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Abstract

Anatolia is characterised by a complex geodynamic evolution, mirrored by a wide spectrum of magmatism. Here, we inves-
tigated the timing and the geochemical/isotopic characters of the Miocene to Pliocene volcanism of Sivas—Malatya Region
(Central Eastern Anatolia), and its relationships with local and regional tectonics. Na-alkaline basaltic lavas were emplaced
during middle Miocene at Sivas (16.7-13.1 Ma), in the North, whilst transition from calc-alkaline to Na-alkaline rocks is
observed at Yamadag and Kepez Dag volcanic complexes. Calc-alkaline products erupted during early to middle Miocene,
and more precisely from 19.5 to 13.6 Ma at Yamadag and from 16.4 to 13.5 Ma at Kepez Dag, with final Na-alkaline activity
of the Arguvan volcanic field lasting till late Miocene (15.7-10.6 Ma). Volcanism renewed during the Pliocene in the Kangal
(5.9-4.0 Ma) volcanic field with the emission of K-alkaline igneous rocks. Mafic calc-alkaline and Na-alkaline rocks partially
overlap in age but can be easily distinguished by their petrochemical characters. Mafic calc-alkaline igneous rocks show
typical subduction-related petrological and geochemical affinities. They are both two-pyroxene or clinopyroxene and amphi-
bole-bearing rocks, characterised by high LILE/HFSE values, with variable 3’Sr/*°Sr; (0.70396-0.70539) and '“*Nd/***Nd,
(0.51260-0.51287). Mafic Na-alkaline igneous rocks are characterised by big olivine phenocrysts and show intraplate geo-
chemical flavours, although some LILE depletion with respect to HFSE as well as variable *’Sr/*®Sr; (0.70347-0.70553) and
IBNd/MN d; (0.51261-0.51291) isotopic compositions are present. These characteristics are suggestive for the occurrence, at
some stage of their genesis, of a possible interaction with subduction-related reservoirs. The Kangal K-alkali basalts still show
intraplate-like petrological and geochemical affinities with LILE/HFSE ratios similar to those of the Miocene Na-alkaline
rocks, and largely variable 8’Sr/*Sr; (0.70425-0.70520) and "*Nd/"*Nd, (0.51262-0.51277) isotopic compositions, overlap-
ping the arrays observed in the earlier stages of volcanism. A general transition from calc-alkaline to Na-alkaline volcanic
rocks is observed with time, according to the evolution of the geodynamics of the Anatolia region. Early to middle Miocene
calc-alkaline magmas were derived by partial melting of the mantle wedge delimited by the subduction of the last oceanic
branch of Neotethys. The Na-alkaline magmas, on the other hand, were generated within the asthenospheric mantle beneath
the slab and migrated through slab tears into the mantle wedge where they mixed with subduction-related components. The
subduction-related component decreased with time and transitional magmas are found in the youngest activity of Yamadag
and Kepez Dag, shortly followed by clear within-plate lavas formed in the Arguvan volcanic field. The appearance of the
youngest K-alkaline volcanic rocks in the Kangal basin represents an abrupt change in the magma supply at depth, although
continental crustal contamination en-route to the surface played an important role in their genesis.
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and von Blanckenburg 1995). In this framework, intraplate
magmas may be derived from either sub-continental lith-
ospheric mantle (e.g., Hawkesworth and Gallagher 1993)
or from asthenospheric mantle with possible contributions
of earlier subduction-related reservoirs (e.g., White and
McKenzie 1989).

In the Mediterranean and adjoining regions, post-colli-
sional within-plate alkaline magmatism commonly occurs
(e.g., Doglioni et al. 2002; Duggen et al. 2005; Lustrino
and Wilson 2007; Cebrié et al. 2009; Conticelli et al. 2009;
Seghedi et al. 2011; Dallai et al. 2019; Avanzinelli et al.
2020; Toscani et al. 2020).

In the Anatolia microplate, the intraplate alkaline post-
collisional magmatism is widely found temporally and spa-
tially distributed, although it can be clustered in three dis-
tinct periods of time:

(i) the first period, Miocene in age, occurred in the
Thrace, Biga Peninsula, and Urla regions, in Western
Anatolia (Yilmaz and Polat 1998; Aldanmaz 2002;
Kaymakci et al. 2007; Agostini et al. 2010a); in the
Galatia and in Konya regions, in Central Anatolia
(Keller et al. 1992; Wilson et al. 1997; Kurt et al.
2008; Gengoglu Korkmaz et al. 2017); in the Sivas—
Malatya and Mesudiye regions, in Central Eastern
Anatolia (Kiirk¢tioglu et al. 2015; Ekic1 2016; Reid
et al. 2019);

(i) the second period, mainly Pliocene in age, followed
in the Sivas—Malatya and Mesudiye regions, in Cen-
tral Eastern Anatolia (Platzman et al. 1998; Ekici1
2016; Kocgaarslan and Ersoy 2018) and in the Kara-
kogan and Osmaniye regions, in Eastern Anatolia
(Arger et al. 2000; Di Giuseppe et al. 2017);

(iii) the third period, Pleistocene in age, developed in the
Kula region, in Western Anatolia (e.g., Innocenti
et al. 2005), in the Cappadocia region, in Central
Anatolia (Reid et al. 2017; Di Giuseppe et al. 2018;
Dogan-Kulahci et al. 2018), in the Erzincan-Niksar,
Osmaniye and Mesudiye regions, in North-Eastern
Anatolia (Arger et al. 2000; Adiyaman et al. 2001;
Tatar et al. 2007; Ekic1 2016), and in the Elaz1§
region, in Eastern Anatolia (Arger et al. 2000; Di
Giuseppe et al. 2017).

