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ABSTRACT

The Southeast Anatolian Orogenic Belt (SAOB) is characterized by a tectonic assemblage consisting of dismembered ophiolites, subduction-related as-
semblages, and continental fragments. Whether the subduction-related volcanic assemblages formed in a Southern Neotethys oceanic arc-basin system (the
Yiiksekova Complex) or in a back-arc basin (the Maden Complex) originated after the closure of Southern Neotethys is still debated. To shed light on this
matter, we focus on the Maden area, known as the type locality for the Maden Complex. The dating of radiolarian cherts associated with the volcanics from
the Maden area yields Late Cretaceous (Santonian-Campanian) ages, indicating that these extrusives belong to the Yiiksekova Complex. The Yiiksekova vol-
canics are all subalkaline and mainly characterized by basalts, with subordinate andesitic varieties. The Zr-Nb-Y systematics of the Yiiksekova lavas suggest
that they have tapped a heterogeneous mantle source region with variable contribution from the depleted mantle. The positive €y, values of the volcanics also
support the involvement of the depleted mantle. A common feature of the Yiiksekova lavas is the marked depletion in Nb relative to Th and La, indicating a
subduction-modified mantle source for their petrogenesis. The Pb isotope systematics, particularly the high 27Pb/2°°Pb, further implies a variable slab-derived
sediment input in the source of these volcanics. Overall, trace element and isotopic characteristics of the Yiiksekova lavas are consistent with their generation
in an oceanic back-arc basin during the Santonian-Campanian interval in the Southern Neotethys. The Yiiksekova back-arc basin characterizes the westward

continuum of an extensive Late Cretaceous intra-oceanic subduction system, whose remnants can be traced further to the east, toward Iran.

INTRODUCTION

The majority of the ophiolitic complexes in the eastern
Tethyan regions (from Oman to Turkey) obducted onto the
Gondwanan-Arabian margin is related to the Late Cretaceous
ophiolitic belt (e.g., Moghadam et al., 2009). In the Anatolian
sector, the Late Cretaceous ophiolites are traced along the
Bitlis-Zagros suture zone, a part of the Southeast Anatolian
Orogenic Belt (SAOB). These ophiolites represent remnants
of the Southern Neotethys oceanic lithosphere, separating
the Tauride-Anatolide Terrane from the Arabian Platform
(e.g., Sengor and Yilmaz, 1981; Gonciioglu et al., 1997). In
southeast Turkey, around Elazi1g and Malatya areas, relics of
the Southern Neotethys are preserved within the Amanos-
Elazig-Van Suture Belt, which contains dismembered ophi-
olitic bodies, arc-related magmatic rocks, and subduction/
accretion complexes (Gonciioglu et al., 1997). Within this
suture belt, the mélange complexes are dispersed to the north
and south of the E-W trending Piitiirge and Bitlis metamor-
phic massifs (e.g., Gonciioglu and Turhan, 1984) (Fig. 1).
As a whole, the northerly located mélanges are known as the
Yiiksekova Complex (Peringek, 1979).

Several studies suggested that the Southern Neotethys
oceanic domain, now preserved in the Amanos-Elazig-Van
Suture Belt, existed between the Late Triassic and Late
Cretaceous (Dewey et al., 1973; Peringek, 1980; Sengor
and Yilmaz, 1981; Yazgan, 1981; 1984; Perin¢ek and Oz-
kaya, 1981; Hempton and Savci, 1982; Michard et al., 1982;
Aktas and Robertson, 1984). During the Late Cretaceous, the

Southern Neotethys oceanic lithosphere became consumed
via northward subduction, which also induced the generation
of the Yiiksekova arc-basin system (Yazgan, 1981; 1984;
Ural et al., 2015). The Yiiksekova Complex, which holds the
relics of this intra-oceanic subduction system, is mainly com-
posed of crustal lithologies with subordinate mantle rocks
(Peringek, 1980; Aktas and Robertson, 1984; Hempton, 1984;
1985; Kilig, 2009; Rizaoglu et al., 2006; 2009; Robertson et
al., 2007; Ural and Kiiriim, 2009; Tekin et al., 2015; Ural et
al., 2015; Yildirim, 2015; Ozdemir, 2016; Rizeli et al., 2016;
Uysal et al., 2018; Kokiim and Incesz, 2018, 2020; Sar et al.,
2019; Rolland et al., 2020). After the closure of the South-
ern Neotethys in the Anatolian sector, the region experienced
lithospheric extension during the Middle Eocene, which re-
sulted in the opening of a back-arc-type oceanic domain, i.e.
the Maden basin (e.g., Sengdr and Yilmaz, 1981). The relicts
of this small basin are found in the Maden Complex, which
is composed of Middle Eocene volcano-sedimentary units
(Peringek, 1979).

The Yiiksekova and Maden complexes are, therefore, two
distinct identities originated by subduction-related events that
took place before and after the closure of Neotethys, respec-
tively. However, the volcanic-bearing nature of both tectonic
units has been one of the major challenges in the geology of
this area, mostly because without any robust age constraints
(geochronological or paleontological), the volcanic-bearing
units cropping out along the Elazig-Amanos-Van Suture Belt
have been treated as a part of the Maden Complex. Conse-
quently, a wide range of tectonic settings has been proposed
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for the origin of the Maden Complex, including mid-ocean
ridge, island arc, immature back-arc basin, and continental
back-arc basin. The study by Tekin et al. (2015) revealed that
a large portion previously considered to belong to the Maden
Complex in the previous studies represents, in fact, the Yiik-
sekova Complex. Therefore, the Neotethyan Yiiksekova rem-
nants seem to be volumetrically more abundant in the region
than previously thought.

Within the SAOB, the age data for the Yiiksekova Com-
plex are not abundant. They are mainly paleontology-based,
and provide Late Cretaceous ages (e.g., Herece et al., 1992;
Robertson et al., 2007; Tekin et al., 2015). However, the age
of the volcanics within the complex have been overlooked.
In this regard, the studies of Tekin et al. (2015) were the first
to perform a detailed characterization, revealing two differ-
ent age intervals for the Yiiksekova volcanism on the basis
of the intercalated radiolarian cherts. Another age constraint
comes from Ural and Sari (2019), which is based on plank-
tonic foraminiferal fauna from pelagic limestones (Fig. 1c).
In this study, we present geochemical (whole-rock and Nd-
Pb isotope) and paleontological (radiolarian) data from the
Maden area within the SAOB, which were previously dated
at Middle Eocene. They were hence considered as part of the
Maden Complex. We also aim to integrate the paleontologi-

cal age constraints with geochemical investigations to solve
the Yiiksekova-Maden complexes uncertainty. This multidis-
ciplinary approach allowed us to shed light on the Neotethys
geodynamics in southeast Anatolia before the closure of the
Southern Neotethys.

