Ofioliti, 2014, 39 (2), 51-65 - doi: 10.4454/ofioliti.v39i2.429 51

GEOCHEMICAL EVALUATION OF THE LATE MAASTRICHTIAN
SUBDUCTION-RELATED VOLCANISM IN THE SOUTHERN NEOTETHYS
IN VAN AREA, AND A CORRELATION
ACROSS THE TURKISH-IRANIAN BORDER

Ali Riza Colakoglu*, Kurtulus Giinay**, M. Cemal Gonciioglu***> Vural Oyan® and Kemal Erdogan**

* Geological Engineering Department, Yiiziincii Yil University, Van, Turkey
** General Directorate of Mineral Research and Exploration, Kocaeli, Turkey
**% Geological Engineering Department, Middle East Technical University, Ankara, Turkey.
° Mining Engineering Department, Yiiziincii Yil University, Van, Turkey
™ Corresponding author, e mail: mcgoncu@metu.edu tr

Keywords: Yiiksekova mélange, late Maastrichtian, N branch of southern Neotethys, back-arc basalt, Turkish-Iranian border.

ABSTRACT

The Yiiksekova mélange to the NE of Van, close to the Turkish-Iranian border is part of the Berit-Elazig-Van ophiolitic belt. It structurally overlies the
Bitlis-Piitiirge metamorphic complex and includes the remnants of the southern Neotethys. The mélange complex comprises mantle rocks together with mas-
sive and pillowed lavas and dykes associated with late Maastrichtian micritic limestones and radiolarian cherts. The lavas are trachyandesite/basaltic, whereas
the dykes are alkali basalt in composition. Both rock types were probably formed by low-degree partial melting of a mixed source including primitive mantle
and depleted MOR mantle components, which were subsequently affected by subduction modification. The geochemical character constrains the formation of
these basalts, yet the youngest ones dated in the Yiiksekova mélange to an intra-oceanic subduction zone within the Neotethys at the end of Cretaceous. The
new ages and the tectonic setting of the volcanic rocks are correlated with other oceanic assemblages (e.g., Khoy and Inner Zagros ophiolites in Iran) across

the Turkish-Iranian border.

INTRODUCTION

Remnants of the Tethyan oceanic lithosphere are found
in Turkey mainly as dismembered ophiolitic bodies within
accretionary mélange complexes. These mélange complexes
either crop out in their original position, marking the su-
tures, or as allochthonous bodies. They may also arise as
dismembered bodies or as olistoliths in peripheral fore-deep
basins. In the eastern Mediterranean, the remnants of the
southern branch of the Neotethys Ocean follow a continuous
belt (the peri-Arabian ophiolite belt) from Cyprus to the
Amanos Mountains on the eastern Mediterranean coast, the
Turkish-Iranian border, along the Zagros suture belt to
Oman and Makran (Fig. 1). In the SE Anatolian area the lo-
cation of this suture was a matter of debate (see e.g., Robert-
son, 2006; 2007). Sengor et al. (1979) initially suggested the
name Bitlis Suture for this main structure between the Tau-
ride-Anatolide micro-continent and the Arabian Au-
tochthon. Then (Sengor, 1984), it was separated in three dif-
ferent suture belts (Assyride, Ciingiis and Maden sutures).
The same was named as the Amanos-Elazig-Van suture belt
by Gonciioglu et al. (1997), who located it to the N of the
Piitiirge-Bitlis massifs. In the last years, however, it is com-
monly accepted (e.g., Oberhaensli et al., 2012; Parlak et al.,
2012; Karaoglan et al., 2013; 2014) that it actually consists
of two parallel belts. The southern belt with ophiolitic bod-
ies and mélange complexes (e.g., Kizildag, Baer-Bassit,
Gaziantep, Kocali and Cilo ophiolites) is located to the
south of the Piitiirge-Bitlis massifs (Fig. 1), where oceanic
assemblages are emplaced onto the non-metamorphic plat-
form and fore-deep sediments of the N Arabian margin (Y1l-
maz, 1985; Varol et al., 2011). Towards east, it continues in

Iran along the Sanandaj-Sirjan metamorphic massifs. The
northerly located basin, also known as the Berit Ocean (e.g.,
Robertson et al., 2012; 2013) representing the remnants of
the Berit-Elazig-Van ophiolitic belt (Gonciioglu, 2010), is
bounded in the north by Paleozoic-Mesozoic platformal
rocks of the Tauride-Anatolide Terrane and in the south by
the Piitiirge-Bitlis massifs (Gonciioglu and Turhan, 1984)
representing the metamorphic northern edge of the Arabian
plate.

The geological features and the tectono-magmatic setting
of the ophiolitic rocks in the western part of the Berit-
Elazig-Van ophiolitic belt was relatively well-studied (e.g.,
Robertson, 2002; Bagc et al., 2005; Dilek and Thy, 2009;
Parlak et al., 2009). However, the eastern part of this belt
between Elazig and the Turkish-Iranian border is less-
known, as it is buried under the Miocene-Quaternary vol-
canic rocks. Sengor et al. (2003) considers this area as a
huge mélange prism (the East Anatolian Accretional Prism
(EAAC)). Based upon the presence of some low grade
metamorphic massifs, other authors (e.g., Gonciioglu et al.,
1997; Yilmaz et al., 2014), suggest that the Tauride-Ana-
tolide platform continues beneath the volcanic cover to-
wards Iran and seperates the suture of the southern
Neotethys from the northerly located Izmir-Ankara-Erzin-
can-Alborz branch of Neotethys (Fig. 1).