In the Anatolia microplate the volcanic activity is
strictly associated with a long-term geodynamic history
related with North—North-East subduction beneath the
Eurasia Plate, forming, from west to east, the Hellenic
and Cyprus arcs and the Bitlis Zagros Suture Zone, the
latter as the consequence of the closure of Neo-Tethys
and the middle Miocene collision of Arabia with Eurasia
(e.g., Sengor and Yilmaz 1981; Dilek and Sandvol 2009).
Neogene to recent volcanism in the Anatolia microplate
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mostly originated from mantle sources modified by a clear
subduction signature (e.g., Innocenti et al. 1975; Pearce
et al. 1990; Notsu et al. 1995; Alici Sen et al. 2004, and
reference therein). Post-collisional intraplate alkaline
magmatism generally followed the subduction-related one
although spatial and time overlaps are observed, and its
products show a major contribution of ascending astheno-
spheric mantle (e.g., Adiyaman et al. 2001; Parlak et al.
2001; Di Giuseppe et al. 2017, 2018; McNab et al. 2018;
Agostini et al. 2019). The shift from subduction-related to
intraplate volcanism is poorly understood although rela-
tionships between the onset of Na-alkaline magmatism
and local extension connected with a strike-slip tectonic
regime are observed.

The Sivas—Malatya region is located between two
of the most important strike-slip fault zones of Central
Anatolia (Fig. 1), both belonging to the Central Anato-
lian Fault Zone, namely the sinistral NE-SW-trending
Kizilirmak fault to the Westside and the sinistral N-S-
trending Malatya-Ovacik fault in the East (e.g., Bozkurt
2001; Kogyigit et al. 2001). The magmatism of this region
covers a wide time span, between early Miocene and mid-
dle Pliocene, with calc-alkaline and alkaline igneous rocks
emplaced (e.g., Yilmaz et al. 1998; Platzman et al. 1998;
Parlak et al. 2001; Kiiriim et al. 2008; Ekic1 et al. 2009;
Giirsoy et al. 2011; Kiirk¢iioglu et al. 2015; Kocgaarslan
and Ersoy 2018; Reid et al. 2019), but a comprehensive
and exhaustive geochronological and petrochemical study
investigating also the shift from subduction-related to
within-plate magmatism and its relationships with the
local tectonic setting is still missing.

With this in mind, we report here new age (K—Ar and
“0Ar—*Ar) determinations on seven selected samples to bet-
ter constrain the time relationships among the five volcanic
fields and complexes outcropping in the area. These data
are matched and compared with a new detailed petrologic,
geochemical, and isotopic (Sr—Nd—Pb) study on thirty-two
representative samples of the magmatic rocks involved
in the petro-chemical shift to post-collisional intraplate
alkaline igneous rocks found in the Sivas—Malatya region.
These are intimately related to but spatially separated with
calc-alkaline ones. The new data are then discussed to: (i)
reconstruct the time—space distribution of the magmatism
of the region and its relationships with regional strike-slip
faulting; (ii) identify the role of shallow level magmatic evo-
lution (fractional crystallization and crustal contamination)
in the differentiation of magmas; (iii) decipher the nature
of the mantle sources involved in the magma genesis and
their relationships with the tectonic evolution of the Anatolia
microplate.

Samples studied and analytical methods, along with
detailed petrographic data, are reported in full detail in the
Electronic Supplementary Material (ESM 1).
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Fig.1 a Sketch map of the Anatolia microplate showing the main
tectonic features and the distribution of Neogene volcanism (in red).
Big arrows represent the motion of the tectonic plates relative to
Eurasia; dashed box indicates the study area enlarged in b; b simpli-
fied tectonic and volcanological map of the Central Eastern Anato-

Geologic outline

The Anatolia microplate formed through the merging of
several continental fragments during the complex geody-
namic evolution of Paleao-Thetys and Neo-Tethys oceans
(e.g., Sengdr and Yilmaz 1981; Okay 2008; Dilek and

lia Region. The region is subdivided into five different clusters here
delimited by rectangles; ¢ Yamadag volcanic complex and Arguvan
volcanic field; d Kepez Dag volcanic complex; e Sivas volcanic field;
f Kangal volcanic field

Sandvol 2009). After the closure of the Neo-Tethys the
collision of Africa-Arabia and Eurasia had a climax dur-
ing middle Miocene, which brought to the formation of the
Bitlis-Zagros Suture Zone (~ 13 Ma; Bozkurt 2001; Fac-
cenna et al. 2006; Agard et al. 2011), at East, whilst the
subduction of the African Plate beneath the Eurasian one
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along the Cyprus and Aegean trenches continued in the West
(e.g., Bozkurt 2001; Agostini et al. 2010b). During a col-
lision, an initial tectonic regime of compressive deforma-
tion including thrusting, crustal shortening, thickening and
plateau uplift (e.g. Anatolian-Iranian Plateau) was recorded
in Central and Eastern Anatolia (e.g., Sengor and Yilmaz
1981; Sengor et al. 2003). During late Miocene, the tec-
tonic regime switched from compressional to transcurrent,
and this change is marked the onset of two main strike-slip
faults, the E-W trending North Anatolia Fault (Sengor et al.
2005) and the SSW-NNE trending East Anatolian Fault
(Bozkurt 2001; Fig. 1a). This new geodynamic and tectonic
framework brought the formation, in the last 13 Ma, to the
opening of several small pull-apart basins and an associ-
ated widespread tectonically-driven within-plate magmatism
(e.g., Pearce et al. 1990; Sengor et al. 2003).

Volcanic outline and geochronology

The Sivas—Malatya region, located between Central and
Eastern Anatolia, represents the north-eastern continuation
of the of Cappadocia Volcanic Province (Fig. 1b). The vol-
canic region is delimited in the north-west by the Kizilirmak
strike-slip fault and in the south-east by the Malatya-Ovacik
strike-slip fault.

The volcanic activity is mainly concentrated along with
these two main tectonic features, although a younger vol-
canic field occurs between the two fault zones, within the
Kangal basin, which a SW-NE aligned intra-continental
pull apart sedimentary basin (Boccaletti and Manetti 1988;
Yagmurlu et al. 2016) (Fig. 1b).

