocene intra-continental
basaltic volcanic rocks of Southeast Anatolia are
reported for the first time. The objective of this study
is to explain the magmatic processes and related
geodynamics that are inferred from the petrographical
and geochemical characteristics of the early–middle
Miocene basaltic volcanism.

2. Geological framework

In the study area, lithological units vary from Upper
Cretaceous to recent age (Fig. 1b). The Upper Creta-
ceous units are ophiolitic, and include serpentinized
ultrabasic rocks, pillow lavas, limestone and shale
(Fig. 1b), and were emplaced as a consequence of
the convergence between Afro-Arabian and Eurasian
plates. Tertiary units of Paleocene to Oligocene age
mainly consist of shallow marine carbonates (Ulu et al.
1991). Since early–middle Miocene times, the northern
part of the Arabian plate has been gradually uplifted
and has evolved into a continental basin (Ulu et al.
1991). Basaltic volcanic rocks rest on the earlier units
(Fig. 1b). Basaltic volcanism occurred in a time span
between 16.5 and 19. 08 Ma based on K–Ar data
(Arger, Mitchell & Westaway, 2000; Tatar et al. 2004).
Four basaltic flows have been distinguished at the south
of the Narlı district. Total thickness of the basaltic flows
reaches up to 100 metres. The youngest unit in the study
area is Quaternary alluvium (Fig. 1b).

3. Rock classification and petrography

Analysed samples fall in the basalt and basaltic
andesite fields on the total alkali silica (TAS) plot
(Fig. 2a), and show tholeiitic affinity on the AFM
plot of Irvine & Baragar (1971; Fig. 2b). All basaltic
samples, except one, are olivine-normative (Table 1).
Samples are typically porphyritic with a holocrys-
talline groundmass and phenocrysts of euhedral to
subhedral olivine. Phenocryst assemblages of both
olivine + clinopyroxene and olivine + plagioclase have
been seen in the highly porphyritic samples. The
groundmass is typically intergranular to ophitic and
consists predominantly of subhedral plagioclase laths,
with clinopyroxene and minor oxides. Plagioclase
phenocrysts commonly show zoning patterns (Fig. 3a).
Some samples include quartz xenocrysts surrounded by
pyroxene microlites (Fig. 3b). Phenocrysts of olivine,
plagioclase and clinopyroxene occasionally occur as
glomerophyric aggregates in the porphyrytic samples.
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Figure 2. (a) Total alkali-silica nomenclature diagram of LeBas
et al. (1986) for the early–middle Miocene volcanic rocks in
southeastern Turkey. (b) AFM diagram of Irvine & Baragar
(1971) for the studied volcanic rocks.

In some samples, glomerocrysts of clinopyoxene,
which mainly are surrounded by olivine, have been
observed (Fig. 3c).

The more primitive samples have predominantly
small olivine phenocrysts (generally < 0.5 mm) within
fine-grained groundmass, although evolved ones in-
clude olivine phenocrysts varying in size from < 0.3
to 2 mm. Phenocrysts of olivine commonly have
iddingsite rims, although some of them are completely
altered to iddingsite. Olivine occurs as euhedral to
skeletal, embayed and rounded phenocrysts (Fig. 3d–
f). Rounded to embayed olivine phenocrysts coexisting
with smaller euhedral and skeletal phenocrysts of
olivine possibly indicate the mixing of compositionally
distinct magmas (Richter & Murata, 1966; Wright,
1973). Olivine phenocrysts contain abundant rounded
and elongated melt inclusions (Fig. 3g). Some olivine
phenocrysts are dendritic, implying rapid growth
(Fig. 3h).

4. Geochemistry

Based on petrographical investigations, 44 representat-
ive samples were selected for major and trace element
analyses. Major element analyses were determined by
inductively coupled plasma-atomic emission spectro-
metry (ICP-AES). Trace and rare earth elements (REE)
were determined by inductively coupled plasma-mass
spectrometry (ICP-MS). All the analyses were carried
out at the ACME Analytical Laboratories Ltd, Canada.
Analytical precision is better than 0.5 % for major
elements and 5 % for trace elements.

4.a. Major and trace elements

Chemical analyses and CIPW norms are listed in
Table 1. Samples fall into the basalt and basaltic
andesite fields below the dividing line for alkaline
and subalkaline fields of Irvine & Baragar (1971)
(Fig. 2a). The recovered samples contain between
8.74 % and 3.9 % MgO, implying some fractional
crystallization, because none of the lavas represents
a primary magma with Mg number greater than 0.68.
Figure 4 shows the major elements plotted against MgO
for early–middle Miocene volcanic rocks. The negative
correlation between MgO and SiO2 (Fig. 4) indicates
variable degrees of fractional crystallization, involving
initial removal of olivine in higher MgO. The increase
of SiO2 and decrease of Fe2O3t indicate that fractional
crystallization of ferromagnesian minerals such as oliv-
ine and clinopyroxene may have played an important
role in the evolution. TiO2 does not correlate with MgO
(Fig. 4), which implies that fractional crystallization
of Ti-bearing opaques may not be very prominent in
early–middle Miocene volcanic rocks. In the more
magnesian rocks (MgO > 7 wt %), CaO decreases
with decreasing MgO, suggesting that plagioclase
fractionation occurs in this interval. However, the flat
trend of CaO with decreasing MgO in the rocks with
< 7 % MgO indicates that plagioclase fractionation is
insignificant. Figure 5 presents some compatible and
incompatible trace element variations plotted against
MgO. As MgO decreases, there is a general decrease
in the compatible trace elements such as Ni and
Cr implying olivine and clinopyroxene fractionation.
The increase of incompatible trace elements such as
Rb, Zr, and Y and decrease of MgO suggest that
crystal fractionation is one of the major magmatic
processes in the evolution of the magma forming
the early–middle Miocene volcanic rocks (Fig. 5).
Nb/U ratios of more primitive samples resemble those
of typical oceanic island basalts (Hoffmann et al.
1986), although those of evolved samples have values
lower than OIB (Table 1), which possibly indicate
crustal assimilation. Ce/Pb ratios vary from 26 to
95. High variability in the Ce/Pb values may have
been caused by the mobility of Pb during secondary
processes. A discrimination plot based on HFSE data
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Table 1. Major and trace element compositions and normative mineralogies of the early to middle Miocene volcanic rocks (∗)