Moreover, in contrast to the western part of the Berit-
Elazig-Van ophiolitic belt, the geochemical character and
age of the oceanic lithosphere in the segment between
Elazig and the Turkish-Iranian border (Fig. 1) is poorly con-
strained (e.g., Colakoglu et al., 2012). The scarcity of the
data has resulted in a number of conflicting models on the
geodynamic evolution of the southern Neotethyan branch
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Fig. 1 - (A) Distribution of ophiolites, ophi-
olitic mélanges and ophiolitic belts from
southern Turkey to Iran; (B) location of the
study area in Eastern Anatolia.

(for details see Robertson, 2006). A critical constraint of
these models is the age of the intra-oceanic decoupling that
resulted in the closure of this ocean. One group of authors
suggests that this ocean had not closed prior to the end of
Paleogene (Sengor and Yilmaz, 1981; Dilek et al., 2010),
whereas others (Gonciioglu et al., 1997; Rolland et al.,
2011; Colakoglu et al., 2012) suggest a latest Cretaceous
initial closure, followed by emplacement of oceanic and
variably-metamorphosed platform-margin units onto the
metamorphosed northern edge of the Arabian Platform.
Both suggestions are speculative and not supported by reli-
able data. Another critical issue regards the continuation of
the suture belt towards east into NE Irak and S Iran as seen
in several regional maps showing the location of the
Tethyan sutures (see e.g., Blome and Irwin, 1985; Robert-
son, 2006; Dilek et al., 2010).

This paper presents new geochemical data on the ophi-
olitic pillow basalts within Yiiksekova mélange to the north
of the Bitlis Massif together with paleontological data from
the associated intra-pillow micritic limestones. Although the
data has been derived from a small ophiolitic body, they
represent the first reliable data on the age of intra-oceanic
subduction from the eastern part of the southern Neotethys
in the eastern part of the Berit-Elazig-Van ophiolitic belt in
southeastern Turkey.

GEOLOGICAL FRAMEWORK

In the east of Lake Van (Fig. 1A, B), tectonic slices of
metamorphic rocks, of an ophiolitic mélange (Yiiksekova
mélange) and Paleogene flysch sediments with olistoliths
(Ketin, 1977; Acarlar et al., 1991; Elmas, 1992; Senel and
Ercan, 2002; Sengor et al., 2008) crop out underneath a
thick cover of Neogene and Quaternary volcanic and vol-
caniclastic rocks. The Yiiksekova mélange comprises
lithologies of a dismembered ophiolitic succession, an is-
land arc and oceanic sediments (Peringek, 1990; Yilmaz,
1993; Elmas and Yilmaz, 2003). The available biostrati-

graphic data from the overlying flysch sediments (Seske
Formation) range from Middle Paleocene to Eocene (Senel
et al., 1984). Both formations are covered by the Pliocene-
Pleistocene Saray formation and recent alluviums.

Geology of Study Area

The Yiiksekova mélange in the studied area (Fig. 2A) has
been recently mapped at scale of 1:10.000. It comprises two
distinct tectonic units. The first unit at the center of the map
area consists of massive and pillow lavas intercalated with
reddish, pelagic, fossiliferous limestones, mudstones, and
radiolarian cherts. The radiolarian cherts occur as small
bands within both basalts and pelagic limestones. These vol-
canic and volcano-sedimentary units are bounded to the
south by splays of the east-west trending Ozalp Active Fault
(Figs.2A,B,3A,B).

The micritic rocks fill the intra-pillow spaces and include
hyaloclastic clasts near the contact with the pillow lavas
(Fig. 3C, D, E). The pillow lava lobes in contact with these
sediments show chilled margins, and the pink micritic lime-
stones at their contacts have a thin contact zone of fine
grained and brick red recrystallized limestone with sugary
texture. The occurrence of angular basaltic fragments (Fig.
3F, G) within the micritic limestone-chert deposits, together
with patches of micritic limestones within basalts indicates
that the basaltic extrusions were contemporaneous with the
deposition of lime mud near the carbonate compensation
depth in a deep oceanic basin. The entire volcano-sedimen-
tary assemblage is intruded by dykes of lamprophyric nature
(Fig. 3H).

The micritic limestones are rich in foraminifers. From
these limestones we obtained (Fig. 4): Racewiguembelina
fructicosa (Egger), Racewiguembelina fructicosa (Egger),
Contusotruncana contusa (Cushman), Globotruncanita stu-
arti (De Lapparent), Globotruncanella havanensis (Voorwi-
jek) and Globotruncanella contusa (Cushman). This assem-
blage is indicative of a late Maastrichtian depositional age
of the micritic sediments and concomitant volcanism.