GEOLOGICAL FRAMEWORK

The SAOB is separated from the northern Tauride-Ana-
tolide Terrane by pre-Maastrichtian south-verging thrusts,
which were reactivated during the Late Tertiary. The low-
ermost tectonic sliver of this terrane contains I-type calc-
alkaline plutonic bodies (Baskil Magmatic Arc, Yazgan and
Chessex, 1991) of Late Cretaceous age, which were produced
by the northward subduction of the southern branch of Neo-
tethys along the southern margin of the Tauride-Anatolide
Platform (Malatya-Keban Metamorphics) (Gonciioglu,
2019). The remnants of the Southern Neotethys Ocean are
preserved within a massive mélange complex within the
SAOB, consisting of nappes and slide blocks of different
origin (oceanic lithosphere, oceanic islands and island arc).
The accretion of the oceanic units primarily occurred at the
end of the Cretaceous. Afterward, at the end of Miocene



the convergence along the suture belt created an imbricated
structure in which lithological assemblages of syn- to post-
accretional basins were integrated into the suture complex.
The SAOB comprises three tectonic zones: i) the Arabian
Platform, ii) an imbricated zone, iii) a nappe zone, includ-
ing fragments of Maden and Yiiksekova units. (Yilmaz and
Yigitbas, 1991; Yilmaz, 1993).

The Maden Complex (Beken, 1975), first defined as the
Maden Series (Ketin, 1948), consists of several distinct litho-
logical assemblages, including a conglomeratic sequence at
the bottom (Ceffan Formation); grey-coloured medium-thick-
bedded limestones (Arbo Formation); red- to light green-co-
loured clayey limestones, red marls, red-grey shales, yellow-
brown sandstones, siltstones and sandy limestones (Melefan
Formation); red marl and limestone alternation (Karadere
Formation); sandstone-shale alternation (Narlidere Forma-
tion); basal conglomerates, sandstones and sandy limestones
(Maden autochthon deposits), nummulite-bearing limestone
blocks, sandstones, volcanic rocks and diabase fragments
(olistostromal Maden formation); tuffs, lapillistones, basalts,
agglomerates and mudstones (volcanic Maden Formation)
(Sungurlu, 1974; A¢ikbag and Bastug, 1975; Peringek, 1979;
see also MTA, 2011 for the detailed stratigraphic map). The
interpretations on the tectonic setting of the Maden Complex
vary, from deep-basin deposits (Rigo de Righi and Corte-
sini, 1964), mid-ocean ridge (Tleri et al., 1976), continental
back-arc basin (Peringek, 1980; Peringek and Ozkaya, 1981;
Yazgan, 1981; 1983; 1984; 1987; Ozkan, 1983; Yazgan et
al., 1983; Michard et al., 1985), immature island arc that de-
veloped on a marginal basin (Ozkaya, 1978; Erdogan 1982;
Hempton, 1984; 1985; Ozgelik, 1985; Yilmaz, 1993; Yilmaz
et al., 1993), immature back-arc basin (Peringek, 1979; Per-
incek and Ozkaya, 1981; Sengor and Yilmaz, 1981; Erler,
1983;Yigitbas and Yilmaz, 1996).

In the SAOB, the area to the south and southeast of Elazig
contains fragments of both Maden and Yiiksekova complexes.
The Yiiksekova Complex is a typical Late Cretaceous ophi-
olitic mélange complex and yields widespread outcrops in
southeast Anatolia. It consists of a chaotic mixture of basalts,
gabbros, serpentinites, pelagic limestones, radiolarian cherts,
neritic limestones, granodiorites, sandstones, siltstones, shales
with an estimated thickness of about 2000 meters (Peringek,
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1980; 1990; Tekin et al., 2015; Ural and Sar1, 2019; Ural et
al., 2021). The age constraints on the Yiiksekova Complex
come from paleontological findings, which reveal ages be-
tween Cenomanian and Maastrichtian. These include: 1)
Cenomanian-Turonian and Coniacian-Campanian ages from
the limestone blocks in the Hakkari area (Peringek, 1990), ii)
Santonian-early Maastrichtian ages from the pelagic lime-
stones based on planktic foraminifera in the Harput area (north
of Elaz1g) (Herece et al., 1992), iii) late Maastrichtian ages
from pelagic limestones within Killan imbricate unit around
Maden-Ergani (southeast of Elazig) (Robertson et al., 2007),
iv) Cenomanian-Maastrichtian ages from the pelagic lime-
stones based on radiolarians in the Hazar-Maden area (south-
southeast of Elaz1g) (Ural et al., 2015), v) late Campanian-late
Maastrichtian ages from pelagic limestones based on planktic
foraminifera, around Caybagi (northeast of Elazig) (Ural and
Kaya Sari 2019), vi) Turonian-Santonian ages from the pelag-
ic limestones based on planktonic foraminifera in the Maden
town (south of Elazig) (Ural and Sari, 2019).

To the south/southeast of Elazi1g, the Yiiksekova Com-
plex crops out widely, being distributed over an area of
about 100 km? (Fig. 1¢). This study involves a wide region
including the Karatop, Killan, and Kayalar villages to the
North of the Maden town, known as the type locality of the
Maden Complex (Fig. 1). To the south of the Hazar Lake
(southeast of Elaz1g), the volcanics of the Yiiksekova Com-
plex are closely associated with and tectonically overlain
by mantle rocks of the Guleman Ophiolites. In this area, the
Yiiksekova volcanics are primarily and widely associated
with Cu-mineralizations. Towards the southeast (i.e. near
Maden town), the Yiiksekova volcanics are unconformably
overlain by the Hazar Group, which is made up of non-ma-
rine to shallow marine, clastic, and carbonate sedimentary
rocks of latest Cretaceous-Early Cenozoic age. In this area,
the Yiiksekova volcanics are characterized chiefly by ba-
salts in the form of pillowed or massive flows (Fig. S1).
The flows are generally gray, green or reddish-coloured and
contain abundant gas vesicles. The aphanitic basalts are
interbedded with pelagic sediments, including mudstones,
micritic limestones (ranging from 10 to 140 cm), radiolarian
cherts, and volcaniclastic mudstones, sandstones, and brec-
cias (Fig. 2, Fig. S1).

Fig. 2 - Field photographs of the pelagic sedimentary rocks overlying or interlayered with the basalts of the Yiiksekova Complex, located in the vicinity of
the Maden town (SE Elaz1g, Turkey), a) Basaltic volcanics (BV) intercalated with meter-thick radiolarian pelagic cherts (RC) and mudstones on the Karatop-
Maden road, Sample MDN-18 (x: 561862, y: 4252435), b) Pinkish-coloured, laminated radiolarian pelagic cherts interlayered with the basaltic volcanics,

Sample MDN-21 (x:563908, y:4251191).
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RADIOLARIAN ASSEMBLAGES FROM
THE YUKSEKOVA COMPLEX AND DATINGS

The radiolarian assemblages have been obtained from six
samples (MDN-11, MDN-17, MDN-18, MDN-19, MDN-21
and MDN-22) taken from the Yiiksekova Complex (Figs. 3
and 4, Fig. S1) and their ages range from Santonian to Cam-
panian (Late Cretaceous; Fig. 5).