Sample no. 316 317 318 319 321 322 323 324 325 326 327 328 329 330 331 332

Longitude (E) 37◦16’27” 37◦16’33” 37◦16’32” 37◦16’32” 37◦16’29” 37◦16’29” 37◦16’29” 37◦16’29” 37◦16’29” 37◦16’29” 37◦16’32” 37◦16’33” 37◦16’31” 37◦16’31” 37◦16’35” 37◦16’36”
Latitude (N) 037◦12’10” 037◦12’12” 037◦12’11” 037◦12’11” 037◦12’27” 037◦12’27” 037◦12’27” 037◦12’27” 037◦12’27” 037◦12’27” 037◦12’30” 037◦12’30” 037◦12’26” 037◦12’26” 037◦12’23” 037◦12’23”
SiO2 52.8 52.69 53.67 53.6 52.05 53.45 53.11 53.31 53.36 53.24 51.27 51.19 53.18 52.68 52.9 52.31
Al2O3 14.01 14.37 13.86 13.73 14.06 16.4 15.14 16.67 16.44 16.77 14.61 14.55 14.23 14.4 14.4 14.08
Fe2O3 11.2 11.03 10.71 10.86 11.78 10.18 10.86 9.9 10.08 9.86 11.94 11.95 11.14 11.29 11.33 11.02
MgO 7.29 7.24 6.35 6.67 6.61 3.68 5.36 4.03 4.22 4.35 5.85 6.37 6.61 6.5 6.4 7.23
CaO 7.87 7.98 7.9 7.74 8 8.36 8.15 8.43 8.47 8.42 7.76 7.77 8 8.07 7.98 8.55
Na2O 3.15 3.13 3.2 3 3.08 3.64 3.22 3.6 3.44 3.56 3.51 3.44 3.13 3.29 3.18 3.13
K2O 1 1.12 1.32 1.32 0.91 1.01 0.93 1.1 1.16 1.19 1.01 1.12 1.07 1.06 1.05 0.93
TiO2 1.54 1.58 1.68 1.61 1.64 1.78 1.64 1.76 1.7 1.7 1.84 1.76 1.58 1.56 1.6 1.5
P2O5 0.22 0.21 0.27 0.24 0.23 0.23 0.2 0.23 0.22 0.23 0.26 0.28 0.22 0.21 0.24 0.22
MnO 0.13 0.13 0.12 0.13 0.13 0.11 0.11 0.1 0.11 0.11 0.13 0.14 0.12 0.13 0.12 0.12
Cr2O3 0.038 0.043 0.037 0.037 0.038 0.006 0.025 0.007 0.007 0.007 0.029 0.035 0.039 0.04 0.039 0.034
Total 99.97 99.95 99.94 99.96 99.95 99.96 99.96 99.94 99.81 99.95 99.94 99.94 99.95 99.96 99.96 99.95
LOI 0.7 0.4 0.8 1 1.4 1.1 1.2 0.8 0.6 0.5 1.7 1.3 0.6 0.7 0.7 0.8
Ni 47 42 213 247 196 197 183 191
Normative minerals
Q 2.8 2.25 4.28 4.78 3.38 5.18 5.13 4.32 4.61 3.6 0 0 3.87 2.5 3.6 2.02
Or 5.92 6.63 7.82 7.82 5.39 5.98 5.51 6.51 6.87 7.04 5.98 6.63 6.34 6.28 6.22 5.51
Ab 26.65 26.48 27.07 25.38 26.06 30.8 27.24 30.46 29.11 30.12 29.7 29.11 26.48 27.84 26.91 26.48
An 21.15 21.87 19.57 20.11 21.87 25.45 24.13 26.1 26.01 26.29 21.14 20.97 21.63 21.41 21.93 21.64
Ne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Di 13.47 13.37 14.64 13.69 13.4 12.12 12.39 11.82 12.1 11.6 13.04 13.1 13.64 14.17 13.22 15.8
Hy 20.96 20.65 17.29 18.84 19.63 11.03 16.08 11.8 12.44 12.8 20.52 18.63 19.03 18.69 18.86 19.55
Ol 0 0 0 0 0 0 0 0 0 0 0.3 2.75 0 0 0 0
Mt 4.87 4.8 4.66 4.72 4.72 4.43 4.72 4.31 4.38 4.29 3.46 3.47 4.85 4.91 4.93 4.79
İl 2.92 3 3.19 3.06 3.11 3.38 3.11 3.34 3.23 3.23 3.49 3.34 3 2.96 3.04 2.85
Ap 0.52 0.5 0.64 0.57 0.55 0.55 0.47 0.55 0.52 0.55 0.62 0.66 0.52 0.5 0.57 0.52
Trace elements
Ni 201 203 173 204 197 44 112 44
Sc 17 17 16 16 17 16 18 16 16 16 16 16 17 17 17 17
Ba 178.7 170.5 182.2 160.5 139.4 222.6 207.1 217 219.6 213.4 176.6 198.3 183.2 189.4 187.9 171
Co 53 45 47.7 50.8 49.5 39.1 42.9 36.1 40.5 41.4 49.6 54.6 49.2 52.1 46.9 49.9
Cs 0.8 1 0.9 1 0.7 0.8 0.8 0.7 0.7 0.6 0.6 0.8 1.4 0.9 0.8 1
Ga 22.3 21.9 22.4 21.3 22.3 24.6 23.3 24 24.3 23.7 22.6 22.5 21.8 21.3 22.2 22.1
Hf 3.4 3.2 3.7 3.3 3.4 3.6 3.3 3.8 3.8 3.6 3 3.3 3.6 3.4 3.6 3.2
Nb 15 14.2 18.5 16.2 15 14.3 13.9 14 13.9 13.7 16.8 19 14.9 15.5 15.6 13.3
Rb 29.1 30.9 42.2 45 29.9 28.8 26.1 25.2 29.2 27.7 24.3 31.3 34.8 30 26.2 32.4
Sr 310.7 291.1 342.5 301.5 296.7 377 318.2 362.1 368.7 359.8 345.1 360.5 316.2 321 310 292.5
Ta 1.1 1 1.3 1.3 1.2 1.1 0.9 0.9 1 0.9 1.1 1.4 1.1 1.1 1 1
Th 3.4 3.1 4.5 3.5 3.5 4 3.4 3.9 4.3 3.4 2.6 4 3 2.9 3.4 2.6
U 1 1.2 1.7 1.8 1.3 0.8 0.8 0.9 0.8 0.8 0.8 1 1 1 1 1.1
V 183 177 187 173 186 174 188 174 173 167 174 180 174 189 182 172
Zr 116.2 113.1 123.8 110.1 109 133.4 115.2 127.7 126.6 125.9 114.4 122.6 111.9 117 115.2 110.3
Y 26.7 23.3 25.9 24 25.3 28.1 24.7 27.6 25.8 26.6 23.3 24 23.5 24.3 23.8 24.9
La 16.9 15.1 17.3 15 13.8 17.2 15.6 16.7 16.6 16.6 14.8 17.3 15.6 15.1 15.6 14.2
Ce 34.3 31.8 35.9 32.1 29.7 37.1 31.2 35.6 35.9 34.8 31.6 36.9 33 33.7 32.5 30.4
Pr 4.04 3.76 4.29 3.75 3.55 4.4 4.06 4.35 4.13 4.15 3.77 4.21 3.98 3.9 3.92 3.51
Nd 19.2 18 19.9 18 16.9 21 18.6 21.6 19.2 19.3 17 19.5 17.9 18.1 17.8 16.3
Sm 4.2 4 4.3 4.1 4 4.5 4.1 4.5 4.4 4.5 3.9 4.4 4 4.3 4.5 3.9
Eu 1.53 1.39 1.42 1.33 1.41 1.56 1.54 1.58 1.58 1.54 1.42 1.55 1.36 1.32 1.38 1.32
Gd 4.9 4.51 4.79 4.55 4.54 5.16 4.89 5.14 4.97 5.21 4.72 4.59 4.48 4.58 4.88 4.5
Tb 0.82 0.76 0.83 0.77 0.78 0.86 0.79 0.9 0.87 0.85 0.75 0.83 0.76 0.75 0.81 0.76
Dy 4.53 4.11 4.62 4.43 4.26 4.66 4.58 4.87 4.82 4.64 4.3 4.42 4.44 4.26 4.42 4.43
Ho 0.88 0.78 0.82 0.78 0.84 0.96 0.83 0.91 0.9 0.89 0.78 0.8 0.82 0.86 0.82 0.82
Er 2.2 2.16 2.26 2.15 2.25 2.4 2.25 2.47 2.33 2.29 2.03 2.11 2.17 2.15 2.18 2.23
Tm 0.3 0.29 0.33 0.3 0.3 0.31 0.33 0.33 0.32 0.33 0.29 0.31 0.27 0.3 0.28 0.31
Yb 2 1.84 1.87 1.71 1.95 2.01 2.01 2.21 1.92 2.06 1.73 1.79 1.71 1.86 1.86 1.91
Lu 0.28 0.27 0.28 0.27 0.28 0.3 0.28 0.3 0.28 0.28 0.23 0.23 0.26 0.26 0.25 0.29
Pb 0.7 0.6 0.9 0.4 0.9 1.2 0.9 1.2 0.7 0.6 0.8 0.9 0.5 0.9 1.1 0.4
Ce/Pb 49 53 39.88 80.25 33 30.91 34.66 29.66 51.3 58 39.5 41 66 37.44 29.54 76
La/Nb 1.13 1.06 0.93 0.92 0.92 1.20 1.12 1.19 1.20 1.21 0.88 0.91 1.04 0.97 1.0 1.06
Nb/U 15 11.83 10.88 9 11.54 17.88 17.37 15.55 17.37 17.12 21 19 14.9 15.5 15.6 12.09
Dy/YbN 1.52 1.49 1.65 1.73 1.46 1.55 1.52 1.47 1.68 1.50 1.66 1.65 1.73 1.53 1.59 1.55
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Table 1. (Contd.)