Fig. 2 - (A) geological map of the study area
also showing the sample locations and (B)
generalized cross section of the studied units. A

The second structural unit crops out to the north and
south of the volcanic unit and structurally overlies the
lavas. It is a sedimentary mélange consisting of olistoliths
of peridotites, gabbros, serpentinites, plagiogranites, fos-
siliferous Paleocene and Permian limestones within a de-
formed matrix of shales, sandstones and olistostromal con-
glomerates.

Highly deformed Eocene olistostromal sediments rest by
angular unconformity on the slices and olistoliths of the Yiik-
sekova mélange and the Late Cretaceous flysch sediments.

Petrography

The volcanic rocks have undergone low grade meta-
morphism and alteration. The mafic lavas and dikes are
petrographically trachyandesite/basaltic and alkali basalts
respectively.

Basalts have intersertal and doleritic textures and are
modally dominated by plagioclase (with An >)) microlites
and phenocrysts (Fig. 5A, B) in a groundmass of partly de-
vitrified volcanic glass. Carbonatization, chloritization and
sericitization of plagioclase and chloritization of glass are
common alteration products. Doleritic basalts are medium-
grained rocks formed principally of plagioclase laths
(labradorite) with an average grain size of 200-500 mm. The
groundmass includes uralitized augite and iddingsitized
olivine.

The dykes display porphyritic texture and are formed
principally by phenocrysts of titanaugite (35%) and barke-
vite (30%). These minerals are fresh, euhedral and zoned
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with a grain size between 1 and 4 mm. The matrix contains
fine-grained (10-100 xm) titanaugite (15%), barkevite
(13%), olivine (3%), apatite (2%) and plagioclase (2%)
(Fig. 5C, D). Olivine (50-300 pzm) has been generally trans-
formed into iddingsite and magnetite. The apatite is fresh
and euhedral while the microlites of plagioclase have been
replaced by sericite.

ANALYTICAL METHODS

Two relatively fresh basaltic dykes and seven pillow lava
samples were chosen for geochemical analyses. Major ox-
ide, trace and rare earth element concentrations were deter-
mined at the ALS Chemex Analytical Laboratories in
Toronto - Canada. A 0.9 g sample is added to 9.0 g of Lithi-
um Borate Flux (50% Li,B,0, - 50% LiBO,), mixed well
and fused in an automatic furnace to between 1050-1100°C.
The major elements were quantified as oxides using X-ray
fluorescence spectroscopy on the fused sample.

Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS) was used to determine trace and rare earth elements. A
grinded sample (0.200 g) is added to lithium metaborate
flux (0.90 g), mixed well and fused in a furnace at 1000°C.
The resulting melt is then cooled and dissolved in 100 mL
of 4% HNO, / 2% HCI solution. The resulting solution is
then analyzed by inductively coupled plasma-mass spec-
trometry. Quality control limits for reference materials and
duplicate analyses are established according to the precision
and accuracy requirements of the particular method.
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Fig. 3 - Field photos of the volcanic rocks, the mélange sediments and their structural relationships (a and b), view of ophiolitic mélange structurally overlying
basalt - pelagic limestones (I*) unit along a thrust contact, (c) radiolarian cherts intercalated with pelagic limestones showing (d-e) a chert band between two
pillow-lava lobes (f) angular fragment of basalt within synsedimentary chert-micritic limestones. (g) basalt clasts in the pelagic limestone, (h) porphyritic
dyke cutting the aphyric textured basalt.

GEOCHEMISTRY by hydrothermal alteration, low grade metamorphism and sea

floor alteration. The results are reported in Table 1. Some ma-

The data obtained as a result of these analyses indicate that jor and trace elements, especially the large ion lithophile ele-
loss-on-ignition (LOI) values of the studied samples varies ments (LILE) ones are susceptible to remobilization under

between 4 and 8 wt% and that they might have been affected hydrothermal alteration or low grade metamorphic conditions
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Fig. 4 - Late Maastrichtian fossils in pelagic limestone samples: (a) Racewiguembelina fructicosa (Egger); (b) R. fructicosa (Egger); (c) Contusotruncana
contusa (Cushman); (d) Globotruncanita stuarti (De Lapparent); (¢) and G. stuarti (De Lapparent); (f) Globotruncanella havanensis (Voorwijek); (g) G. con-
tusa (Cushman) and Globotruncanita stuarti (De Lapparent). Scale bar: 0.25 mm.

(e.g., Wood et al., 1976; Floyd and Winchester, 1978;
McLean and Barret, 1993; Bienvenu et al., 1990). However,
the concentration or ratios of high field-strength elements
(HFSE) such as Y, Zr, Nb, Ta, Ti and the rare earth elements
(REE) are known to be less-mobile (Pearce and Cann, 1973;
Floyd and Winchester, 1978). Thus, geochemical characteris-
tics and petrogenetic interpretations of dyke and lava samples
are based on REE and HFSE geochemistry.

Nb/Y vs Zr/TiO, variation diagrams (Winchester and
Floy, 1977) have been used to classify the studied rocks. The
samples cluster in the alkali-basalt, basanite and trachyan-
desite fields (Fig. 6). While the SiO, content of the dyke and
lava samples varies between 41 and 48 wt%, trachyandesite
samples have higher SiO, contents (47-53 wt%) than basaltic

samples. High Mg numbers (100 x Mg?* / (Mg?* + Fe?*))
between 55 and 68 of the dyke and lava samples indicate
that they are of primary magmatic composition. Conversely,
relatively low Mg number values (39-65) of trachyandesite
samples could be the result of fractional crystallization
processes. Dykes are mostly silica-undersaturated (norma-
tive nepheline ~ 10%) and have higher MgO contents with
respect to lava samples.