Stratigraphically older specimen derived from the Yiik-
sekova Complex in this study is MDN-11 dominated by Nas-
sellarian fauna (e.g., Dictyomitra sp. cf. D. andersoni (Camp-
bell and Clark) (Fig. 3.15), Dictyomitra formosa Squinabol
(Fig. 3.16), Dictyomitra koslovae Foreman, Dictyomitra tor-
quata Foreman (Fig. 4.3), Thanarla veneta (Squinabol) (Fig.
4.8) and Amphipyndax stocki (Campbell and Clark) (Fig. 4.9)
with exception of Patellula verteroensis (Pessagno) (Fig.
5). Within this fauna, Dictyomitra koslovae first appears at
early Coniacian while LAD of this taxon is at the base of late
Maastrichtian according to older literature (e.g., Foreman,
1971; 1975; Nakaseko and Nishimura, 1981; Khokhlova et
al., 1994). Besides, recent studies clearly indicate that FAD
of this taxon is at the base of Santonian (Korchagin et al.,
2012; Bragina et al., 2014; 2019; Bragina, 2016). In addition,
this taxon last appears at the top of late Campanian according
to Sanfilippo and Riedel (1985). Therefore, it can be conclud-
ed that Dictyomitra koslovae ranges from Santonian to Cam-
panian (Fig. 5). Another important taxon in this sample is
Dictyomitra torquata (Fig. 5) and the age range of this taxon
is Santonian-Campanian based on the previous studies (e.g.,
Foreman, 1971; 1973a; 1973b; Yamauchi, 1982; Khokhlova
et al., 1994). At last, Thanarla veneta is mainly known from
Albian-Cenomanian strata (Squinabol, 1903; Nakaseko et al.,
1979; Nakaseko and Nishimura, 1981; O’Dogherty, 1994),
but according to Soycan and Hakyemez‘s (2018) this taxon
last appears at late Santonian. Based on FAD of Dictyomi-
tra torquata and Dictyomitra koslovae together with LAD of
Thanarla veneta, Santonian age can be assigned to sample
MDN-11 (Fig. 5).

Other samples (MDN-17, MDN-18, MDN-19, MDN-21
and MDN-22) from the Yiiksekova Complex contain similar
radiolarian assemblages dominated by Nassellarian taxa (Fig.
5). Sample MDN-17 includes Dictyomitra formosa Squinabol
(Fig. 3.17), Dictyomitra koslovae Foreman (Figs. 3.19-20),
Dictyomitra torquata Foreman (Fig. 4.4), Xitus asymbatos
(Foreman) (Fig. 4.10), Xitus sp. (Fig. 4.13), Campanomitra
? sp. (Fig. 4.14), Parvimitrella ? sp. (Fig. 4.15), Rhopalo-
syringium spp. (Figs. 4.19-20), Clathropyrgus titthium Rie-
del and Sanfilippo (Fig. 4.21) and Afens liriodes Riedel and
Sanfilippo (Fig. 4.22). Similar to this assemblage, Alievium
spp. (Figs. 3.1-2), Pseudoaulophacus sp. (Fig. 3.8), Patellula
verteroensis (Pessagno) (Fig. 3.12), Dictyomitra formosa
Squinabol, Dictyomitra koslovae Foreman, Dictyomitra tor-
quata Foreman, Xitus asymbatos (Foreman) (Fig. 4.11), Rho-
palosyringium sp. cf. R. colpodes Foreman (Fig. 4.18) were
determined from sample MDN-18 (Fig. 5).

The sample MDN-19 contains very-diverse assemblage:
Alievium spp., Pseudoaulophacus lenticulatus (White) (Fig.
3.4), Pseudoaulophacus pargueraensis Pessagno (Fig. 3.6),
Pseudoaulophacus sp. (Fig. 3.9), Archaeospongoprunum
nishiyamae Nakaseko and Nishimura (Fig. 3.11), Patellula
verteroensis (Pessagno) (Fig. 3.13), Dictyomitra formosa
Squinabol (Fig. 3.18), Dictyomitra koslovae Foreman (Fig.
3.21), Dictyomitra torquata Foreman (Fig. 4.5), Xitus asym-
batos (Foreman) (Fig. 4.12), Parvimitrella sp. and Dictyopro-
ra urna (Foreman) (Fig. 4.17). The radiolarian assemblage of

the sample MDN-21 contains Alievium spp., Pseudoaulopha-
cus lenticulatus (White), Pseudoaulophacus sp. cf. P. par-
gueraensis Pessagno (Fig. 3.7), Pseudoaulophacus sp. (Fig.
3.10), Crucella spp., Homoeparonaella spp., Patellula sp. cf.
P. verteroensis (Pessagno) (Fig. 3.14), Dictyomitra formosa
Squinabol, Dictyomitra koslovae Foreman (Fig. 3.22), Dic-
tyomitra sp. cf. D. napaensis Pessagno (Fig. 4.2), Dictyomitra
torquata Foreman, Mita sp. (Fig. 4.7), Afens liriodes Riedel
and Sanfilippo (Fig. 4.23). In addition, less-diverse radiolar-
ians were obtained from sample MDN-22 (e.g., Alievium sp.
at fig. 3.3, Pseudoaulophacus lenticulatus (White) at fig. 3.5,
Pseudoaulophacus sp., Dictyomitra koslovae Foreman at fig.
3.23, Dictyomitra multicostata Zittel at fig. 4.1, Dictyomitra
sp. at fig. 4.6 and Parvimitrella ? sp. at fig. 4.16; fig. 5).

Although all these samples (MDN-17, MDN-18, MDN-
19, MDN-21 and MDN-22) contain mainly long-ranging taxa
(e.g., Patellula verteroensis, Pseudoaulophacus lenticulatus,
Pseudoaulophacus pargueraensis, Dictyomitra formosa, Xi-
tus asymbatos and Afens lirioides; Fig. 5), they include also
two well-known and stratigraphically important taxa (Dictyo-
mitra koslovae and Dictyomitra torquata) except for the sam-
ple MDN-22 (including only Dictyomitra koslovae; Fig. 5).
Ranges of these taxa is from Santonian to Campanian accord-
ing to previous studies (e.g., Foreman, 1971; 1973a; 1973b;
Yamauchi, 1982; Sanfilippo and Riedel, 1985; Khokhlova et
al., 1994; Korchagin et al., 2012; Bragina et al., 2014; 2019;
Bragina, 2016).

In addition, Clathropyrgus titthium in sample MDN-17
last appears at the top of late Campanian according to Riedel
and Sanfilippo (1974), Foreman (1975), Sanfilippo and Rie-
del (1985). The presence of this taxon in sample MDN-17
also clearly defines the upper age limit of this sample as top of
late Campanian (Fig. 5). Diverse fauna obtained from sample
MDN-19 includes also two well-known taxa, Archaeospon-
goprunum nishiyamae and Dictyoprora urna, that have their
last appearance at the top of late Campanian (Foreman, 1971;
Riedel and Sanfilippo, 1974; Nakaseko and Nishimura, 1981;
Sanfilippo and Riedel, 1985). Thus the presence of these two
taxa, in addition to the presence of Dictyomitra koslovae and
Dictyomitra torquata (Fig. 5), define the upper age limit of
the sample MDN-19, as top of late Campanian. Based on
these facts, it can be concluded that Santonian to Campanian
age can be assigned to samples MDN-17, MDN-18, MDN-
19, MDN-21 and MDN-22 obtained from the Yiiksekova
Complex (Fig. 5).