Sample no. 334 335 336 340 341 343 344 345 272 276 277 280 282 284 286 288

Longitude (E) 37◦14’10” 37◦16’48” 37◦16’51” 37◦18’01” 37◦19’14” 37◦19’18” 37◦30’07” 37◦30’18” 37◦20’30” 37◦19’28” 37◦19’28” 37◦19’15” 37◦18’56” 37◦18’52” 37◦19’05” 37◦18’54”
Latitude (N) 037◦13’30” 037◦12’21” 037◦11’56” 037◦11’21” 037◦10’15” 037◦09’45” 037◦21’51” 037◦21’40” 037◦19’28” 037◦18’38” 037◦18’38” 037◦18’49” 037◦20’04” 037◦21’13” 037◦22’37” 037◦23’24”
SiO2 53.89 53.16 52.84 54.03 53.62 51.63 52.75 52.39 53.71 53.65 53.75 53.57 53.17 50.95 51.9 51.51
Al2O3 16.36 13.74 13.73 14.81 14.98 14.09 14.56 14.12 14.95 15.18 15.06 16.21 14.47 14.2 14.44 14.27
Fe2O3 10.01 10.69 10.88 10.52 10.31 12.02 11.08 10.69 10.43 10.05 10.14 10.07 10.59 12.21 11.11 11.48
MgO 3.9 7.41 7.71 5.74 5.66 8.14 5.97 7.16 5.52 4.53 4.56 4.69 6.32 7.5 6.92 7.05
CaO 8.51 7.86 7.83 8.07 8.53 7.81 8.23 8.15 8.41 7.94 7.85 8.65 8.2 8.22 8.41 8.59
Na2O 3.62 3.1 3.02 3.39 3.29 3.08 3.12 3.06 3.23 3.59 3.58 3.42 3.32 3.22 3.25 3.12
K2O 1.18 1.38 1.3 1.13 1.1 0.65 1.14 1.02 1.08 1.43 1.45 1.06 1.15 0.74 1.03 1
TiO2 1.7 1.65 1.59 1.66 1.65 1.56 1.66 1.62 1.66 1.93 1.94 1.63 1.62 1.62 1.67 1.75
P2O5 0.25 0.26 0.25 0.23 0.24 0.18 0.26 0.25 0.24 0.33 0.33 0.21 0.25 0.24 0.23 0.27
MnO 0.11 0.12 0.13 0.12 0.12 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.14 0.13 0.13
Cr2O3 0.007 0.037 0.038 0.028 0.027 0.036 0.035 0.035 0.026 0.016 0.016 0.013 0.026 0.04 0.033 0.04
Total 99.94 99.93 99.95 99.94 99.94 99.96 99.95 99.95 99.79 99.78 99.9 99.96 99.95 99.81 99.95 99.93
LOI 0.4 0.5 0.6 0.2 0.4 0.6 1 1.3 0.4 1 1.1 0.3 0.7 0.7 0.8 0.7
Normative minerals
Q 4.76 2.57 2.32 4.51 4.31 1.42 3.91 2.94 5.07 4.48 4.65 4.41 3.09 0 0 0
Or 6.99 8.17 7.7 6.69 6.51 3.85 6.75 6.04 6.39 8.47 8.58 6.27 6.81 4.38 6.1 5.92
Ab 30.63 26.23 25.55 28.68 27.84 26.06 26.4 25.89 27.33 30.37 30.29 28.94 28.09 27.24 27.5 26.4
An 24.93 19.51 20.08 21.88 22.88 22.72 22.37 21.8 23.12 21.11 20.77 25.77 21.2 22.12 21.79 22
Ne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Di 13.04 14.52 13.99 13.72 14.7 12.15 13.79 13.9 14.02 13.39 13.32 13.04 14.64 14.12 15.22 15.57
Hy 11.1 20.05 21.36 16.03 15.16 24.54 17.16 19.78 15.24 12.22 12.41 13.3 17.19 20.71 21.21 21.51
Ol 0 0 0 0 0 0 0 0 0 0 0 0 0 3.34 0.41 0.55
Mt 4.35 4.65 4.73 4.58 4.48 5.23 4.82 4.65 4.54 4.37 4.41 4.38 4.61 3.54 3.22 3.33
İl 3.23 3.13 3.02 3.15 3.13 2.96 3.15 3.08 3.15 3.67 3.68 3.1 3.08 3.08 3.17 3.32
Ap 0.59 0.62 0.59 0.55 0.57 0.43 0.62 0.59 0.57 0.78 0.78 0.5 0.59 0.57 0.55 0.64
Trace elements
Ni 46 200 220 109 90 265 140 170 96 40 48 57 156 243 154 183
Sc 15 16 16 17 17 17 18 17 18 17 17 17 17 18 18 19