TiO, concentration of the basaltic samples range from
0.98 to 1.71 wt%, indicating mixing of different mantle
compositions and (or) low partial melting degree. In addi-
tion, the trachyandesite samples have lower TiO, content
than basalts. This may be associated with fractionation of
oxide minerals.



Table 1 - Whole rock geochemical data for studied samples.

Sample no B1 B2 B3 B4 B6 B7 B10 B11 B12

Dyke Dyke Lava Lava Lava Lava Lava Lava Lava
Trachy-  Trachy- Trachy- Trachy-
Basalt Basalt Basanite Basalt Basalt andesite andesite andesite  andesite

Si02% 4126 4128 532 48.33 4765 4533 4964  47.23 47.31
TiO, 171 171 1.32 107 098 133 1.1 1.09 1.07
Al,03 1420 13.81 17.93 1825 1868 1561 18.43 18.09 18.32
Fea05™" 10.35 1027 6.18 791 84 652 7.93 7.41 7.87
MnO 018 016 0.22 017 0.8  0.08 0.1 0.11 0.23
MgO 766 7.82 244 517 426 2.58 1.48 1.67 4.55
Ca0 1367 13.85 572 392 776 1095 46 6.58 4.85
Na.0 222 221 7.83 315 4.88 527 421 3.77 3.44
K.0 180 1.84 0.09 402 04 133 408 4.12 3.81
P,Os 111 1.086 0441 0687 0613 0805 0668  0.685 0.646
Lol 414 4 4.8 585 441 8.36 5.91 7.53 6.46
Total 98.47 9821 10025 98.6 98.39 9822 9824  98.36 98.71
ppm

Sc 5.6 52 113 43 75 131 36 4 5.3

v 122 12 167 52 148 128 58 62 67

cr 23 22 12 29 15 26 21 17 30

Th 448 485 9.88 875 7.88 B6.16 9.31 8.84 9.16
Co 471 501 255 236 244 309 20.1 17.1 20.7
Ni 509 601 303 414 178 865 8.9 12.3 34.4
Cu 109 161 495 16.7 447 324 34.1 23.4 27.1
Zn 65 55 98 79 90 61 39 34 93

Ga 143 15 13.6 215 142 138 19.1 18.2 20.1
Rb 383 388 18 1145 125  31.1 1065  97.8 85.3
Sr 866 817 644 380 1420 373 517 458 522
Y 317 304 229 241 247 249 26.2 26.8 24.1
Zr 182 180 191 263 190 193 285 271 280
Nb 363 342 887 453 25 35.5 49.7 476 48.2
Ba 585 524 110 276 924 1015 266 216 851

Cs 042 056 003 066 004 0.14 1.1 0.75 0.41
La 77 717 583 734 664 589 86.6 89.8 76.2
Ce 156 1485 103 134 1245 107 146.5 150.5 134.5
Pr 195 17.95 1065 14.15 134 1155 15.1 15.7 14.25
Nd 7641 705 358 483 475 403 50.8 52 47.6
sm 136 128 59 7.97 817 661 8 8.08 7.49
Eu 429 367 185 228 249 215 2.37 2.35 2.27
Gd 1095 0976 4.67 572 632 552 5.9 5.84 5.52
Tb 143 126 0.7 078 084 08 0.85 0.84 0.79
Dy 6.65 632 4.07 555 578 556 468 4.76 4.37
Ho 118 111 08 0.87 087 0.92 0.94 0.93 0.85
Er 293 267 231 242 236 245 2.64 2.59 2.37
Tm 036 034 035 035 034 0.33 0.39 0.39 0.35
Yb 232 209 225 228 204 219 2.52 2.44 2.27
Lu 0.3 0.31 0.35 033 03 0.31 0.37 0.38 0.35
Hf 42 41 43 52 33 42 5.7 5.6 5.8

Ta 1.7 15 5.1 256 12 2 2.8 2.7 2.8

Pb 131 95 9.1 57 7 5.3 6.7 5.9 47

U 119 111  1.65 13 14 14 1.37 1.18 1.37
w 053 022 061 016 023 06 0.48 0.52 0.2

Sn 0.4 04 1 06 06 08 0.9 0.9 0.9

Mo 068 07 042 054 056 1.69 0.44 0.46 0.68
As 2.9 24 52 11 22 29 42 4 0.7

cd 014 012 017 0.09 006 0.28 0.1 0.27 0.1

Sb 022 027 144 011 015 0.22 0.21 0.2 0.08
Bi 012 007 0.09 0.03 003 0.03 0.03 0.02 0.02
Ag 0.14 0.12 0.14 003 0.086 007 0.03 0.03 0.07