Five different volcanic zones with rocks characterised
by different petrographic features (Table 1) are recognised
within the Sivas—Malatya region (Fig. 1). Although several
geochronological data are available for this volcanism indi-
cating a time span covering Miocene and Pliocene times
(ESM 2), some uncertainty still persists with respect to
the relationships among the different volcanic centres and
between volcanism and tectonic features. To tackle this issue
new K—Ar and “°Ar—*°Ar data from the Sivas, Kangal, and
Arguvan volcanic fields are reported in Table 2 and in Fig. 2
(full details of “°Ar—>°Ar data in ESM 3). These data, along
with geochronological data available in the literature, field
relationships, and some petrographic details are herewith
described.

The Yamadag volcanic complex represents the oldest
and largest volcanic centre of the region (Fig. 1b, c). It lies
close to the Malatya-Ovacik fault zone, a 240 km long left-
lateral strike-slip fault (e.g., Westaway and Arger 2001),
which is considered as part of a more complex fault sys-
tem related with the East Anatolia Fault (Westaway 2003).
The volcanic succession of Yamadag lays over the Tauride
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terranes, Carboniferous to Cretaceous in age (Yalcin et al.
1998), which mainly consist of sedimentary sequences and
intermediate to silicic igneous rocks (e.g., lavas, pyroclas-
tic products, domes, and dykes) ranging from kaolinitised
rhyolitic breccia, ash-flow tuffs, and tuffisites, through
basaltic andesitic and dacitic breccia, to trachy-andesite
lavas (Yalgin et al. 1998). The volcanic activity of the
Yamadag volcanic complex was found to be within 19.5
and 13.6 Ma (Fig. 2a; ESM 2), and it is characterised by
amphibole-bearing silicic to intermediate pyroclastic rocks
and two-pyroxene andesitic to mafic lava flows (Table 1;
ESM 1).

Younger ages, ranging from 10.1 to 9.7 Ma, were found
for a basaltic lava sequence attributed to the Yamadag vol-
canic complex (Gtirsoy et al. 2011). The lack of any geo-
chemical and petrological information on the dated samples
cast doubts about their geological attribution, considering
also that younger alkaline volcanic sequence of the Argu-
van volcanic field lies unconformably on the older Yamadag
volcanic pile (see below).

The Arguvan volcanic field is made up by scattered oli-
vine-bearing Na-alkaline basaltic lava flows (Table 1) over-
lying unconformably the calc-alkaline volcanic rocks of the
Yamadag volcanic complex (Fig. 1c) and rarely the rocks
of the Tauride block. The volcanic activity of the Arguvan
volcanic field developed through several monogenetic cen-
tres aligned along the Malatya-Ovacik strike-slip fault zone.
Near the Arguvan village ouctrops a small sequence of four
overlapping lava flows, other flows are found close to Ara-
pgir village, and Ortiilii Pass (Arger et al. 2000; Ekici et al.
2007) (Fig. lc).

No age determinations of the volcanic rocks of Ortiilii
Pass area are available in the literature, and those of the
Arguvan lava sequence were recently published by Reid
et al. (2019) yielding an age of 10.9 Ma. On the other hand,
previous K—Ar age determinations on olivine-bearing basal-
tic rocks from this volcanic field yielded ages between 15.9
and 15.2 Ma (Arger et al. 2000), which partially overlap the
YOAr-*Ar ages (i.e., 15.8—12.2 Ma) of rocks from the same
area with some uncertainty on their stratigraphic position
(Kiirtim et al. 2008). We believe, however, that these ages are
attributable to the Arguvan lavas on the basis of incompatible
trace element ratios similar to those of intraplate-like rocks.
Due to the uncertainties described above and to the relevance
that Arguvan rocks have for the achievement of the main
goals of the study, we performed two new “’Ar—°Ar deter-
minations on samples well defined in terms of stratigraphic
position, petrography and geochemistry (Table 1; Fig. 2a, b).
The Ar—Ar data yielded an age of 15.60 +0.10 Ma (+20)
for a lava flow from Ortiilii Pass area (CA 150) and age of
10.748 +0.066 Ma (* 20) for a lava flow near the Arguvan
village (CA 158). These new data confirm that volcanism in
the Arguvan volcanic field began almost coevally with that of
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Table 1 Sample location, geology, petrography and mineralogy