Ba 272.2 186.6 192.5 251.1 232.2 169.9 201.4 202.9 241.2 408.5 475.1 204.2 236.2 174.6 235 190.6
Co 42.5 51.4 55.2 45.8 44 55.6 48.3 48.1 46 41.1 38.9 45.7 54.7 58.4 49.4 52.6
Cs 0.8 0.8 0.9 0.8 0.7 0.5 0.9 0.7 0.7 0.7 0.7 0.5 0.8 0.3 0.5 0.4
Ga 24.3 22.8 22.4 22.7 23 22.2 22.4 20.9 22.6 23.7 23.4 23.6 21.8 22.3 22.6 21.5
Hf 3.7 3.6 3.3 3.7 3.9 2.9 3.2 3 3.1 4.3 4.5 3.4 3.7 3.1 3.5 3.6
Nb 13.7 17.9 17.6 15.2 15 10.5 16.9 16.5 13.1 22.6 23.7 11.6 15.3 14.4 13.6 17.2
Rb 31.7 41.6 43.4 27.8 25.8 14.8 30 23.2 28.2 35.8 33.6 22 33.8 16.5 21.7 21.4
Sr 372 342.7 344.8 362.9 351.3 267.1 332.2 331.5 319.3 421.5 425.3 321 319.2 307.8 324.8 346.6
Ta 1.1 1.3 1.4 1.2 1 0.8 1.2 1.3 1 1.5 1.5 0.8 1.1 1 0.9 1.2
Th 3.7 3.9 3.7 3.3 3.7 2.4 2.7 3.1 3.1 3.8 4.2 3.3 4.2 2.2 2.1 2.6
U 0.7 1.9 1.8 1 0.9 0.5 1 1 1 1.1 1.2 0.7 1.1 0.6 0.8 0.8
V 173 174 179 181 184 163 189 175 174 191 188 165 170 184 173 188
Zr 125.1 116.4 115.8 130.7 130.7 98.4 112.4 109.3 109.6 138.9 138.1 110.2 117.2 97 104.3 112.4
Y 26.4 24.7 25.5 25.8 25 22 29.5 23.4 25.7 28 28.3 25.8 25.3 23.6 23.6 23.3
La 17.1 15.9 16.3 17.7 17.9 12.5 18.9 15.7 14.2 19.9 19.8 14.1 14.7 13.5 12.9 15.1
Ce 36.8 34.9 34.3 37.5 37.6 25.6 34.2 32.6 29.3 40 40 28.8 31.4 26.6 26.4 31.4
Pr 4.25 4.16 4.03 4.35 4.39 3.14 4.53 3.86 3.81 5.1 5.03 3.62 4.04 3.52 3.48 3.95
Nd 19.3 19.4 18.3 19.7 20.2 14.9 21.3 17.7 17.4 22.2 22 16.7 18.7 16.5 16 17.6
Sm 4.7 4.3 4.1 4.4 4.5 3.6 4.5 4.1 4.4 5 5.1 4.2 4.3 4 4.1 4.2
Eu 1.54 1.47 1.38 1.46 1.48 1.26 1.5 1.36 1.42 1.66 1.64 1.53 1.52 1.42 1.42 1.46
Gd 5.09 5 4.83 4.88 5.09 4.35 5.32 4.34 4.8 5.02 5.18 4.81 4.46 4.45 4.52 4.7
Tb 0.85 0.8 0.83 0.8 0.83 0.68 0.84 0.71 0.8 0.89 0.92 0.82 0.85 0.8 0.77 0.82
Dy 4.68 4.48 4.67 4.49 4.66 3.94 4.9 4.28 4.2 4.71 4.81 4.2 4.38 4.07 4.09 4.08
Ho 0.9 0.82 0.89 0.85 0.83 0.73 0.92 0.76 0.83 0.89 0.92 0.82 0.84 0.76 0.76 0.76
Er 2.32 2.19 2.24 2.2 2.29 1.95 2.37 2.03 2.15 2.31 2.4 2.18 2.28 2.05 2.01 2.03
Tm 0.3 0.29 0.29 0.3 0.32 0.26 0.33 0.26 0.28 0.32 0.32 0.31 0.28 0.29 0.27 0.28
Yb 2.08 1.8 2.06 1.9 1.99 1.68 1.99 1.66 1.72 1.93 1.96 1.74 1.71 1.72 1.57 1.6
Lu 0.28 0.28 0.26 0.28 0.25 0.23 0.27 0.25 0.27 0.27 0.28 0.26 0.29 0.23 0.25 0.25
Pb 0.6 0.6 0.5 0.7 0.8 0.5 0.6 1 0.5 1 1.5 1.1 0.7 0.7 0.4 0.5
Ce/Pb 61.33 58.16 68.6 53.57 47 51.2 57 32.6 58.6 40 26.66 26.18 44.85 39 66 62.8
La/Nb 1.24 0.88 0.93 1.16 1.19 1.19 1.11 0.95 1.08 0.88 0.83 1.21 0.96 0.94 0.95 0.87
Nb/U 19.57 9.42 9.77 15.2 16.67 21 16.9 16.5 13.1 20.54 19.74 16.57 13.9 24 17 21.5
Dy/YbN 1.50 1.66 1.52 1.58 1.57 1.57 1.65 1.72 1.63 1.63 1.65 1.61 1.71 1.58 1.74 1.70
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Table 1. (Contd.)