Au <0.2 <0.2 <0.2 <0.2 <02 <0.2 <0.2 <0.2 <0.2




Fig. 5 - Microphotographs of lava (a-b) and dyke samples (c-d). (a) Doleritic basalt with laths of plagioclase. The gaps are filled by fine grained plagioclase,
uralitized augite and iddingsitized olivine (left corner and centre) (a) cross polarized light and (b) plain polarized light); (c) Euhedral phenocrysts of ti-
tanaugite (larger phenocryst) and barkevikite (central and right) within a matrix of titanaugites and barkevikites, plagioclases and apatites (polarized light); (d)
Poikilitic titanaugite and barkevikite (brown) with several apatite (white) inclusions (plain polarized light).
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On the Nb-Zr-Y ternary diagram (Meschede, 1986) basic
lava and dyke samples plot in within plate basalts (WPB)
and within plate tholeiites (Fig. 7a) fields. In Zr/Y vs Zr dis-
crimination diagrams (Fig. 7b) the samples plot in the within
plate basalt (WPB) field. The trachyandesites exhibit a trend
towards outside this field with increasing Zr/Y values.

Fig. 8a and c display N-MORB-normalized multi-ele-
ment patterns of the dykes and lavas, respectively. In these
diagrams, typical ocean island basalt (OIB) patterns are
plotted for comparison. All samples display enrichment in
LILE, high field-strength elements (HFSE) and light-middle
rare earth elements (L-REE and MREE respectively). Limit-
ed depletion in heavy rare earth elements (HREE) relative to
normal mid-ocean ridge basalts (N-MORB) composition is
also evident. Although the trends of the samples are similar
to typical OIB (or within plate basalts), note that all samples
display slightly negative anomalies of HFSE (such as Ta,
Nb, Zr, Hf, Ti) with respect to adjacent LILE (Th) and REE.
Conversely, the irregular LILE pattern of the lava samples
(Fig. 8c) arises from hydrothermal alteration.

The REE pattern of the samples is shown in Fig. 8b and
d. In addition, the patterns of typical OIB and MORB are
shown on the diagrams. As can be seen in Fig. 8b and d, all
samples display enrichment of LREE relative to HREE
(La/Yby = 19-25, where the subscript N denotes normaliza-
tion to chondrite). Although the patterns of the samples are
similar to typical OIB, they have higher LREE concentra-
tion with respect to OIB.

DISCUSSION
Source characteristics

OIB and MORB generally exhibit positive Nb-Ta-Ti
anomalies and negative Pb anomalies in N-MORB or
primitive mantle-normalized multi-element diagrams (e.g.,
Hofmann, 1986; 1988; 1997). In contrast, all studied sam-

2xNb

Al-WPAB

All-WPAB | WPT
B-E-type MORB
C-WPT/ VAB
D-N-type MORB/VAB

ZrlY

Zrl4

ples display slightly negative Nb-Ta-Ti anomalies and pos-
itive Pb anomalies with respect to LILE and REE, indicat-
ing that they were not derived from N-MORB and (or)
OIB source mantle. These observations imply that dyke
and lava samples could have been derived from mixing of
different sources rather than directly from a normal as-
thenospheric source.

Experimental data (Brenan et al., 1995; Keppler, 1996)
and geochemical-isotopic studies (Pearce and Parkinson,
1993; Hawkesworth et al., 1993; 1997; Pearce and Peate,
1994; Turner et al., 2003; Pearce et al., 2005) show that
magmatic rocks in arc settings related to subduction of
oceanic lithosphere are characterized by enrichment in LILE
with respect to HFSEs and MREE to LREEs, with negative
Nb, Ta, Ti anomalies and positive Pb anomalies relative to
adjacent LILE (Th) and REE in N-MORB and primitive
mantle-normalized multi-trace element diagrams. Multi-
trace element patterns (Fig. 8A, C) of the studied rocks dis-
play negative Nb, Ta, Ti and positive Pb anomalies relative
to adjacent elements and this indicates that all the samples
could be derived from a mantle source enriched by a sub-
duction component. In addition, HREE fractionation with
respect to LREE observed in all samples implies that garnet
may have been the residual phase in their mantle source, as
partition coefficients for HREE in garnet are high (Gametmelt
Dygee ~ 2-5.5; Irving and Frey, 1978; McKenzie and
O’Nions, 1991; Adam and Green, 2006) and (or) they may
have been formed from a small degree of partial melting.

Th/Yb values for all samples have been plotted against
their Ta/Yb values in order to determine the processes in the
mantle source region. Ta and Th are highly incompatible in
mafic to intermediate melts and behave similarly during
melting and fractional crystallization processes. Yb is in-
compatible and used as the normalizing factor to minimize
the effects of assimilation, fractional crystallization and
crystal accumulation (Keskin et al., 1998; Aldanmaz et al.,
2006). Thus, (Ta/Yb)/(Th/Yb) ratios are independent of the
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Fig. 7 - (a) Nb-Zr-Y ternary (after Meschede, 1986) and (b) Zr-Zr/Y discrimination diagrams (Pearce and Norry, 1979) for dyke and lava samples. For the

geochemical data from Iran see text.
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Sun and McDonough (1989).