PETROGRAPHY

The majority of volcanic rocks cropping out around the
Maden area (SE of Elazig) are porphyritic with variable
amounts of phenocrysts set in a finely crystallized matrix.
The dominant phenocryst phases are clinopyroxene and
plagioclase (Fig. 6a-f). Rare olivine-phyric varieties are
observed in the basaltic types, while minor K-feldspar is
found in the evolved compositions. Hyalopilitic lavas con-
sisting of small plagioclase microlites embedded in altered
glass matrix are common (Figs. 6a-b). Intersertal texture is
also frequent (Fig. 6e). Coarse-grained samples are generally
aphyric, holocrystalline, while porphyritic texture becomes
dominant in the fine-grained samples with a glassy matrix
(Fig. 6a-d). Gas vesicles and fractures are filled by secondary
phases such as calcite or quartz (Fig. 6). The most abundant
primary mafic mineral is clinopyroxene, which largely oc-
curs as phenocryst, whereas it is less abundant as ground-



Fig. 3 - Scanning electron photomicrographs of the Late Cretaceous (Santonian-Campanian) radiolarians from the Yiiksekova Complex, eastern and
southeastern Turkey. Scale- number of microns for each figure: 1- lievium spp., 1-2. MDN-18, 3. MDN-22, scale bar- 120um for all figures;
Pseudoaulophacus lenticulatus (White), 4. MDN-19, 5. MDN-22, scale bar- 160 and 140um, respectively; 6. Pseudoaulophacus pargueraensis Pes
gno, MDN-19, scale bar- 120um; 7. Pseudoaulophacus sp. cf. P. pargueraensis Pessagno, MDN-21, scale bar- 120um; 8-10. Pseudoaulophacus s

8. MDN-18, 9. MDN-19, 10. MDN-21, scale bar- 120, 120 and 110um, respectively; 11. Archaeospongoprunum nishiyamae Nz ko and Nishimura,
MDN-19, scale bar- 110um; 12-13. Patellula verteroensis (Pessagno), 12. MDN-18, 13. MDN-19, scale bar- 160 and 170 pm, respectively; 14. Patellula
sp. cf. P. verteroensis (Pessagno), MDN-21, scale bar-140 15. tyomitra sp. cf. D. andersoni (Campbell and Clark), MDN-11, scale bar- 110um;
16-18. Dictyomitra formosa Squinabol, 16. MDN-11, 17. MDN-17, 18. MDN-19, scale bar- 100, 100 and 120um, respectively; 19-23. Dictyomitra ko-
slovae Foreman, 19-20. MDN-17, 21. MDN-19, 22. MDN-21, 23. MDN-22, scale bar- 90, 100, 100, 90 and 100um, respectively.




Fig. 4 - Scanning electron photomicrographs of the Late Cretaceous (Santonian-Campanian) radiolarians from the Yiiksekova Complex, eastern and
southeastern Turkey. Scale- number of microns for each figure: 1. Dictyomitra multicostata Zittel, MDN-22, scale bar- 100um; 2. Dictyomitra sp. cf. D.
napaensis Pessagno, MDN-21, scale bar- 90um; 3-5. Dictyomitra torquata Foreman, 3. MDN-11,4. MDN-17,5. MDN-19, scale bar- 80, 90 and 100pum,
respectively; 6. Dictyomitra sp., MDN-22, scale bar- 80um; 7. Mita sp., MDN-21, scale bar- 90um; 8. Thanarla veneta (Squinabol), MDN-11, scale
bar- 65um; 9. Amphipyndax stocki (Campbell and Clark), MDN-11, scale bar- 60pm; 10-12. Xitus asymbatos (Foreman), 10. MDN-17, 11. MDN-18, 12.
MDN-19, scale bar- 130, 100 and 130um, respectively; 13. Xitus sp., MDN-17, scale bar- 110um; 14. Campanomitra ? sp., MDN-17, scale bar- 80um;
15-16. Parvimitrella ., 15. MDN-17, 16. MDN-22, scale bar- 80 and 90um, respectively; 17. Dictyoprora urna (Foreman), MDN-19,

70um; 18. Rhopalosyringium sp. cf. R. colpodes Foreman, MDN-18, scale bar- 90um; 19-20. Rhopalosyringium spp., both from MDN-17

60um for both specimens; 21. Clathropyrgus titthium Riedel and Sanflippo, MDN-17, scale bar- 100um; 22-23. Afens liriodes Riedel and Sanfilipy
MDN-17,23. MDN-21 e bar- 100pm for both specimens.
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Fig. 5 - Distribution of radiolarian taxa from samples of the Yiiksekova Complex. Grey areas show the ages of radiolarian assemblages.

mass phase. Zoning and twinning are common on clinopy-
roxene. Olivine is rarely observed as a relict mineral due to
intense alteration. Plagioclase is very abundant both as a
phenocryst and groundmass phase. Polysynthetic twinning
is recognizable in the less altered crystals. Glomeroporphy-
ritic clusters composed of plagioclase and clinopyroxene are
found in some samples (Fig. 6e). Mafic minerals may be en-
tirely pseudomorphosed by secondary minerals. Chlorite and
epidote are typical alteration products in the lavas, replacing
clinopyroxenes and/or the glassy groundmass. Plagioclase
may be partly albitized and sericitized or, in some cases, re-
placed by zeolites.

GEOCHEMISTRY

Analytical methods

A total of 16 samples were selected for whole-rock geo-
chemistry. Eight samples previously presented in Ural et

al. (2015) were reanalyzed specifically for this paper. The
whole-rock geochemical analyses were performed at the Ac-
tivation Labs (Canada) (Table 1). For the analyses of major
oxides and some trace elements (i.e. Sc, V, Ba, Sr, and Zr),
the samples were fluxed with lithium metaborate/tetraborate
and later digested with 5% nitric acid. These elements were
analyzed by inductively coupled plasma-optical emission
spectrometry (ICP-OES). Other trace elements (except for Pb
and Ni) were similarly prepared by lithium metaborate/tet-
raborate fusion. They were analyzed by inductively coupled
plasma-mass spectrometry (ICP-MS). Pb and Ni were ana-
lyzed by ICP-MS after digestion with four acids (hydrochlo-
ric, hydrofluoric, nitric, and perchloric acids).

Nd and Pb isotopic compositions of the Yiiksekova vol-
canics were measured on a total of ten selected samples by
Nu Instruments Plasma MC-ICP-MS (multi-collector induc-
tively coupled plasma mass spectrometry) at the Pacific Cen-
tre for Isotopic and Geochemical Research (PCIGR) at the
University of British Columbia (Canada) (Table 2). The JNdi



Fig. 6 - Microphotographs of the volcanics from the Yiiksekova Complex around the Maden town: a) Hyalomicrolithic basalt (MD-1), b) Porphyritic basalt
with flow texture (MD-3), ¢) Hyalomicrolitic porphyritic basalt (MDN-11), d) Aphyric basalt (MDN-17), e) Hyalomicrolitic porphyritic basalt (MDN-19), f)
Clinopyroxene-phyric basalt (MDN-21). Abbreviations: pl- plagioclase, cpx- clinopyroxene, op- opaque oxide, cc- calcite.

standard gave a mean '“Nd/'“Nd = 0.512077+0.000007
(2sd, n = 27). NBS 981 Pb standard gave a mean (n =
15) 28Pb/2%4Pb = 36.7219+0.0021 (2sd), *°’Pb/?%Pb =
15.4994+0.0008 (2sd), and 2°°Pb/?**Pb = 16.9432 + 0.0009
(2sd). The Nd isotope values are normalized to '“*Nd/'*Nd

= 0.512116 for JNdi, whereas the Pb values are normal-
ized to 298Pb/?%Pb = 36.7219 for, 2’Pb/?**Pb = 15.4963 and
206pp/204Pb = 16.9405 for the triple spike values of Galer and
Abouchami (1998).
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Table 2 - Whole-rock Nd and Pb isotopic compositions of the studied rocks.