Sample no. 291 295 254 256 257 258 260 263 266 267 268 269

Longitude (E) 37◦18’31” 37◦19’20” 37◦23’57” 37◦23’30” 37◦23’14” 37◦23’05” 37◦22’48” 37◦22’42” 37◦23’54” 37◦21’31” 37◦21’20” 37◦21’20”
Latitude (N) 037◦25’54” 037◦29’15” 037◦34’19” 037◦33’55” 037◦33’33” 037◦33’40” 037◦32’58” 037◦33’00” 037◦32’16” 037◦32’33” 037◦32’38” 037◦33’28”
SiO2 53.24 52.98 49.55 49.75 52.75 52.41 50.45 52.73 50.47 52.76 51.27 51.11
Al2O3 13.84 14.42 13.17 13.23 13.66 13.78 14.28 13.59 14.46 14.23 13.69 13.56
Fe2O3 10.73 10.79 11.46 11.49 10.99 11.04 12.37 10.93 12.19 11.17 11.61 11.38
MgO 7.87 7.05 8.21 8.68 8.17 8.35 7.5 8.13 7.89 6.81 8.07 8.74
CaO 8.12 7.9 9.86 9.59 7.84 7.77 8.97 7.75 8.9 8.32 8.5 8.7
Na2O 2.91 3.07 2.97 2.87 3.1 3.07 2.95 2.97 2.94 3.05 2.98 2.91
K2O 1 0.86 0.73 0.78 1.1 1.1 0.78 1.12 0.75 0.73 0.77 0.76
TiO2 1.39 1.57 1.68 1.62 1.62 1.59 1.62 1.6 1.61 1.53 1.61 1.58
P2O5 0.19 0.22 0.22 0.22 0.23 0.23 0.23 0.22 0.22 0.19 0.2 0.21
MnO 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.14 0.13 0.13 0.13
Cr2O3 0.038 0.029 0.045 0.048 0.039 0.041 0.04 0.041 0.039 0.035 0.049 0.044
Total 99.98 99.94 99.96 99.95 99.96 99.95 99.94 99.95 99.94 99.79 99.82 99.97
LOI 0.5 0.9 1.9 1.5 0.3 0.4 0.6 0.7 0.3 0.8 0.9 0.8
Normative minerals
Q 3.45 4.12 0 0 1.78 1.27 0 1.19 0 4.17 0 0
Or 5.92 5.09 4.32 4.62 6.51 6.51 4.62 6.63 4.44 4.32 4.56 4.5
Ab 24.62 25.97 25.13 24.28 26.23 25.97 24.96 25.13 24.87 25.81 25.21 24.62
An 21.76 23.05 20.46 20.93 20.13 20.59 23.44 20.46 24.06 23.01 21.72 21.71
Ne 0 0 0 0 0 0 0 0 0 0 0 0
Di 14.08 12.08 22.14 20.64 14.08 13.42 16.16 13.61 15.39 14 15.74 16.44
Hy 21.89 20.57 10.61 12.75 22.54 23.41 18.88 25.49 18.7 19.49 23.72 21.92
Ol 0 0 8.36 8.28 0 0 4.08 0 5.06 0 1.05 3.15
Mt 4.67 4.69 3.32 3.33 4.78 4.8 3.59 3.17 3.53 4.86 3.37 3.3
İl 2.64 2.98 3.19 3.08 3.08 3.02 3.08 3.04 3.06 2.91 3.06 3
Ap 0.45 0.52 0.52 0.52 0.55 0.55 0.55 0.52 0.52 0.45 0.47 0.5
Trace elements
Ni 210 130 268 298 268 281 232 261 228 201 272 296
Sc 17 17 18 19 17 17 20 17 20 18 18 18
Ba 145.7 314.6 162 168.3 193.8 183.4 175.1 198 178.1 367.5 157.8 155
Co 54.7 52 54.5 60.5 55.7 60.9 56.9 56.8 59.3 53.6 56.6 55
Cs 0.9 0.4 0.4 0.5 0.4 0.5 0.5 0.4 0.4 0.3 0.5 0.3
Ga 20.1 21.5 22.1 20.9 22 21.7 22.3 21 21.3 21.8 20.4 19.8
Hf 3.3 3.8 2.9 3 3.6 3.6 3 3.2 3 2.9 3.1 3
Nb 11.3 12.4 15.8 14.6 15 14.7 13.7 14.7 13.5 10.9 13.9 11.9
Rb 30.5 18 16.9 19.9 24.7 26.6 18.2 28.5 15.9 16.5 20.3 14.3
Sr 264 315.9 324.5 319.7 328.2 343.6 320.9 333 318.6 296.6 309.5 277.8
Ta 0.8 0.8 1.1 1 0.9 1 1 1 0.9 0.8 1 0.8
Th 2.7 2.6 2.5 2.6 3.7 2.5 1.8 2.9 1.6 2.8 2.4 2.5
U 1.2 0.7 0.5 0.7 0.9 0.8 0.6 0.9 0.5 0.6 0.6 0.6
V 164 170 178 188 172 173 192 166 194 163 174 165
Zr 94.2 112.2 105.7 102.7 114.8 113.7 101.5 111.2 102 92.9 98.9 97.2
Y 23.5 23.9 22.5 22.5 24.8 24.1 22.6 23.7 22.6 24.8 22.1 22.3
La 11.5 13.8 13.5 13.3 14.9 14.5 13 13.8 13 10.9 12.9 11.3
Ce 24.3 28.7 27.7 27.5 30.1 29.3 26.6 28.5 26.8 22 26.1 23.9
Pr 3.09 3.77 3.66 3.46 3.88 3.76 3.56 3.8 3.49 2.95 3.44 3.18
Nd 15 17.7 16.7 16.3 18.1 17.1 16.2 17.3 16.8 13.8 15.7 14.8
Sm 3.8 4.1 4 4.1 4.4 4.1 3.9 4.3 3.8 3.6 4 3.8
Eu 1.25 1.52 1.42 1.36 1.45 1.38 1.41 1.4 1.47 1.29 1.4 1.38
Gd 4.08 4.41 4.63 4.06 4.69 4.5 4.05 4.36 4.2 4.29 4.33 4.08
Tb 0.73 0.78 0.74 0.73 0.83 0.77 0.75 0.76 0.73 0.72 0.76 0.77
Dy 3.88 4.1 4.04 3.86 4.2 4.27 3.88 3.96 3.71 3.86 3.94 3.79
Ho 0.78 0.79 0.78 0.73 0.79 0.76 0.72 0.76 0.74 0.79 0.76 0.72
Er 2.06 2.07 1.91 1.94 2.18 2 1.88 1.94 1.96 2.04 1.97 1.91
Tm 0.28 0.29 0.26 0.27 0.3 0.28 0.26 0.27 0.25 0.29 0.27 0.26
Yb 1.86 1.71 1.59 1.61 1.76 1.67 1.57 1.55 1.52 1.7 1.45 1.44
Lu 0.24 0.26 0.22 0.22 0.26 0.23 0.22 0.24 0.21 0.24 0.24 0.2
Pb 0.5 1.1 0.7 0.3 0.5 0.4 0.6 0.3 0.7 0.6 0.4 0.7
Ce/Pb 48.6 26.1 39.57 91.66 60.2 73.25 44.33 95 38.28 36.66 65.25 34.14
La/Nb 1.02 1.11 0.85 0.91 0.99 0.98 0.95 0, 93 0.96 1.0 0.93 0.95
Nb/U 9.41 17.71 31.6 20.85 16.67 18.37 22.83 16.33 27 18.16 23.16 19.83
Dy/YbN 1.4 1.6 1.7 1.6 1.6 1.71 1.65 1.70 1.63 1.52 1.81 1.76

∗Major and trace elements are given in wt % and ppm, respectively.
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reveals the within-plate character of the early–middle
Miocene volcanic rocks (Fig. 6). On primitive mantle-
normalized plots, the basalt data form subparallel
patterns with a pronounced depletion in Pb, and a
slight depletion at Nb–Ta (Fig. 7a). Primitive mantle-
normalized REE plots show their slightly enriched
nature in LREE, with resulting La/YbN ratios between
5.47 and 6.71 (Fig. 7b). The absence of negative Eu
anomalies in the REE-normalized plot indicates no or
insignificant plagioclase fractionation.