effects of fractional crystallization and partial melting.
Basalts derived from convecting upper mantle, plume as-
thenosphere and lithosphere are enriched by small degree
partial melts from the convecting upper mantle plots within
or close to mantle array, as defined by constant Th/Ta ratios
in this diagram, because of similar behaviour of the Ta and
Th. However, source regions enriched by a subduction com-
ponent contain higher Th ratios relative to Ta and this corre-
sponds to displacement from the mantle array with rising
Th/Yb values. In the Ta/Yb vs Th/Yb diagram (Fig. 9A) all
of the samples plot close to OIB field within the mantle ar-
ray but they display less deviation from the mantle array to-
wards higher Th/Yb ratios. This indicates that the samples
may have been derived from mixing between an OIB-like
source and a source less enriched by a subduction compo-
nent. This deviation may also be due to crustal contamina-

tion but low La/Nb ratios (between 1.65-2.7) from the most
primitive samples imply that they have not been affected or
point out for minimal crustal contamination as low La/Nb
ratios (< 15) for basaltic rocks support minimal crustal cont-
amination (Hart et al. 1989; Saunders et al., 1992). In addi-
tion, the samples plot along higher Th/Yb and Ta/Yb values,
indicating the presence of garnet-bearing residue in the
mantle source and (or) low degree partial melting.

To test the contribution of the subduction component,
N-MORB-normalized HFSE / LREE, especially Nb/Ce,
variation diagrams have been produced and (Nb/Ce) ra-
tios are shown in Fig. 9B. The diagram of Cey against Nby
(where the subscript N denotes normalization to N-type
MORB) best highlights the differing source enrichment
processes. While positive Nb anomalies relative to Ce (rel-
atively high (Nb/Ce)y ratios) indicate within plate processes
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(OIB; (Nb/Ce)y=1.931, Sun and McDonough, 1989), mantle
sources enriched by a subduction component are character-
ized by negative Nb anomalies with respect to Ce (Mariana
arc lavas; (Nb/Ce)y = 0.3-0.7 Pearce et al., 2005). Nb/Ce ra-
tios of all samples range from 0.5 to 3. This implies that the
mantle source region of the studied samples could be derived
from a mixture of a mantle source slightly enriched by a sub-
duction component and an OIB-like mantle source.

Shervais (1982) reported that alkaline rocks (or OIB like
lavas) generally have Ti/V ratios > 50. High Ti/V (40-105)
and low Y/Nb (0-1) ratios of the studied samples indicate
that they were derived from a source similar to OIB-like
mantle. Therefore, in the Ti/1000 vs V diagram of Shervais
(1982), dyke and lava samples with high Ti/V ratios implies
that they were formed from a within plate or from an OIB-
like mantle source (Fig. 10).

As discussed above, LILE, LREE and HFSE contents as
well as multi-element patterns of the dykes and lava sam-
ples reflect a mantle source slightly enriched with a subduc-
tion component. HFSE and HREE concentrations of the
samples can be used to identify the mantle source region
prior to enrichment and (or) metasomatism. Nb, Ta, Zr, Hf,
Yb and Y elements are immobile in fluids and are unaffect-
ed by subduction-related enrichment processes (Pearce and
Parkinson, 1993; Pearce et al., 2005). For this reason, Nb/Ta
vs. Zr/Nb variation diagrams were created with fields of
typical OIB, MORB and SSZ (supra-subduction zone) type
volcanic rocks for comparison. These diagrams support the
interpretation obtained from the Shervais (1982) diagrams
indicating an OIB-like mantle source (Fig. 11A). In addi-
tion, Y/Ce versus Nb/Zr diagrams (Fig. 11B) suggests that
they can be formed by low degree partial melting and from
an OIB-like mantle source.
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Fig. 10 - Ti versus V diagram (after Shervais 1982). Data source for SSZ-
type and OIB type Neotethyan basaltic rocks are from Aldanmaz et al.
(2006), the shaded areas represents the coeval subalkaline and alkaline
basalts of W Iran (for geochemical data see text).

Partial melting

In order to evaluate the nature of the mantle sources and
partial melting processes of the studied samples, we carried
out a partial melting modelling using REE geochemistry.
REE ratios of the lavas are useful to reflect the extent, depth
and degree of partial melting based on the mineralogy and
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chemistry of the source facies since solid-melt partitioning
these elements are different for garnet- and spinel-lherzolites
(Thirlwall et al., 1994; Shaw et al., 2003). Enrichment of
MREE, (e.g., Tb, Dy) with respect to HREE (e.g., Yb) oc-
curs if garnet is the residual phase during partial melting, as
HREE are dominantly retained by garnet (High Dy, ~ 4-44;
Shaw et al., 2003).

Hence, low degrees of partial melting within the garnet
facies produces high MREE / HREE ratios and differences
between melt and source ratios (Gamet-melt D~ 4; Gamet - mel
Dyirgge ~ 0.21-1 McKenzie and O’Nions, 1991). In contrast,
melting in the spinel facies will generate little change in
MREE / HREE ratios with similar melt and source ratios
(Spinel -melt D~ (0.01; Spinel-meliy o~ 0.01; McKenzie and
O’Nions, 1991).