Sample MD-1 MD-3 MD-7 MD-9 MD-10  MDN-11 MDN-13 MDN-17 MDN-19  MDN-21
Sm 1.75 2.04 2.69 3.72 2.87 2.96 3.41 2.32 2.71 3.47
Nd 7.14 6.56 9.73 11.40 10.70 11.50 14.60 8.70 11.00 13.40
N/ Sm 0.1488 0.1888 0.1678 0.1981 0.1628 0.1562 0.1418 0.1619 0.1495 0.1572
"Nd/MNd 0512714  0.512921 - 0.512979  0.512973  0.512944  0.512941  0.512943  0.512929  0.512930
2SE 0.000007  0.000007 - 0.000006  0.000007  0.000007  0.000007  0.000007  0.000006  0.000006
Nd/M*Nd, 0.512636  0.512823 - 0.512876  0.512888  0.512863  0.512867  0.512859  0.512850  0.512852
et +2.0 +5.6 - +6.7 +6.9 +6.4 +6.5 +6.3 +6.2 +6.1
U 0.32 0.13 0.20 0.32 0.24 0.27 0.39 0.30 0.20 0.15
Th 1.05 0.42 0.79 0.44 0.84 0.97 1.15 0.62 0.91 1.16
Pb 42 2.2 1.8 1.1 2.0 1.4 1.8 5.0 6.9 2.5
206pp/2**pp 18.9313 18.632  18.7345 18.6598 18.7477  19.0824  18.7295 18.7983 18.7869  18.8926
2SE 0.00003  0.00004  0.00004  0.00004  0.00003  0.00004  0.00003  0.00004  0.00004  0.00003
2°pb/**Pby;, 188726  18.5864  18.6489 184356  18.6552  18.9337  18.5625 18.7521 18.7416  18.8703
*7pb/ P 15.6728 15.5924 15.566 155151 15.5458 15.5831 15.5475 15.6458 15.6344 15.5971
2SE 0.00001  0.00001  0.00001  0.00001  0.00001  0.00001  0.00001  0.00001  0.00001  0.00001
7pb/ *Phy, 15.6698  15.5901 155617 155038  15.5411 155756 15.5395  15.6434  15.6333 15.5948
2%8pp2%pp 3901666 38,5989 385069 384183 38,4968 38,8312 384544 38,8087 38,7967 38,7875
2SE 0.000002  0.000003  0.000002  0.000002  0.000002  0.000002  0.000002  0.000002  0.000002  0.000002
2pb/Pby, 38.9533 385506 383959 383172 383906  38.6559  38.2928 38.7773 38.7618 38.7542

Initial Nd and Pb isotopic ratios are calculated back to t = 80 Ma based on the radiolarian ages obtained in this study.
&ngq Values were computed as the deviation from a chondritic uniform reservoir (CHUR) with present-day "Nd/*Nd = 0.512638; "Sm/"*Nd = 0.1966.

Results

Based on immobile element ratios, the Yiiksekova vol-
canics in the Maden region are mainly classified as basalts,
though subordinate basaltic/andesitic compositions also
occur (Fig. 7a). We avoid using the classification schemes
like TAS and AFM due to the altered nature of the studied
volcanics (see Discussion). All samples have relatively low
Nb/Y (0.04-0.32), indicating their sub-alkaline character,
and display transitional features between calc-alkaline and
tholeiitic (Fig. 7b). The samples show a large variation in
Si0, content from 44 .45 to 73.31 wt%, which may partly re-
sult from alteration and/or magmatic modification processes.
Ca0, Fe,0,, and MgO also display broad ranges between
1.13-12.87 wt%, 3.97-12.46 wt% and 0.06-11.98 wt%, re-
spectively. Trace elements exhibit large compositional vari-
ation (e.g., V = 49-781 ppm, Cr = 7-193 ppm, Ni = 2.1-133
ppm, Rb = 0.1-25.6 ppm, Sr = 53-678 ppm, Zr = 42-292
ppm, see Table 1).

In multi-element plots normalized to N-MORB (Fig.
8a), the Yiiksekova volcanics are all characterized by vari-
able enrichments in Th and La relative to Nb, exhibiting
strong Nb negative anomalies (Nb/Nb* = 0.09-0.42). Also,
most samples display relative enrichment in large ion litho-
phile elements (LILE) (i.e. Rb, Ba, K, Sr) and LREE (with
an increasing magnitude towards La) relative to high field-
strength elements (HFSE). Although the investigated rocks
exhibit broadly similar characteristics, two main patterns
emerge on the basis of fluid-immobile trace element sys-
tematics compared to N-MORB. One type, represented by
only two samples in the dataset (MD-9 and MDN-10, Type
1), is characterized by relatively flat distribution of REE
and HFSE (except for Nb and Ti). The other type (Type 2)
is LREE-enriched and possesses higher Th concentrations
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(with respect to Nb). While the Nb concentrations in the
first type are similar to N-MORB, the second type displays
highly variable Nb contents, generally more enriched than
N-MORB. All samples possess negative Ti anomalies; how-
ever, this depletion is particularly significant for silica-rich
samples. In chondrite-normalized diagrams (Fig. 8b), the
samples display LREE-depleted (Type 1) to flat- to LREE-
enriched (shown by the Type 2) patterns. HREE appear to
be relatively flat in all samples. Negative Eu anomaly is no-
ticeable only in a few samples (Eu/Eu* = 0.65-1.07, with an
average of 0.96).

The Nd and Pb isotopic ratios of the Yiiksekova volca-
nics from the Maden area (SE Elaz1g) are presented in Table
2. All isotopic values were corrected to 80 Ma in agreement
with the radiolarian ages obtained in this study. As a whole,
the analyzed samples display a moderate variability of initial
Nd isotope composition ('**Nd/'**Nd;, = 0.51271-0.51298).
Most &y, values range between +5.6 and +6.9 excepting the
sample MD-1, which has an eNd; of +2.0 (Fig. 9a). In terms
of Pb isotopic compositions, the studied rocks show moder-
ately variable Pb isotope compositions (*°°Pb/?**Pb =18 .44-
18.93, 298pp/204Ph = 38.29-38.95). 27Pb/2**Pb ratios, on the
other hand, display more variability with values ranging
between 15.50-15.67. The 2°7Pb/?**Pb and 2°8Pb/?**Pb ratios
show broad positive correlations with 2°°Pb/?Pb (Figs. 9b-
¢). Remarkably, 2’Pb/?**Pb values are significantly displaced
from the MORB field towards EM-II and GLOSS (global
subducting sediment) compositions (Fig. 9b). The distribu-
tions of the volcanics in this study appear to be similar to the
group 2 samples of Ural et al. (2015), who reported the first
isotopic data in this area (Fig. 9).
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light blue cross symbol, whereas the evolved ones are represented by blue
diamond symbol.
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Discussion