Volcanic Locality Latitude (N) Longitude Sample Rock type  Series Rock name Texture Paragenesis*
apparatus (E)
Kangal Karakuyu — 38°52'52"  36°48'09” CA40 Lavaflow K-Alkaline K-TrachyandesitePorphyritic Ol+Plg+Opx + plg + ol +cpx
+hypocrystalline gdm
Kangal Karakuyu 35°5300”  36°50"42" CA41 Lavaflow K-Alkaline K-TrachyandesitePorphyritic Ol+plg+ol+cpx
+hypocrystalline gdm
Kangal Kaynarca 38°45'39"  36°58'58” CA42 Lavaflow K-Alkaline K-Trachybasalt Porphyritic Ol+ Cpx +plg+ol +cpx
+hypocrystalline gdm
Kangal Giiriin 38°45'14"  37°08'41" CA43 Lavaflow K-Alkaline Basalt Porphyritic Ol+plg+ol+cpx
+hypocrystalline gdm
Kangal Mancilik 39°02" 18"  37°14'45" CA44 Lavaflow K-Alkaline K-TrachyandesitePorphyritic Plg + Ol+ Cpx + Opx + plg + ol +cpx
+hypocrystalline gdm
Kangal Beyyurdu 39°06'48"  37°10"17" CA45 Lavaflow K-Alkaline Basalt Porphyritic Ol+ Cpx +plg+cpx +ol
+hypocrystalline gdm
Kangal Altinyayla  39°12'56"  36°51'00" CA46 Lavaflow K-Alkaline Basalt Porphyritic Ol+ Cpx+plg+ol+cpx
+hypocrystalline gdm
Kepez Dag  Darica- 38°18'51"  37°39'10" CA 145 Lavaflow Na-Alkaline Basalt Porphyritic Plg+ Ol+ Cpx + plg +cpx+ol
Elbistan +hypocrystalline gdm
Kepez Dag Darende 38°20'31"  37°49'11" CA 142 Lavaflow Calc-alkaline Latite Porphyritic Plg + Ol+ Cpx + plg + cpx + ol + opx
+hypocrystalline gdm
Kepez Dag  Darica- 38°16'50" 37°34'59" CA 143 Lavaflow Calc-alkaline Mugearite Aphyric plg+ol
Elbistan +hypocrystalline gdm
Kepez Dag  Elbistan 38°15'53"  37°33"39" CA 144 Lavadome Calc-alkaline Rhyolite Porphyritic Plg + Hbl + Bt + plg 4+ hbl + bt
+ vitrophyric gdm
Kepez Dag  Darica 38°18'51"  37°39'10" CA 146 Lavadome Calc-alkaline Dacite Porphyritic Hbl +Plg + plg +hbl
+ vitrophyric gdm
Kepez Dag  Darica 38°20"41"  37°38'39" CA 147 Lavadome Calc-alkaline Benmoreite Aphyric plg+ol+cpx +opx
+hypocrystalline gdm
Kepez Dag  Darica 38°20"32"  37°37'11" CA 148 Lavaflow Calc-alkaline Basaltic AndesitePorphyritic Ol +plg+cpx+ol
+hypocrystalline gdm
Kepez Dag  Darica 38°20'55"  37°40'38" CA 149 Lavadome Calc-alkaline Andesite Aphyric plg+cpx
+ hypocrystalline gdm
Sivas Ortakdy 39°28'38"  36°16'49" CA47 Lavaflow Na-Alkaline Basalt Porphyritic Ol +plg+cpx+ol
+hypocrystalline gdm
Sivas Ahrdal 39°28'04"  36°15'32" CA48 Lavaflow Na-Alkaline Basalt Porphyritic Ol+ Cpx + plg + ol +cpx
Koyiine +hypocrystalline gdm
Sivas Ortakoy 38°27"18"  36°15'35" CA49 Lavaflow Na-Alkaline Basanite Porphyritic Ol+ Cpx +plg +ol +cpx
+hypocrystalline gdm
Sivas Ortakdy 39°50"52"  36°15'27" CAS50 Lavaflow Na-Alkaline Basanite Porphyritic Ol+plg +ol+cpx
+hypocrystalline gdm
Sivas Ortatopag 39°22'32"  36°16'29" CAS51 Lavaflow Na-Alkaline Basalt Porphyritic Ol+ Cpx +Plg+plg+cpx +ol
+hypocrystalline gdm
Sivas Karagol 39°17"28"  36°10'51" CAS52 Lavaflow Na-Alkaline Basalt Porphyritic O1+Plg + Opx + plg + ol +cpx
+hypocrystalline gdm
Sivas Gemerek 39°11'01"  36°03'23" CA53 Lavaflow Na-Alkaline Basalt Porphyritic Ol+ Cpx +Plg +plg + ol +cpx
+hypocrystalline gdm
Arguvan Ortiilii Pass  38°53"10”  38°35'13" CA 150 Lavaflow Na-Alkaline Basalt Porphyritic Plg+ Cpx+ Ol +plg+cpx+ol
+hypocrystalline gdm
Arguvan Ortiilii Pass  38° 54" 18"  38°34'13” CA 151 Lavaflow Na-Alkaline Hawaiite Porphyritic Plg+Ol+plg + ol +cpx
+hypocrystalline gdm
Arguvan Ortiilii Pass  38° 54’ 18"  38°34'13" CA 152 Lavaflow Na-Alkaline Basalt Porphyritic Plg+Ol1+ Cpx +plg+ ol +cpx
+hypocrystalline gdm
Arguvan Arapgir 39°01'54"  38°28'24" CA 153 Lavaflow Na-Alkaline Mugearite Porphyritic Plg+ Ol +plg +cpx+ol
+hypocrystalline gdm
Arguvan Arapgir 39°01'15”  38°25'13" CA 154 Lavaflow Na-Alkaline Hawaiite Porphyritic Plg+ Ol +plg+ ol +cpx

+hypocrystalline gdm
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Table 1 (continued)

Volcanic Locality Latitude (N) Longitude Sample Rock type Series Rock name Texture Paragenesis*

apparatus (E)

Arguvan Arguvan 38°48"49"  38°14'57" CA 157 Lavaflow Na-Alkaline Basalt Porphyritic Ol +Plg +plg+ ol +cpx
+hypocrystalline gdm

Arguvan Arguvan 38°47"41"  38°15'41" CA 158 Lavaflow Na-Alkaline Basalt Porphyritic Ol +plg+ol+cpx
+hypocrystalline gdm

Yamadag Yoncali 38°59'21"  38°15'43" CA 155 Lavadome Calc-alkaline Dacite Porphyritic Plg + Hbl + plg + hbl + opx
+ vitrophyric gdm

Yamadag Komiirliik ~ 38°53"32"  38°14'38” CA 156 Lavadome Calc-alkaline Basaltic AndesitePorphyritic Plg+ Cpx +plg +cpx
+hypocrystalline gdm

Yamadag Hekimhan  38°50'25"  37°50'02" CA 159 Lavaflow Calc-alkaline Andesite Porphyritic Plg + Hbl + Cpx + plg + hbl