5. Discussion

Compositions of continental basalts are controlled by
source composition, degree of partial melting, magma
mixing and shallow processes such as crustal contamin-
ation and crystal fractionation. The relative importance
of these parameters and processes in the generation of
early–middle Miocene volcanic rocks will be explored
in this section. Based on petrogenetic interpretation, a
geodynamic consideration is developed to account for
the flood basalt occurrence in Southeast Anatolia.

5.a. Fractional crystallization

Olivine, plagioclase, clinopyroxene and oxides are
observed in all samples and are probably the main
phases which fractionate. Between 9 % and 7 % MgO,
the CaO contents in the early–middle Miocene volcanic
rocks decrease significantly from 10 % to 8 % (Fig. 4).
This variation is probably due to low-pressure frac-
tionation of clinopyroxene (?). They show a coherent
fractionation trends from basalt to basaltic andesites.
The phenocryst assemblages observed in the early–
middle Miocene volcanic rocks suggest that variable
fractionation of olivine + clinopyroxene and plagio-
clase occurred. Major element variations against MgO
contents in Figure 4 support olivine + clinopyroxene
fractionation. In thin-section, plagioclase appears to
be an important fractionating phase, particularly in
evolved rocks. However, plagioclase fractionation is
not supported by increasing Al2O3 with decreasing
MgO (Fig. 4).

Pearce Element Ratio (PER) diagrams (Nicholls,
1988; Russell & Nicholls, 1988) have been used to
explain some of the processes which contributed to
the chemical variation among the samples. The PER
diagrams with 0.5(Fe + Mg) v. Si and 2Ca + 3Na v. Si
(Fig. 8) were used to test for the fractiona-
tion of plagioclase and/or clinopyroxene, and pla-
gioclase and/or olivine or orthopyroxene. Early–
middle Miocene volcanic rocks produce two lines
with distinct slopes on diagrams which differentiate
between clinopyroxene and olivine, that is, 0.5(Fe +
Mg) v. Si (Fig. 8a). They produce two lines with
the same slopes, implying plagioclase fractionation
(Fig. 8b). The plot of (0.25 Al + 0.5(Fe + Mg) +
1.5 Ca + 2.75 Na)/K v. Si/K produce a trend with a

slope of one; the chemical variations in the data can be
explained by fractionation of olivine, plagioclase and
clinopyroxene in any combination (Fig. 8c).

5.b. Effects of crustal contamination

Lavas erupted through continental lithosphere can be
contaminated with relatively high-SiO2 crustal material
en route to the surface. Therefore, the continental
crust has the potential to modify their composition.
Crustal assimilation is responsible for some of the
compositional effects, for example, incompatible trace
element shifts. It has been commonly believed that
the continental tholeiites have distinctive negative Nb
and Ta anomalies with respect to normalized trace-
element patterns (Cox & Hawkesworth, 1985). In
addition, continental crust has been characterized by
highly fractionated and enriched LREE, flat HREE,
positive Pb but negative anomalies at Nb–Ta (Taylor &
McLennan, 1985). The effect of crustal contamination
on lava compositions is most readily apparent in
major and trace element data. Relatively Si-rich
samples tend to have high K/Nb, Ba/La and U/Pb
ratios, and lower Ce/Pb and Dy/YbN ratios (Table 1).
Primitive mantle-normalized trace element patterns
show a slightly negative anomaly at Ta–Nb (Fig. 7a).
To further evaluate the crustal material involved in
the early–middle Miocene flood basalts, incompatible
trace element ratios, which are relatively insensitive
to moderate to large degrees of partial melting and
to fractional crystallization processes, were used. The
presence of continental materials in the early–middle
Miocene volcanic rocks is evident in Figure 9. A Th/Yb
v. Ta/Yb plot (Fig. 9a) shows a marked shift toward
high Th/Yb ratios indicating crustal assimilation. In
addition, the majority of the samples exhibit elevated
Th/TaN, but La/NbN is close to unity in Figure 9b in
that many lavas have Th/TaN and La/NbN > 1 (Fig. 9b).
Some estimates of average upper crust composition
have Th/TaN and La/NbN > 1 (e.g. Weaver & Tarney,
1984; Rudnick & Fountain, 1995). Figure 9 clearly
suggests that the magmas have been slightly affected
by upper crustal material.

5.c. Magma depth and source

It is possible to place some constraints on the depth
of origin by considering the major element chemical
composition of the magma. Depth of origin of basalts
has an effect on the FeO∗, MgO and SiO2 contents
of magma (Langmuir, Klein & Plank, 1992; Kushiro,
1996) and on the degree of silica undersaturation of the
magmas (Takahashi & Kushiro, 1983; Green, 1971;
Kushiro, 1996). Kushiro (1996) suggested that the
liquids in equilibrium with fertile mantle peridotite at
pressures less than 10 kbar have normative hypersthene
regardless of melt fraction. At 15 kbar and above,
the liquids are nepheline-normative for melt fractions
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Figure 3. (a) Plagioclase with zoning pattern (plane polarized light, sample 326); (b) quartz xenocryst with clinopyroxene rim (plane
polarized light, sample 246); (c) clinopyroxene glomerocrysts surrounded by olivine (plane polarized light, sample 245); (d) skeletal
olivine (parallel light, sample 319); (e) resorbed olivine (parallel light, sample 248); (f) rounded olivine microphenocrysts (parallel
light, sample 271); (g) olivine phenocryst including rounded melt inclusion (parallel light, sample 292); (h) dendritic olivine growth
(parallel light, sample 297).

smaller than about 10 %, but hypersthene-normative
for larger melt fractions at lower pressures (DePaolo
& Daley, 2000). All basaltic samples are hypersthene-
normative, except one sample, implying that the
magmas resulted from larger degrees of melting at
lower pressures (Table 1). These data may indicate
that the melts were formed in the spinel-peridotite
field, although a garnet-peridotite source cannot be ex-
cluded. These arguments are also supported by the REE
constraints in Figure 11. Figure 11 indicates that the
melts come from both garnet- and spinel-peridotite
sources with a higher degree of melting (> 5 %
in garnet-peridotite and > 10 % in spinel-peridotite).
These data imply that the depth of melting changes
from spinel-peridotite to garnet-peridotite fields.