Effects of alteration

The Yiiksekova volcanics display loss on ignition values
(LOI) between 0.76 and 10.14 wt%, which indicates that they
have experienced variable degrees of alteration. Therefore,
it is essential to assess to what extent the present chemistry
reflects the pristine, magmatic signatures. It is known that
LILE (e.g., K, Rb, and Ba) can be easily mobilized during
post-magmatic processes (i.e. weathering and metamor-
phism), while Th, HFSE (e.g., Zr, Nb, Ti) and REE tend to
remain immobile in such conditions (e.g., Pearce 1975; Stau-
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digel et al. 1996). To test the mobility of elements, we first
use Zr-based binary plots since this element is assumed to
remain highly stable under low-grade alteration (Fig. 10a-j)
(e.g., Cann, 1970). These plots highlight that HFSE and REE
display good correlations with Zr, attesting their immobility,
whereas the scattered distribution reflected by LILE suggest
their mobile nature during alteration (Fig. 10a-j). These ele-
ments also reflect some degree of correlation against LOI,
which reinforce the idea that LILE were mobilized during
post-magmatic processes (Fig. 10f and g).

The large range in major elements is another issue to
consider (Fig. 10h-1). Based on the discussion above, K,O is
largely controlled by alteration, while TiO, and P,05 appear
to be immobile and reflect pristine values in the Yiiksekova
volcanics. Among the others, Si, Mg, Fe, and Ca are the ele-
ments that are known to mobilize during secondary process-
es. In the studied extrusives, SiO, and Fe,O; are rather tightly
clustered (when the primitive compositions are considered),
and do not yield any identifiable trend. Again, no correlation
vs. LOI is observed (not shown). CaO shows a very broad
range for similar Zr contents, and it is highly correlated with
LOI. MgO, on the other hand, is correlated with Zr, but dis-

plays scattered distribution against LOI. This suggests that
CaO is heavily affected by alteration (thus it will not be used
thereafter), whereas MgO appears to be relatively less af-
fected and can be used for petrogenetic discussion. SiO, and
Fe,0; do not yield robust information in the above plots in
regard to their mobility.

Fractional crystallization

The studied volcanics display compatible element con-
centrations lower than those of primary magmas (typically
300-500 ppm Cr, 300-400 ppm Ni, Mg# 68-76; Hess, 1992).
This, therefore, suggests that they have formed from parental
melt(s) through some degree of fractional crystallization, pos-
sibly involving olivine and pyroxene. Regarding the within-
suite variations, MgO displays a negative correlation with
SiO, (not shown), as expected for modification of magma with
the possible removal of ferromagnesian phases. Also, Zr dem-
onstrates a good, negative correlation with MgO (Fig. 10i),
suggesting that the elemental range of Zr is somewhat con-
trolled by fractional crystallization, and becomes concentrated
in the residual liquids. Therefore, Zr can be used, to some ex-
tent, as an index of fractionation similar to MgO.

400
6 F S
= % =}
— =
0 O—— 0
200 5 10 15 20 0 5 10 15 20 200 400
Zr (ppm) LOI (%) LOI (%) Zr (ppm)
K
2
o(\l
0 200 200 & 200 400 * 200 400 ° 200 400
Zr (ppm) Zr (ppm) Zr (ppm) Zr (ppm)

Fig. 10 - Plots of a), b), ¢),d), e) Zr vs. Rb, Ba, Th, Sm, Y; f), g) LOI vs. Rb, Ba; h), i), j), k) Zr vs. Fe,05, MgO, CaO, K, O, TiO, for the Yiiksekova volcanics.



When plotted against MgO, Ni shows a broad positive
correlation, which may seem somewhat scattered (Fig. 11a).
However, when Ni is plotted against Zr, two issues become
clear; i) Ni decreases with increasing Zr, implying the frac-
tionation of mafic phases, particularly olivine, ii) the data
define two distinct trends, which may reflect magmatic modi-
fication from at least two parental melts. In the light of this,
the scattering observed in MgO is actually reduced into two
trends with better correlation, supporting the olivine fraction-
ation. The effect of mafic phases on the magmatic evolution
of the volcanics is further supported by the decrease in Co
and Cr at increasing Zr (Fig. 11c, d), which can be attributed
to the fractionation of pyroxene. In contrast to the mafic phas-
es, plagioclase did not participate to the fractional crystalliza-
tion, as reflected by the absence of strong Eu anomalies in
the REE patterns (Fig. 8b). However, the change in the slope
observed in the plot of Zr vs. AL,O; for the evolved composi-
tions (for Type 2), together with mild Eu anomalies, suggest
that plagioclase fractionation become dominant ain the late
stages of crystallization for the Type 2 Yiiksekova volcanics
Fig. 11e). Fe-Ti oxides were not included in the early frac-
tionation assemblage for the primitive compositions. Howev-
er, the low Ti contents of the evolved (i.e. Si-rich) samples, as
reflected by their strong negative Ti anomalies, imply a major
role for the late-stage fractionation of Fe-Ti oxides (Figs. 8a,
and 11). Similarly, apatite can be suggested as another late-
stage fractionating phase (for the second group) based on the
kink shown in the Zr-P,O; plot (Fig. 11f).

Source characteristics

To understand the mantle source characteristics, we main-
ly focus on the more primitive members (thus excluding the
evolved samples: MDN-10, 20, 23 with 1.24,0.06, 0.68 wt%
MgO values and 73.34, 64.84, 66.21 wt% SiO,, respectively),
since it is likely that some elemental ratios can be modified
during fractional crystallization. A first-order approximation
to infer the nature of the mantle source can be made using ab-
solute Nb concentrations. Based on this, the studied volcanics
appear to have derived from a mantle source with enrichment
levels somewhat similar or mildly enriched compared to the
source of N-MORBs (Fig. 8a). This idea should be further
tested using elemental ratios not affected by fractional crys-
tallization. The immobile trace element ratios, such as Zr/Nb,
and Nb/Y can be of great use to infer the source depletion/en-
richment in the altered/metamorphosed igneous rocks (e.g.,
Sayit et al., 2020).

The depleted mantle sources (e.g., the N-MORB source)
are characterized by high Zr/Nb ratios (e.g., depleted MORB
mantle - DMM, Zr/Nb = 34.2; Workman and Hart, 2005),
since previous melt extraction would deplete a source region
in terms of more incompatible Nb (relative to Zr), thus pro-
ducing an Nb-poor residual mantle. In this regard, the com-
position of N-MORBs potentially provides insights into the
involvement of depleted mantle component. N-MORBs rep-
resent medium/high-degree melting products of the depleted
mantle, therefore they potentially have Zr/Nb values close
to that of the source (N-MORB Zr/Nb = 31.8; Sun and Mc-
Donough, 1989). The Zi/Nb ratios of the primitive samples
vary in a broad range between 9.8 and 57.9, encompassing
values both lower and higher than that of N-MORB (Fig.
12a). This suggests that the Yiiksekova volcanics were possi-
bly derived from a heterogeneous source with variable enrich-
ment/depletion levels. This idea can also be assessed using
the Nb/Y ratio (or Nb/Yb; e.g., Pearce and Peate, 1995); the
lower values indicate more depleted source signatures since
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the higher incompatibility of Nb. The Yiiksekova volcanics
show a wide range of Nb/Y values between 0.07 and 0.32,
supporting the hypothesis that the mantle source of these vol-
canics was heterogeneous. This, in turn, may suggest that the
Yiiksekova volcanics have tapped mantle source domains,
with: i) somewhat enriched characteristics with a possible
contribution from enriched components and/or low-degree
melting, and ii) DMM-like characteristics, iii) previously de-
pleted DMM-like characteristics (via melt extraction).