+hypocrystalline gdm

*Phenocrysts in bold

Table2 K-Ar and “°Ar—*Ar age determinations of the selected samples

Sample  Group Rock type Dated fraction ~Method AT, OAr4 (%) K-Ar age (Ma)
CA 42 Kangal K-Trachybasalt Groundmass K-Ar 3.029 x 1077 59.9 4.79+0.17
CA 44 Kangal K-Trachyandesite =~ Groundmass K-Ar 3.730 x 1077 75.8 5.11+0.16
CA 48 Sivas Basalt Groundmass K-Ar 2.825x 1077 58.9 13.97+£0.47
CA 53 Sivas Basalt Groundmass K-Ar 4.648 x 1077 35.0 15.71 £0.69
Sample  Group Rock type Dated fraction ~Method Weighted plateau age (Ma) Total fusion age (Ma) Isochron age (Ma)
CA 158 Arguvan Basalt Whole Rock  “°Ar—°Ar  10.748 +0.066 10.79+0.07 10.75+0.07

CA 150 Arguvan Basalt Whole Rock  “°Ar-°Ar  15.60+0.10 15.58+0.13 15.60+0.10
CA51  Sivas Basalt Whole Rock ~ “°Ar—*°Ar  15.737+0.095 15.79+0.10 15.75+0.10

the Yamadag volcanic complex, during the middle Miocene
(Fig. 2a) protracting to the late Miocene (Fig. 2a).

The Kepez Dag volcanic complex is located on the south-
western side of the Malatya-Ovacik strike-slip fault zone,
just south of the Darende basin (Fig. 1d). It unconformably
overlies the middle to upper Eocene Basoren Formation
of the Tauride block (e.g., Ekici et al. 2007). The volcanic
activity of the Kepez Dag volcanic complex gave ages within
16.4 and 14.1 Ma (Fig. 2a; ESM 2), and it is characterised by
a volcanic sequence made up by amphibole-bearing silicic to
intermediate pyroclastic rocks and two-pyroxene andesitic
lava flows (Table 1; ESM 1). The Kepez Dag rocks have,
therefore, a clear calc-alkaline affinity on the basis of miner-
alogical and petrographic data (Table 1; ESM 1). However,
Ekic1 (2016) recently reported the occurrence of scarce Na-
alkali basalts at the top of the Kepez Dag volcanic pile, with
ages in the range of 14.0-13.6 Ma. These late-stage volcanic
products (indicated as Kepez Dag (LS) in Fig. 1d) repre-
sent the transition from subduction-related calc-alkaline to
intraplate Na-alkaline feeded through the Malatya-Ovacik
strike-slip fault, similarly to what is observed at the transi-
tion from the Yamadag calc-alkaline volcanic rocks to the
Arguvan Na-alkaline rocks.
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The Sivas volcanic field is made up by scattered mono-
genetic lava flows and volcanic centres, lying along the
Kizilirmak fault, at the southwest termination of the Sivas
basin (Fig. le). The Sivas basin formed during the Triassic
and it represents one of the largest intra-continental basins
of Central Anatolia. The Kizilirmak fault separates the Ana-
tolide-Tauride block, in the South, from the Kirgehir one,
in the North (e.g. Yilmaz 1994; Dirik et al. 1999; Fig. le).
The Sivas volcanic field straddles the Kizilirmak fault with
volcanic rocks belonging to the Na-alkaline suite (e.g.,
Platzman et al. 1998; Parlak et al. 2001; Kiirkciioglu et al.
2015). The lava flows of the Sivas volcanic field are olivine-
bearing, single-pyroxene (clino-) basalts, with big euhedral
olivine phenocrysts, indicating that they belong to an alka-
line suite (Table 1; ESM 1). Geochronological data from the
literature (ESM 2) give ages ranging from 16.7 to 13.1 Ma
(e.g., Platzman et al. 1998; Reid et al. 2019). This time span
is well within the range of calc-alkaline volcanic activity of
Yamadag and Kepez Dag volcanic complexes. To confirm
the chronological succession of volcanic and tectonic events,
we selected three samples from Sivas volcanic field for new
K-Ar and *°Ar—*°Ar determinations (Table 2). The sam-
ples collected close to the Kizilirmak fault (Fig. 1e) yielded
K-Ar ages of 14.0+0.5 Ma and 15.7+0.7 Ma (CA 48 and
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Fig.2 a Simplified chronostratigraphic map showing the volcanic activity of the study area (data in ESM 2). New K—Ar and “*Ar—*°Ar age
determinations are also reported; b “°Ar—>°Ar age spectra of analysed samples

CA 53, respectively), whereas the groundmass of sample CA
51 yelded a “*Ar—>°Ar age of 15.737 +0.095 Ma (Table 2).
These results narrow the previous time span recorded
(16.8-13.1 Ma, Platzman et al. 1998; Reid et al. 2019), but
confirm that the intraplate Na-alkaline magmatic rocks along
the Kizilirmak fault are slightly older than the outpouring
of intraplate Na-alkaline magmas along the Malatya-Ovacik
strike-slip fault.

The Kangal volcanic field is made up by small and
scattered lava plateaus and monogenetic volcanic centres
lying within the Kangal basin (Fig. 1f). The Kangal basin
is a SW-NE oriented sedimentary basin running paral-
lel to the Sivas basin and delimited by the Kizilirmak and
Malatya-Ovacik strike-slip faults. The substratum of the
Kangal volcanic field is made up by metamorphic terranes
belonging the Anatolide-Tauride block (e.g., Poisson et al.
2016; Yagmurlu et al. 2016). The Kangal volcanic rocks
are prevalently olivine-bearing, single-(clino-)pyrox-
ene basalts (Table 1; ESM 1), where fresh olivine, often
iddingsite-rimmed, has euhedral to skeletal textures indicat-
ing its rapid growth in alkaline magmas (Conticelli 1998).
Geochronological data available for Kangal volcanic rocks
yielded ages in the range between 5.9 and 4.0 Ma (ESM
2), which differs from the isotopic ages found for similar
lavas in the adjacent Giiriin basin, immediately South of the

Kangal basin, that yielded ages in the range between 19.9
and 17.5 (Reid et al. 2019). To tackle these discrepancies
two samples (CA 42, CA 44) from Kangal were analysed
for age determination. The analyses yielded K—Ar ages of
4.8+0.2 and 5.1 £0.2 Ma, respectively (Table 2; Fig. 2a,
b). These new data are well within the values found in the
recent literature (see ESM 2) confirming that volcanic activ-
ity within the basis is much younger than along Kizilirmak
and Malatya-Ovacik strike-slip faults.