Fig. 12 shows a (Yb)y versus (Dy/Yb)y diagram for the
studied samples along with modeled trajectories for non-
modal batch melting of spinel, garnet and garnet-spinel
peridotite sources. We use two source concentrations for
modeling: i) depleted MORB mantle (DMM; Workman and
Hart, 2005) that is representative of convecting asthenos-
pheric mantle source and, ii) primitive mantle (PM; Sun
and McDonough, 1989) source representing the initial man-
tle composition.

Neither the PM nor the DMM compositions can generate
the observed features of the studied samples along the melt-
ing curves for the spinel and garnet peridotite facies (Fig.
12). To make an assumption for producing the mantle
source of our samples we mix PM and DMM sources using
equations from Langmuir et al. (1978). The best-fit curve
generated by applying non-modal batch melting to a garnet-
spinel bearing mantle source mixture of 70% PM and 30%
DMM sources in Fig. 12, reproduces the characteristics of
the studied samples. Our model indicates that the samples
are the result of 1-4% melting of a mixed mantle source.

The overall petrogenetic evaluation suggests that, during
the subduction of the oceanic lithosphere, the subduction-
modified mantle of the hanging wall may have been affected
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ted. Melt curves are obtained using non modal batch melting equations of
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net peridotite (Gr-Pr) composition: 0.6 ol, 0.2 opx, 0.1 cpx, 0.1 gr, that
melts in the proportions 0.03 ol, 0.16 opx, 0.88 cpx, 0.09 gr (Walter,
1998); spinel peridodite (Sp-Pr): 0.53 ol, 0.27 opx, 0.17 cpx, 0.03 sp, that
melts in the proportions 0.06 ol, 0.28 opx, 0.67 cpx, 0.11 sp (Kinzler,
1997). Garnet-spinel peridotite has a modal mineralogy of 0.55 ol, 0.24
opx, 0.15 cpx, 0.04 gr, 0.02 sp, that melts in the proportions of 0.05 ol,
0.05 opx, 0.28 cpx, 0.35 gr, 0.27 sp.
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by a small degree of partial melting due to slab retreat (Fig.
13). The upwelling of OIB-like asthenospheric material dur-
ing retreat of the subducting slab would have resulted in
generation of a mixed source for the volcanics in the region
consisting of a of subduction modified source and the en-
riched asthenospheric melts in the back-arc region, as
shown by the non modal batch melting model in Fig. 12.
Only a limited amount of melting (1-4%) is needed to pro-
duce the lavas and the dykes found in the study area.

A comparison of the volcanic rocks of the study area
with the coeval subalkaline and alkaline basalts of southern
Iran (Ghazi and Hassanipak, 1999) shows that the alkaline
volcanics are very similar in their petrological characteris-
tics to the lavas of the study area (see Figs. 6, 7, 9, 10 and
11 and the following chapters) and were very probably
formed by similar processes during the Late Cretaceous.

GEOLOGICAL IMPLICATIONS FOR THE
EVOLUTION OF BERIT-ELAZIG-VAN OPHIOLITIC
BELT OF SOUTHERN NEOTETHYS

Ophiolitic bodies with preserved pseudo-stratigraphy
(e.g., the Guleman ophiolite) were known as distinct tecton-
ic units along the southern Neotethyan suture since the pio-
neering studies of the 1950’s (e.g., Kaaden, van der, 1959).
Subsequent studies examining the geochemistry of the man-
tle rocks as well as volcanic rocks of oceanic crust origin re-
sulted in the recognition of “ensimatic arc” assemblages
(e.g., Michard et al., 1984). More recent work, based upon
detailed petrological data coupled with radiometric age dat-
ing, was mainly concentrated on the Malatya-Elazig regions
and provided evidence for “supra-subduction-type” oceanic
crust generation along the northern branch of Southern
Neotethys during the Middle to Late Mesozoic (e.g., Ural et
al., 2010; Karaoglan, et al., 2013; 2014 and references there-
in). These rocks were included in the “Yiiksekova Arc Com-
plex” by Peringek (1990). However, the scarcity of age data
coupled with the tectono-magmatic characteristics of the
volcanism prevented a detailed evaluation of the oceanic
crustal evolution. Moreover, to the east of Malatya-Elazig
area, the tectono-magmatic features and age of the ophiolitic

bodies close to the Iranian border were not known until the
recent work of Colakoglu et al. (2012). The data obtained by
Colakoglu et al. (2012), together with the data presented
here, has a number of important regional geological impli-
cations regarding the closure of the southern Neotethys.

First of all, the new data confirms the previous interpre-
tations that the demise of the Berit-Elazi3-Van ophiolitic
belt includes remnants of an oceanic branch that was formed
by intra-oceanic subduction. This is validated by geochemi-
cal data from the oceanic basalts combined with ages ob-
tained from associated sediments. The oldest ages yet ob-
tained from island-arc-type lava-radiolarian chert associa-
tion was Santonian (Ural et al., 2010), indicating that the in-
tra-oceanic subduction has started earlier then ca. 85 Ma.
This finding is also confirmed by the Ar/Ar age of 87 Ma
from SSZ-type dykes, which cross-cut the mantle rocks just
to the west of the studied area in this paper (Alabayir ophio-
lite; Colakoglu et al., 2012).