To evaluate the different components involved in
flood basaltic volcanism in South Anatolia, the incom-
patible element ratios can be used. The element ratios
used are relatively insensitive to partial melting and
to fractional crystallization processes, and thus should
approximately represent source compositions. In the

plot of Nb/Y–Zr/Y, early–middle Miocene volcanic
rocks of the Southeast Anatolia plot in the Icelandic
mantle array (Fig. 10). Although all the samples with
< 53 % SiO2 have an OIB-like characterization (Fig. 7),
their continental setting requires melts originated from
lithospheric mantle or asthenospheric mantle. During
the extension of the lithosphere, deeper parts of the
mantle ascend and melt adiabatically (McKenzie &
Bickle, 1988); thus, both deep lithospheric mantle
and the asthenosphere are possible magma sources.
Lithospheric mantle has a high and variable degree of
La/Nb, which is generally higher than 1, whereas the
asthenospheric magma source has a low, well-defined
ratio of La/Nb (0.7) (DePaolo & Daley, 2000). La/Nb
values of the samples with < 52 % SiO2 are lower
than 1, varying from 0.79 to 0.96, except those of
sample no. 343, which has an La/Nb ratio of 1.19. A
combination of this information with OIB-like trace-
element patterns for the early–middle Miocene vol-
canic rocks indicates that melts have originated in the
asthenospheric mantle rather than lithospheric mantle.
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Figure 3. Contd.

5.d. Partial melting constraints from rare earth elements
Rare earth element ratios are useful for constraining
partial melting, along with the chemical and mineralo-
gical characteristics of the source and melting depth
(McKenzie & O’Nions, 1991; Ellam, 1992; Fram &
Lesher, 1997; Shaw et al. 2003). The utility of the REEs
in this regard derives mostly from their dramatic change
in partitioning during melting of garnet-peridotites
versus spinel-peridotites (Wang et al. 2002). This is
because solid:melt partitioning of REE is different
for spinel- and garnet-peridotite. Partial melting of
either a spinel- or garnet-peridotite will preferentially
enrich the LREE in the melt and produce La/Yb
variations with variable degrees of partial melting,
although the La/Yb variations will have a wide range, if
melting occurs in garnet-peridotite rather than spinel-
peridotite. The degree of enrichment of MREE to
HREE depends on whether garnet exists as a residual
phase during partial melting, as HREE retained by
garnet during melting (high DYb ∼ 4.0–15.0) relative to
MREE (McKenzie & O’Nions, 1991). This produces
large variations in MREE/HREE ratios in melts formed
by partial melting of garnet-peridotite, and there are
large differences between source and melt ratios.

In contrast, if partial melting of a spinel-peridotite
occurs, it will produce little variation in MREE/HREE
ratios with melt, and their source and melt ratios will
be similar. Correlations between LREE/HREE (e.g.
La/Yb) and MREE/HREE (e.g. Dy/Yb) will be linear
when two melts of different REE composition are
mixed, as the same element is used as a denominator of
both ratios.

Figure 11 presents La/YbN versus Dy/YbN data for
the early–middle Miocene volcanic rocks, along with
trajectories of non-modal batch melts of garnet- and
spinel-peridotite sources. Source concentrations use
the primitive mantle values of Sun & McDonough
(1989), which is only a crude approximation of the
likely source concentration. Variable degrees of partial
melting of a spinel-peridotite source cannot produce
the observed variation in La/YbN and Dy/YbN, as
melts derived from a spinel-peridotite source do not
have co-variation of La/Yb with Dy/Yb to produce
early–middle Miocene volcanic rocks, nor do they
have sufficiently high Dy/Yb to produce the high
Dy/Yb values of many samples (Fig. 11). Variable
degrees of partial melting of a garnet-peridotite cannot
account for the La/YbN–Dy/YbN variation in Figure 11,
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Figure 4. Major element variations plotted against MgO.

as the lowest Dy/Yb ratios of the early–middle Miocene
volcanic rocks require unrealistically large degrees
of partial melting of the garnet-peridotite source
(> 25 %). These arguments imply that the melts were
not originated from a single source material, either
spinel- or garnet-peridotite. Partial melting modelling
shown in Figure 11 requires interaction of melts
derived from both garnet- and spinel-peridotite sources.
Basaltic samples of the early–middle Miocene volcanic
rocks fall on the binary mixing line, which is calculated
between low-degree melt (< 5 %) from a garnet-

peridotite source and high-degree melt (> 10 %) from
a spinel-peridotite source.

5.e. Magma mixing

Partial melting of a single mantle source is also difficult
to reconcile with partial melting modelling based on
REE data. Figure 11 indicates the presence of both
spinel- and garnet-peridotite as a source material.
Furthermore, REE modelling requires binary melt
mixing for early–middle Miocene volcanic rocks, as
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Figure 5. Some compatible and incompatible trace element variations plotted against MgO.

outlined above (Fig. 11). Further evidence for mixing
between melts that originated from distinct sources
can be found in petrographic features, particularly in
olivine morphologies. Despite the refractory nature
of olivine, chemical and/or thermal disequilibrium
between olivine and host melts is not uncommon
in nature and results in partial olivine resorption.
Early–middle Miocene volcanic rocks contain rounded
and embayed olivine phenocrysts (0.5–5 mm) with
smaller euhedral and skeletal phenocrysts of oliv-
ine which have been interpreted as the mixing of

compositionally distinct magmas (Richter & Murata,
1966; Wright, 1973; Gerlach & Grove, 1983) (Fig. 3).
Some olivine phenocrysts contain abundant and
elongated melt inclusions (Fig. 3d). These features
require olivine dissolution in melts in which it is
unstable as a result of the mixing of olivine into
hotter magma or compositionally incompatible magma.
These conditions are exemplified by the dynamic
convection of a magma that crystallizes olivine and
circulates it to hotter regions, the mixing of olivine-
bearing melts of dissimilar composition or temperature,
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Figure 6. Ti–Zr–Y discrimination plot of Pearce & Cann (1973)
for the studied basalts.

Figure 7. Primitive mantle-normalized trace element (a) and
REE (b) diagram for basalts. Normalized values from Sun &
McDonough (1989).

and the reaction of olivine with the fractionated product
of its own parent magma (Thornber & Huebner, 1985).
Data from morphological features of olivine (Fig. 3)
and partial melting modelling (Fig. 11) suggest that
the melts forming early–middle Miocene volcanic
rocks are interpreted as having been derived from two
separate sources, of which one is a spinel-peridotite
and the other a garnet-peridotite. Melts originated from

Figure 8. PER diagrams for the studied volcanics using K as a
denominator. (a) 0.5(Fe + Mg) v. Si, (b) 2Na + 3Ca v. Si and
(c) (0.25Al + 0.5(Fe + Mg) + 1.5Ca + 2.75Na) v. Si.

these sources were initially tapped by spatially distinct
magma chambers, which subsequently coalesced into
a single flow of blended melt. It can be presumed that
resorption of olivine phenocrysts originally present in
one of the source magmas resulted from the thermal
and compositional incompatibility of this olivine with
the hybridized host melt.