Classification

The complete set of major element chemistry of the sam-
ples used in this study are reported in the ESM 4. Figure 3a
shows the plot of Na,O +K,0 vs. SiO, on a water-free basis
(i.e., Total Alkali-Silica diagram—TAS; Le Maitre 2002) for
the entire set of analysed samples along with the alkaline-
subalkaline divide proposed by Irvine and Baragar (1971).
Volcanic rocks from Kepez Dag and Yamadag volcanic
complexes are clearly sub-alkaline, and they fall below the
divide (Fig. 3a), according to their petrographic characteris-
tics. They range in composition from olivine-bearing basal-
tic andesite to rhyolite (Fig. 3a). Using the K,O vs. SiO,
diagram (Fig. 3b; Ewart 1982) the Kepez Dag and Yamadag

@ Springer



International Journal of Earth Sciences

volcanic rocks straddle partially the calc-alkaline and high-
K calc-alkaline fields. On the other side, Arguvan and Sivas
volcanic rocks straddle the alkaline/sub-alkaline divide,
whilst only the youngest lavas of Kangal volcanic field are
clearly alkaline plotting above the divide (Fig. 3a). The
Total Alkali-Silica diagram, however, does not distinguish
between sodic and potassic alkaline suites. Therefore, to bet-
ter constrain the classification of these alkaline suites, the
K,0 vs. Na,O diagram is further used (Middlemost 1975),
which indicates that Sivas and Arguvan volcanic rocks are
Na-alkaline whereas those from Kangal basin are alkaline-
potassic (Fig. 3c). Therefore, the Arguvan volcanic rocks
range in composition from basanites to tephrites and alkali
olivine basalts, whereas Sivas rocks range from hawaiites to
alkali olivine basalts. The Na-alkaline serial affinity agrees
with the mineralogical features of Sivas and Arguvan vol-
canic rocks where olivine has euhedral textures and orthopy-
roxene is constantly missing (ESM 1).

Kangal volcanic rocks have a clear alkaline potassic
nature (Fig. 3c) with samples ranging in composition from
potassic alkali basalts to potassic trachybasalts, and potassic
trachyandesites. We would like to remark that the term sho-
shonite is widely used for alkaline-potassic trachyandesite
when found in subduction-related settings. In this case, we
prefer to maintain the generic term potassic trachyandesite
rather than the specific one because of their possible within-
plate genesis.

In summary, calc-alkaline rocks are restricted to the
early-middle Miocene volcanic complexes aligned along
the Malatya-Ovacik strike-slip fault, whilst Na-alkaline vol-
canic rocks are found at the end of the calc-alkaline igneous
activity, from the middle to late Miocene and coevally along
the Kizilirmak strike-slip fault. Potassic-alkaline rocks are
Pliocene in age and found within the basin delimited by the
Kizilirmak and Malatya-Ovacik strike-slip faults.

Chemical and isotopic data
Whole-rock geochemistry

Major and trace element compositions of selected samples
are reported in Table 3 and in ESM 4. CIPW norms are
also reported in ESM 4. The Kepez Dag and Yamadag vol-
canic rocks show the largest compositional range among the
five different volcanic systems of the Sivas—Malatya region
(Fig. 3a), with SiO, and MgO ranging from 48.2 to 68.7
wt% and from 1.05 to 8.50 wt%, respectively. The igneous
rocks from Arguvan volcanic field are mostly mafic in com-
position with a narrow range of silica (49.2-49.6 wt%) but
largely variable in magnesia (MgO =5.63-9.15 wt%) and
alkali (Na,0+K,0=3.31-5.61 wt%) contents (ESM 4). The
igneous rocks from the Sivas volcanic field are also mostly
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mafic but with a larger range of silica (43.0-50.2 wt%) and
MgO (8.33-14.1 wt%; ESM 4) contents than Arguvan rocks.
It should be pointed out that some Na-alkaline rocks are
actually olivine-hypersthene normative and fall under the
alkaline-subalkaline divide (Fig. 3a). The Kangal volcanic
rocks show larger compositional range than other alkaline
rocks of the region. They have silica and magnesia contents
ranging from 47.3 to 52.1 wt% and from 5.48 to 9.10 wt%
(ESM 4), respectively, with MgO significantly higher than
those of the calc-alkaline rocks at a given SiO,. Differently
from the Sivas and Arguvan basalts, the Kangal volcanic
rocks are potassium-rich (Fig. 3c).

The narrow range in silica contents observed in the alka-
line rocks from Sivas, Arguvan, and Kangal volcanic areas
limit its efficiency to describe the differentiation of each vol-
canic suite. MgO was then selected as differentiation index
and thus several lines of descent are defined even though in
the cases of monogenetic volcanic activity the compositional
ranges are extremely restricted. Variation diagrams of MgO
vs. selected elements are reported in Fig. 4; a more compre-
hensive set of variation diagrams vs. major and trace ele-
ments is shown in ESM Fig. 5a—d). Calc-alkaline rocks from
Yamadag and Kepez Dag volcanic complexes commonly
exhibit well-defined positive trends for TiO,, Fe,O3;, MnO,
CaO and P,0;, negative for SiO, and Na,O and scattered
for K,0O and Al,O;. They are also characterised by the posi-
tive correlation of MgO with respect to all of the Transition
Elements (e.g., V, Cr, Co and Ni). Large Ion Lithophile Ele-
ments (LILE), in contrast, show negative trends for Rb and
Ba, and weakly positive for Sr, whereas High Field Strenght
Elements (HFSE) display slightly positive trend for Nb and
the absence of any trend for Zr.