To the east, across the Turkish-Iranian border, oceanic
assemblages associated with Late Cretaceous sediments oc-
cur in the Khoy ophiolitic complex (Ghazi et al., 2003; Kha-
latbari-Jafari et al., 2004; 2006; Pessagno et al., 2005). The
“pelagic fossiliferous carbonates and basalts as interlayers
or exotic blocks” yielded Late Cretaceous (late Campanian)
to Middle to Late Eocene planktonic foraminifera (Ghazi et
al., 2003). The petrological data of Hassanipak and Ghazi
(2000) from the Khoy complex suggests the presence of
massive and pillow basalts with E-MORB and transitional
E-MORB - N-MORB characteristics, respectively. The
dominating MORB character is also confirmed by Khalat-
bari-Jafari et al. (2006), who excluded a possible supra-sub-
duction setting. By this, the geochemical character of the
Khoy basalts differs from the SSZ basalts of the Elazig-Van
suture zone as clearly seen on Figs. 7,9, 10 and 11.

Another ophiolitic body with a much better comparable
geochemistry is the Kermanshah ophiolitic complex. To-
gether with other ophiolitic bodies (e.g., Naien, Baft, Es-
phandagheh and Shahr Babak ophiolites) they are located
along the Inner Zagros Belt of Southern Neotethys. The
Sanandaj-Sirjan Belt is the equivalent of the Bitlis-Piitiirge
metamorphic zone in Turkey. As it is the case in Bitlis-
Piitiirge (Hall, 1980; Gonciioglu and Turhan, 1983; 1984)
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the Kermanshah ophiolite is sandwiched between the meta-
morphic units of the Sanandaj-Sirjan and the Zagros belts
(Ghasemi and Talbot, 2006; Moghadam et al., 2010;
Moghadam and Stern, 2011).

In Kermanshah ophiolite, Ghazi and Hassanipak (1999)
identified both subalkaline and alkaline basalts, which were
derived from basaltic melts generated in island arc and in-
tra-oceanic plate environments, respectively. In the Kerman-
shah and NE Irak ophiolites, alkaline (or, more generally,
enriched) rocks are also described by Saccani et al. (2013)
and Saccani et al. (2014), respectively. They do not show
any Ti and Nb negative anomalies and are interpreted as
forming at the ocean-continent transition zone during the
early drift phase of the Southern Neo-Tethys (e.g., Robert-
son, 2007) during the Late Triassic-?Early Jurassic. This in-
terpretation further emphasises the important difference in
Ti, Nb concentration between the Late Cretaceous Van
ophiolites and the Triassic Iranian rocks and support our hy-
pothesis of formation of the Van ophiolites in a back arc
basin during Late Cretaceous. The distinct IAT component
in several types of basalts of the Shahr-Babak ophiolites by
several authors (e.g., Campbell et al., 1999 and Ghazi and
Hassanipak, 1999) and Moghadam et al. (2013) suggestion,
that most Gogher-Baft ophiolite magmatic rocks show
supra-subduction zone affinities is another clue for the con-
tinuation of Elazig-Van ophiolites towards east.

A geochemical correlation of alkaline and subalkaline
basalts of the southern Iranian ophiolitic basalts with those
of the eastern Berit-Elazig-Van ophiolitic belt is shown in
Figs. 6, 8,9, and 10. From these it is obvious that the alka-
line basalts are petrologically similar and may have been
formed by similar processes in a similar tectonic setting.

Combining the data from our studies on oceanic basalts
between Elazig and the Iranian border (Colakoglu et al.,
2012; Ural et al., 2013, and this study) are formed in general
by various settings such as fore-arc, arc and back arc above
a subducting Neotethyan oceanic lithosphere.

CONCLUSIONS

The preliminary geochemical and paleontological age da-
ta obtained from a lava-radiolarian chert association in the
Berit-Elazig-Van ophiolitic belt helps to reconstruct the clo-
sure of the Elazig-Van segment of the southern Neotethys.
These new findings suggest that the southern Neotethyan
oceanic basin between the Bitlis Piitiirge/Sanandaj-Sirjan
belt and the Tauride-Anatolide/Central Iranian belt closed
by intra-oceanic subduction. The oldest ages obtained from
the arc/back-arc basalts in the Elazig area suggest that intra-
oceanic decoupling was already in progress during the San-
tonian (e.g., Ural et al., 2010). This finding is confirmed by
the Ar/Ar ages of the isolated diabase dykes (105-92 Ma)
from Van area. The new finding of late Maastrichtian SSZ-
type volcanism at the Turkish-Iranian border (this study) as
well as further east (e.g., Moghadam et al., 2013) suggests
that the Elazig-Van-Inner Zagros belt was the main locus of
the subduction-accretion during the end of Cretaceous.

A further implication of the recent finding is that the re-
cently identified oceanic basalts represent the youngest
SSZ-type volcanism yet proven in SE Anatolia. Younger
ages were only encountered in the sediments of Paleocene
and Eocene olistostromes (Seske Formation) that reworked
the Yiiksekova mélange (e.g., Senel et al., 1984). By the ab-
sence of younger oceanic crust generation, there is no reli-
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able data for the previously suggested models (e.g., Sengor
and Yilmaz, 1981) advocating an open ocean during the
Early Tertiary.
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