6. Geodynamic considerations

The Neogene tectonic evolution of Southeast Anatolia
has been largely influenced by the collision of the
African and Arabian plates with the Eurasian plate.
Northward subduction of the southern Tethys between
Anatolia and the Arabian platform is responsible for the
Bitlis–Zagros orogeny during middle Miocene times
(Perinçek, 1979; Yazgan et al. 1983; Dewey et al.
1973; Şengör & Kidd, 1979; Yılmaz, 1993). Hempton
(1985) documented the Middle to Late Eocene as
the initial period of final collision on the northern
Arabian margin. After the Middle to Late Eocene
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Figure 9. (a) Th/Yb v. Nb/Yb and (b) Th/TaN v. La/NbN plots
for studied volcanic rocks.

Figure 10. Nb/Y–Zr/Y plot of Fitton et al. (1997) indicating
asthenospheric source for the studied volcanic rocks.

suturing of Africa/Arabia to Eurasia, convergence
between the plates was partially accommodated by the
shortening and thickening of the Arabian continental
margin (Hempton, 1985). The stress created by this
ongoing convergence continued the formation of the
compressional features that began forming in Middle

Figure 11. Calculated La/YbN v. Dy/YbN partial melting
curves assuming non-modal fractional melting of garnet- and
spinel-peridotite sources (garnet-peridotite: 0.598 ol, 0.211 opx,
0.076 cpx, 0.115 gr that melts in the proportions 0.05 ol,
0.2 opx, 0.3 cpx, 0.45 grt; spinel-peridotite: 0.578 ol, 0.27 opx,
0.119 cpx, 0.033 sp that melts in the proportions 0.1 ol, 0.27 opx,
0.5 cpx, 0.13 sp (Thirlwall, Upton & Jenkins, 1994); partition co-
efficients from the compilation of McKenzie & O’Nions, 1991).
Dashed line represents mixing of partial melts from spinel- and
garnet-peridotite mantle.

to Late Eocene times. This stress regime was changed
by the Late Oligocene/Early Miocene initiation of
continental stretching and rifting in the Red Sea. Rifting
in the Red Sea led to the first phase of motion along
the southern Dead Sea Fault Zone (Hempton, 1987).
Initiation of the Dead Sea Fault Zone and opening
of the Red Sea (Gaulier et al. 1988) caused the
separation of the Arabian plate from Africa, and its
northward migration (Le Pichon & Gaulier, 1988). The
Dead Sea Fault Zone runs from the Red Sea to the
Bitlis belt at the Maraş triple junction, and it acted
as a complex left-lateral intracontinental transform
between the Red Sea accretion and the Bitlis collision
(Adıyaman & Chorowicz, 2002). The African–Arabian
divergent plate movement and opening of the Red Sea
are the principal factors that influenced the structural
development in SE Turkey.

Studies on tectonics of southern Turkey indicate that
some faults have been linked to the Dead Sea Fault Zone
(Coşkun, 1998, 2004; Westaway, 2003; Westaway et al.
2006). Neogene faults in the study area are composed
of splays of the Dead Sea Fault Zone (Coşkun, 2004).
These faults originally developed as a result of the
latest Cretaceous ophiolite obduction (Tolun & Pamir,
1975) and were reactivated in Neogene times (Terlemez
et al. 1997; Coşkun & Coşkun, 2000; Yurtmen &
Westaway, 2001). These Miocene faults arrive at the
surface and abundant basaltic flows expand on the
surface north of the Gaziantep area (Coşkun, 1998).
Transtensional tectonic movements along the Dead
Sea Fault Zone, which led to lithospheric extension,
may have allowed partial melting as a consequence
of upper mantle decompression (Lustrino & Sharkov,
2006). Close relationships between basaltic flows and
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the Neogene faults imply that the basaltic volcanism
may be interpreted as a strong control by lithospheric
discontinuities representing preferential pathways for
uprising magmas in early–middle Miocene times.
Therefore, it can be suggested that the magma
occurs because of decompression, as a consequence
of lithospheric extension relating to transtensional
tectonics along the Dead Sea Fault Zone and the
Neogene faults have acted to guide the melts to the
surface.

7. Conclusions

Early–middle Miocene basaltic volcanism occurs in
a widespread area just south of the Bitlis–Zagros
collisional belt that resulted from collision of the
Arabian and Eurasian plates. These basalts have a
tholeiitic character based on major element data.
Petrographic evidence and PER diagrams suggest
olivine, plagioclase and clinopyroxene fractionation in
the evolution of the melts. Slightly negative Nb–Ta
anomalies and Th/TaN v. La/NbN diagrams indicate
that the crustal contribution is minor but cannot be
excluded. REE modelling implies mixing between low-
degree melt from the garnet-peridotite mantle and high-
degree melt from the spinel-peridotite mantle. Melt
mixing between two contrasting melts is also supported
by olivine morphologies such as skeletal, rounded
and dendritic olivine phenocrysts with abundant melt
inclusions.

Neogene tectonic evolution of Southeast Anatolia
has largely been affected by collision between the
Arabian and Eurasian plates, and by the opening of the
Red Sea, which led to the formation of the Dead Sea
Fault Zone. Transtensional tectonics along the Dead
Sea Fault Zone may have caused partial melting due to
decompression. Strike-slip faults linking to the Dead
Sea Fault Zone facilitated the transport of the melts to
the surface with only minor crustal contamination.
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1997. Geological map of the Gaziantep-K24 quad-
rangle, 1:100 000 scale, and accompanying 18 page
explanatory booklet. General Directorate of Mineral
Research and Exploration, Ankara.

THIRLWALL, M. F., UPTON, B. G. & JENKINS, C. 1994.
Interaction between continental lithosphere and the
Iceland plume–Sr–Nd–Pb isotope geochemistry of
Tertiary basalts, NE Greenland. Journal of Petrology
35, 839–79.

THORNBER, C. R. & HUEBNER, J. S. 1985. Dissolution of
olivine in basaltic liquids: experimental observations
and applications. American Mineralogist 70, 935–45.

TOLUN, N. & PAMI
.
R, H. N. 1975. Explanatory Booklet

accompanying the Hatay sheet of the Geological Map
of Turkey, 1:500,000 scale. Ankara: General Directorate
of Mineral Research and Exploration, 99 pp.

TURCOTTE, D. L. & EMERMAN, S. H. 1983. Mechanisms of
active and passive rifting. Tectonophysics 94, 39–50.
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