Na-alkaline rocks from Sivas and Arguvan volcanic fields
show positive trends for CaO, Fe,05;, MnO, Cr, Co, and Ni
and negative trends for Al,O;, SiO,, Na,0, K,0, and V with
increasing MgO. Negative trends with increasing MgO are
also observed for Rb, Ba, and Sr although in some cases the
restricted range of MgO of the Arguvan lavas does not per-
mit to clearly define the correlation for these rocks (Fig. 4;
ESM Fig. 5). HES elements display complex correlations.

Potassic alkaline rocks from Kangal volcanic field show
trace element trends similar to those observed for the Na-
alkaline rocks. HFS elements, and especially Nb and Ta have
concentration levels consistently higher than those observed
in all of the other rocks studied at the same level of MgO
(Fig. 4; ESM Fig. 5).

Rare Earth Element (REE) chondrite-normalised distribu-
tions show fractionated patterns for light and medium REE
and relatively low high REE contents, with the exception of
late Miocene Arguvan volcanic rocks showing flat trend of
heavy REE (ESM Fig. 5e). Multi-element diagrams normal-
ised to the primordial mantle show significant differences in
the patterns of the calc-alkaline rocks with respect to those
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of the Na- and K-alkaline (Fig. 5). Calc-alkaline rocks of
Yamadag and Kepez Dag volcanic complexes show pat-
terns typical of subduction-related igneous rocks (Hofmann
1997), with Ba, U and Pb peaks and Ta, Nb, and Ti troughs
(Fig. 5a, b). The Na-alkaline and K-alkaline igneous rocks
of Sivas, Arguvan and Kangal volcanic fields show differ-
ent patterns (Fig. 5a, ¢, d), which mainly resemble those
of intra-plate volcanic rocks but with some discrepancies
with respect to typical Ocean Island Basalts and OIB-like
within-plate volcanic rocks (Hofmann 1997). Indeed, the
Na-alkaline rocks from Sivas show bell-shaped patterns,
still showing weak negative anomalies in Nb, Ta, and Ti
(Fig. 5¢). On the other hand, the Na-alkaline Arguvan lavas
display patterns less enriched in incompatible elements with
respect to OIB, although with smaller negative anomalies in
Nb and Ta, with respect to the Sivas Na-alkaline rocks, and
no anomaly in Ti (Fig. 5a). The basalt belonging to the Late

Stage activity of Kepez Dag show low degree of enrichments
in the most incompatible elements (e.g. Cs, Rb, Ba, Th and
U) as well as smaller negative Nb—Ta and positive Pb spikes
with respect to calc-alkaline samples, and almost flat REEs
(Fig. 5b and Fig. ESM 5e). The K-alkaline volcanic rocks
from Kangal volcanic field are the most enriched in incom-
patible elements and display linear patterns comparable to
OIB but with no negative anomalies in K and Pb (Fig. Se).
In summary, early to middle Miocene calc-alkaline and
early-late Miocene to Pliocene alkaline rocks are charac-
terised by different patterns in multi-element variation
diagrams indicating a derivation from different magmatic
sources, although some transitional features are observed.
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Table 3 (continued)

CA 154 CA 158 CA48 CA50 CAS53 CA 146 CA 148 CA 145 CA41 CA43 CA 44

CA 150 CA 153

CA 156

Sample

1.92
6.0
0.92
52

1.82
54
0.83

4.5

2.12
6.5

1.14
35

1.00
32
0.60
32
0.60
1.9
0.20
1.7
0.30
3.6

0.6

1.00
3.6
0.50
33
0.60
1.6
0.20
1.6
0.30

4.7

1.37
4.0

1.71
5.2
0.75
39
0.76
1.9
0.25
1.5
0.21

2.6

1.32
43

1.37
4.0

1.60
54
0.90
5.9
1.10
3.0
0.40
2.7

1.58
5.0
0.82

4.9

1.10

4.0

1.57
4.8

Eu

Gd

1.00
52
1.00

2.5

0.60
4.0

0.65
3.7

0.67
3.8

0.62
3.7

0.70
53

0.80
4.9

Tb

Dy

1.00

2.7
0.36

0.86
22
0.27
1.7
0.24
44
1.9
5.8
39
1.1

0.80
24
0.34

2.3

0.72
1.9
0.24
1.5
0.21

2.8

0.81
2.1

0.71
1.9
0.24
1.5
0.22
2.6

0.7

0.96
29

1.00
3.0
0.40

0.97
2.8

2.8

Ho

Er

0.32
2.0
0.27
5.7
2.5

0.29
1.7
0.24
2.0
0.6
29
39

0.9

0.41
2.7

0.41
2.7

Tm

22
0.32
53

Yb
Lu

0.36
2.3

0.40
4.9

0.42
3.8
0.7

0.40
2.7

0.41
33

Hf

1.9

8.1
6.6

0.2

0.7 0.7

1.2
5.0

6.7

1.1
32

2.5

0.3

0.7

Ta

8.3
6.5

5.0

11.3

7.9
23

13.7
7.0
22

4.6

5.0

9.0
4.6

1.6
1.2

0.3

5.0
3.6
1.1

Pb

1.4
0.5

1.8
0.6

1.4
0.4

Th

1.6

1.3

1.5

0.8

14

YD Yamadag volcanic complex, KD Kepez Dag volcanic complex, Si Sivas volcanic field, A Arguvan volcanic field, Kangal volcanic field, Mg-#=100 x ([MgO]/([MgO]+0.85 x [FeOtot]));