The elements used so far (i.e. Zr, Nb, Y, Yb) are also
immobile during subduction processes (more information
is given in the following paragraphs); therefore, they serve
as critical indicators to understand the nature of the source
before addition of subduction components. On the basis of
the discussion above, the trace element evidence suggests
that the Yiiksekova volcanics require the involvement of a
DMM-like component, whose contribution is expected to
vary within the samples. The N-MORB-like samples can be
envisioned to have largely tapped this source, whereas this
component may have mixed with the enriched components
(e.g., recycled components) to create the mildly enriched
mantle sources. The samples that appear to be more depleted
in terms of Zr/Nb and Nb/Y systematics, on the other hand,
can be attributed to melt extraction from a DMM-like source.
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However, it must be noted that the addition of subduction
component can modify the isotopic character of the source
based on the extent and the nature of the material that mixes
with the source (e.g., sediment melt).

The 'SNd/"**Nd,;, ratios of the Yiiksekova volcanics are
all higher than the Bulk Silicate Earth (or CHUR) with g,
values above +5 (except for one sample with eNd = +2). Such
high, positive values imply a major role for the DMM-type
component in the petrogenesis of the Yiiksekova volcanics,
thus reinforcing the constraints obtained from the trace ele-
ment systematics. However, the Nd isotopic values are not
typical of DMM, which, in turn, may suggest the involve-
ment of enriched components, such as sediments or recycled
components, as mentioned earlier. The Pb isotope systemat-
ics of the volcanics are also consistent with this result. The
samples display relatively enriched 2°°Pb/?**Pb isotopic char-
acteristics (compared to DMM), plotting on the mildly en-
riched/enriched portions of the Atlantic and Pacific MORB.

Also, at a given 2°°Pb/?Pb, the 2’Pb/?**Pb and 2°®Pb/***Pb
ratios of the samples are elevated relative to Atlantic and Pa-
cific MORB (Fig. 9). This issue will be further discussed in
the following paragraphs.

While the Zr-Nb-Yb systematics and Nd isotopes require
contribution from a depleted mantle source, some trace ele-
ments, particularly Th and La, are markedly enriched rela-
tive to Nb (Fig. 8a). This decoupled behaviour between
Th-La and Nb is a common feature of the magmas from
subduction-related tectonic settings (e.g., Pearce 1983). It is
commonly suggested that in such environments, Nb is not
mobilized by slab-derived fluids/melts but retained in the
subducted slab due to Ti-rich accessory phases (e.g., rutile)
(e.g.,Ryerson and Watson, 1987). Thus, Nb displays strong-
ly conservative behaviour and subsequently does not affect
the elemental budget of the mantle wedge (e.g., Pearce and
Peate, 1995). In contrast to Nb, Th and La are transferred
from the slab to mantle wedge via fluids and sediment melts
during slab dehydration and melting (e.g., Fretzdorff et al.,
2002; Plank, 2005; Saccani et al., 2018). The net result of
this decoupling is that the mantle wedge metasomatized by
slab-derived fluids/melts is characterized by enrichment in
Th and La relative to Nb, thus displaying high Th/Nb and
La/Nb ratios. As noted above, such features are also shown
by the Yiiksekova volcanics, which may, in turn, suggest
the involvement of subduction component in their mantle
source. This idea can be further tested using Th-Nb-Yb sys-
tematics. The displacement from the MORB array (e.g., the
Mariana arc-basin; Fig. 12b) in Nb/Yb vs. Th/Yb diagram
indicates subduction-related metasomatic input. Similarly,
all Yiiksekova samples appear to markedly deviate from the
MORSB array, further supporting the role of slab-derived ma-
terials in the petrogenesis of the Yiiksekova primitive melts.
Another robust constraint in this regard comes from the Pb
isotope systematics. Sediments are known to possess high Pb
concentrations (e.g., Plank and Langmuir, 1998); thus, the
addition of even a small amount of sediment would affect
the Pb isotope budget of the mantle source. In the Pb iso-
tope spaces, the Yiiksekova volcanics are displaced upward
from the Atlantic and Pacific MORB field and trend towards
GLOSS (Fig. 9). Thus, this strongly favours the contribution
of the slab-derived sediment component introduced into the
mantle source of the Yiiksekova volcanics during subduc-
tion. It must be noted that the two samples with the high-
est 207Pb/?*Pb and 2°Pb/?>*“Pb may have possibly involved a
significant sedimentary input. The sample with the lower &4
(the lowest among in the dataset), combined with the high
Nb/Y (the highest in the dataset), may also suggest a role
for a recycled, enriched component in the petrogenesis of
this sample. In summary, while Zr-Nb-Y systematics and Nd
isotopes suggest an important role for the depleted mantle
sources for the origin of the Yiiksekova volcanics, Th-Nb-La
systematics and Pb isotopes imply evidence for a subduc-
tion-related metasomatism of the source.

TECTONOMAGMATIC CONSTRAINTS

The immobile trace element systematics, which high-
lights the relative Th-La-enriched nature of the Yiiksekova
volcanics (when compared to N-MORB) (Fig. 8), suggests
that these extrusives cannot have been generated at a mid-
ocean ridge setting. Instead, such features can be due to the
contribution from slab-derived fluids/melts, which are typi-
cal of subduction-related magmas. Therefore, the Yiiksekova



volcanics were most likely formed at a subduction zone in-
volving additional input from the subducted slab, which is
also evidenced particularly by the Pb isotopes.

At subduction zones, the overlying plate can be either
continental or oceanic, which, in turn, may influence the
geochemical nature of the produced magmas. Therefore, al-
though the Yiiksekova volcanics display subduction-related
characteristics, whether the melt generation has taken place
in a continental or oceanic subduction zone still needs to
be constrained. The oceanic subduction zones are relatively
simpler; they do not involve the continental lithosphere. Melt
generation is mainly limited to the shallow asthenospheric
mantle, with moderate/high degrees of melting in the spinel
stability field. However, the continental lithosphere may add
complexities due to the possible involvement of continental
crustal materials. Besides, the enrichment of the melts can be
enhanced due to deeper melting and/or enriched nature of the
continental lithospheric mantle (e.g., Pearce, 1983). There-
fore, it is expected that oceanic subduction zones tend to pro-
duce, in general, high Zr/Nb and low Zr/Y and Nb/Y ratios
(e.g., Peate et al., 1997), whereas the opposite characteristics
would characterize the continental subduction zones (e.g.,
Holm et al., 2014). The relatively high Zr/Nb, low Zr/Y and
Nb/Y ratios of the studied volcanics are more consistent with
an oceanic origin rather than continental. This hypothesis is
also supported by the relatively high €y, values of the investi-
gated samples, which contrast with lavas from the continental
subduction zones, usually showing lower or even negative
€yq Values.

Additional constraints may contribute to discriminate
whether the Yiiksekova volcanics formed in an arc or back-
arc region of an intra-oceanic subduction zone. Although arc
and back-arc volcanics may show some overlap in their trace
element systematics, some approximation can be made to dif-
ferentiate between these two environments. Arc magmas gen-
erally acquire highly depleted characteristics (e.g., low Nb,
very high Zr/Nb, low Nb/Yb), which can be attributed to (i)
the melt extraction in the back-arc region, producing a highly
depleted mantle transferred to the site of arc melting, and (ii)
melt-extraction in the arc melting column (e.g., Woodhead
al., 1993; Pearce and Peate, 1995). Compared to arc magmas,
back-arc magmas are relatively more enriched, displaying
generally N-MORB- or E-MORB- and OIB-type signatures
in some instances (e.g., Pearce et al., 2005). Most of the Yiik-
sekova volcanics are relatively enriched in Nb compared to
N-MORB, and display high Nb/YDb ratios. This suggests that
a back-arc origin can be a better alternative for the generation
of the Yiiksekova volcanics. This idea is also supported by
the moderate Ti/V ratios, which are in contrast with the arc
magmas characterized by high Ti/V values (Shervais, 1982)
(Fig. 13a). A back-arc origin is also consistent with the Th-
Nb systematics (Saccani, 2015; Fig. 13b).

GEODYNAMIC CONSTRAINTS

The geochemical characteristics of the extrusives of this
study, which are mainly of basaltic composition, require the
addition of slab-derived materials in their mantle sources and
suggest their formation in an intra-oceanic subduction zone,
possibly a back-arc setting. It is important to note that these
volcanics are in primary contact with pelagic sediments, sug-
gesting the synchronous nature of lava flows and sediments.
The paleontological dating based on the radiolarians from
the cherts yields Santonian-Campanian ages (Late Creta-
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ceous), which strongly indicate that the studied basalt-chert
sequences belong to the Yiiksekova Complex rather than to
the Maden Complex. This result is of critical importance and
it is also supported by the findings of Tekin et al. (2015),
which show that many outcrops in the type locality of the
Maden Complex are, in fact, Late Cretaceous in age (see also
Ural and Sari, 2019).
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Evidence obtained by Tekin et al. (2015) and in this study
clearly show that the Maden Complex covers a smaller area
than previously thought, particularly around the Maden area.
Therefore, petrogenetic and geodynamic models on the origin
and evolution of the Maden Complex based on the assump-
tion that all the volcanic sequences are of Eocene age should
now be reconsidered. In the geochemical studies (Aktas and
Robertson, 1984; Dogan, 2005; Erdem et al., 2005; Robertson
et al., 2007; Parlak et al., 2009; Rolland et al., 2012; Ertiirk et
al., 2018), it appears that the so-called Maden samples show
geochemical features similar to those of the Late Cretaceous
Yiiksekova Complex, with significant overlap in the tectono-
magmatic diagrams (Figs. 7a-b, 12b, 13a). This implies that
in the Maden area, where similar volcanic units with different
ages are closely associated, accurate age constraints are fun-
damental to reveal the true identity of these units.

Based on paleontological age data, our findings in this
study allow us to put some remarks on the Late Cretaceous
geodynamic evolution of the region before the closure of
Southern Neotethys. However, it should be noted that the
Neotethys, as a whole, experienced subduction processes long
before the Late Cretaceous time. The intra-oceanic subduction
seems to have started in the Anisian (Middle Triassic) (Tekin
et al., 2016; Sayit et al., 2017), which is later tracked towards
the Late Triassic (Ma et al. 2018; Sayit et al., 2020). Then, the
intra-oceanic subduction activity also continued in the Early/
Middle Jurassic period. The latest stages of this activity are
observed in the Cretaceous, during which a vast amount of
SSZ-type products were generated. Numerous data suggest
the existence of a northward-directed intra-oceanic subduc-
tion system during the Late Cretaceous in the Southern Neo-
tethys (Sengor and Yilmaz, 1981; Yazgan, 1984; Gonciioglu
and Turhan, 1984, Parlak et al., 2009; Robertson et al., 2013).
In fact, the same subduction has been also documented in the
Zagros Mountains (Allahyari et al., 2010; 2014). From the late
Albian onward, arc-fore arc-type magmatism started to form
along this intra-oceanic subduction zone, which is marked by
the Troodos, Kizildag, and Baer-Bassit ophiolites (e.g., Rob-
ertson, 2002; Karaoglan et al., 2013a; 2013b; Maffione et al.,
2017). The presence of boninitic rocks in these ophiolites may
imply the initial development of the subduction zone, where
the boninite formation may be attributed to a highly depleted,
harzburgitic mantle source. The arc magmatism continues to-
wards the east, as evidenced by the Yiiksekova volcanics. The
ages of the radiolaria in the rocks intercalated with the Yiik-
sekova volcanics suggest that oceanic arc magmatism starts
at least in Albian times. In this region, the arc may have been
rifted off later to give way to back-arc magmatism during Co-
niacian-early Maastrichtian (Ural et al., 2015; this study) (Fig.
14). Hence, a complete system of forearc (Kizildag ophiolites;
Bagci et al. 2005), arc and back-arc magmatism (Ural, 2012;
Ural et al., 2014; 2015 and this study) was generated during
the closure of the Southern Neotethys. The Southern Neote-
thys intra-oceanic subduction zone is further traced to the east
towards Iran, whose evidence is preserved in many ophiolite
bodies (e.g., Moghadam et al., 2013; Monsef et al., 2019).

The available age data suggest that Maastrichtian time
designates the youngest intra-oceanic subduction-related
magmatism in the Elazig area. This period was also the time
when the subduction/accretion prism material and the mé-
lange complexes started to be emplaced towards the south
onto the northern continental margin of the Arabian micro-
plate along the Bitlis-Zagros Suture Belt. In the Elaz1g area,
the late Maastrichtian-Eocene interval is characterized by the
lack of volcanic activity and involves a continuous deposition

of flysch material, i.e., the Hazar Group, in a fault-controlled
basin. These flysch deposits unconformably overlie the Yiik-
sekova volcanics, therefore putting an upper age limit to the
magmatism as pre-late Maastrichtian.

CONCLUSIONS

The Yiiksekova Complex around the Maden town (SE
Elazig) dominantly consists of mafic volcanics, which are
stratigraphically associated with radiolarian-bearing cherts of
Santonian-Campanian age (Late Cretaceous). This implies that
the volcanics cannot be related to the Maden Complex of Eo-
cene age, which formed after the closure of the southern branch
of Neotethys. The Late Cretaceous Yiiksekova volcanics in the
Maden region, are thus related to the Neotethys tectonic evo-
Iution. The geochemical characteristics of the extrusives sug-
gest their formation in an intra-oceanic subduction zone, more
likely at a back-arc setting. Combined with the previous data,
the new evidence implies a widespread intra-oceanic subduc-
tion-related magmatism that have existed from Albian onward
in the Southern Neotethys realm. In the Anatolian sector, the
Yiiksekova arc was rifted to give way to back-arc magmatism,
representing the youngest intra-oceanic magmatism in the
Elazig area, during the Coniacian-early Maastrichtian.
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