figures of data agree with precision of measurements

Sr, Nd and Pb isotopes

Sr, Nd and Pb isotopes were measured on 14 representative
samples; initial isotopic values were corrected on the basis
of available K—Ar and **Ar—*°Ar age data (Table 4). Calc-
alkaline rocks from Yamadag and Kepez Dag volcanic com-
plexes show 87Sr/86Sr(i) and "PNd/"N d;;, within the ranges
0.70396-0.70539 and 0.51260-0.51287, respectively. These
values are similar to those of Quaternary calc-alkaline vol-
canic rocks from Cappadocia Volcanic Province (Reid et al.
2017; Dogan-Kulahci et al. 2018; Di Giuseppe et al. 2018).
Coeval Na-alkaline rocks from Sivas volcanic field also
display a large range of 87Sr/86$r(i) and '3Nd/ 144Nd(i) vary-
ing from 0.70414 to 0.70553 and from 0.51261 to 0.51282.
Late Miocene Na-alkaline volcanic rocks from Arguvan
volcanic field, on the other hand, display a narrower range
than the other groups previously reported, with 87Sr/86Sr(i)
and '"®Nd/'**Nd; ranging from 0.70347 to 0.70432 and
from 0.51277 to 0.51291, which are the closest values to
the mantle end members (Fig. 6). The late-stage Kepez Dag
basalts (CA 145) has intermediate values between older
Kepez Dag samples and Arguvan basalts (i.e.87Sr/868r(i)
and '"Nd/'**Nd;, =0.70465 and 0.51274, respectively).
K-alkaline volcanic rocks from Kangal volcanic field show,
similarly to the Sivas Na-alkaline rocks, the largest range in
$7S1/%Sr;, and '*Nd/"**Nd;, from 0.70425 to 0.70520 and
from 0.51262 to 0.51277, respectively. These values overlap
the narrow field of Miocene to Quaternary volcanic rocks of
Anatolia microplate (Fig. 6), belonging to the Elazig Vol-
canic Province (Di Giuseppe et al. 2017), to the Kizilirmak
and Acigol-Nevsehir volcanic areas of the Cappadocia Vol-
canic Province (Di Giuseppe et al. 2018), and the Kula area
(Innocenti et al. 2005).

The Miocene—Pliocene igneous rocks of the
Sivas—Malatya region show a large spectrum of lead iso-
topic compositions overlapping the entire range observed
for the Anatolia volcanic rocks (Fig. 7a, b). The lowest
values of 2*°Pb/***Pb;, (18.522-18.683) and ***Pb/***Pb;,
(38.581-38.804) and among the lowest values of
207pb/2*Pb ;) (15.635-15.650) are shown by the K-alka-
line rocks of Kangal, which are the youngest ones of the
region (Fig. 7). These values fall partially outside of the
known range of Miocene to Quaternary Anatolian volcanic
rocks. On the other hand, the highest values of 206Pb/204Pb(i)
(18.953-19.105) and ***Pb/***Pb;, (39.013-39.238) and
among the highest values of **’Pb/***Pb;, (15.681-15.707)
are shown by the Na-alkaline rocks of Sivas volcanic field
(Fig. 7). Calc-alkaline volcanic rocks of Yamadag and Kepez
Dag and Na-alkaline rocks from Arguvan display intermedi-
ate values (Fig. 7). Overall, the samples studied to define a
fairly positive array running parallel, but well above, to the
Northern Hemisphere Reference Line (NHRL; Hart 1984).
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Discussion

The field and geochronological data corroborate the fact
that Miocene magmatism is strictly related to the Malatya-
Ovacik and the Kizilirmak strike-slip faults. Indeed, the
Yamadag and Kepez Dag volcanic complexes are aligned
along the Malatya-Ovacik strike-slip fault, whereas the
monogenetic volcanic centres of Sivas volcanic field are
aligned along the Kizilirmak strike-slip fault. In addition,
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also the transition from calc-alkaline to Na-alkaline volcan-
ism appears to be related to the main tectonic features of the
area. Na-alkaline volcanic rocks are, indeed, erupted later
than calc-alkaline rocks (Fig. 2), whilst the potassic alkaline
rocks are the youngest and erupted far from the two main
tectonic lineaments of the area, well within the Kangal basin
(Fig. 1b).

The two large calc-alkaline volcanic complexes in the
area (i.e., Yamadag and Kepez Dag) are aligned on the
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Fig.5 Primitive mantle (PM)-normalised diagrams for the studied
calc-alkaline rocks from Yamadag and Kepez Dag (a, b), Na-alkaline
rocks from Arguvan and Sivas and (a—c), and K-alkaline rocks from
Kangal (d). Light grey area represents the typical OIB composition,
whereas light brown trend represents the average GloSS (Global Sub-
duction Sediments) composition. Primitive mantle and OIB values
are from Sun and McDonough (1989); GloSS composition is from
Plank and Langumir (1998)

Malatya-Ovacik strike-slip fault and both volcanoes show
late-stage emplacement of lava flows, which are either tran-
sitional to Na-alkaline, at Kepez Dag, or clearly Na-alkaline,

at Yamadag with the emplacement of the Arguvan lavas
(Figs. 1b and 2).

To the North-West, along the Kizilirmak strike-slip
fault, the Sivas volcanic rocks developed coevally with the
calc-alkaline ones of the Yamadag and Kepez Dag volcanic
complexes (Figs. 1b and 2). It is characterised by Na-alka-
line products, with some transitional geochemical features
(Figs. 3 and 5).

The late Miocene to Pliocene volcanic activity of the
Kangal volcanic field, which is found in the centre of the
homonymous sedimentary basin delimited to the North
and to the South by regional strike-slip faults (Figs. 1b
and 2), further complicates the scenario of this area. Dif-
ferently from other surrounding volcanic succession (i.e.,
Cappadocia at West or Elazig at East), the Kangal alkaline
lavas exhibit an uncommon enrichment of K rather than Na
(Fig. 3) with a clear within-plate signature (Fig. 5). This
puts further complexity to the tectono-magmatic evolution
of Central Eastern Anatolia (Di Giuseppe et al. 2017).

In summary, the following questions arise from the
study of the Sivas—Malatya region: (i) what are the rela-
tionships between the coeval calc-alkaline and Na-alkaline
volcanisms found along the Kizilirmak and the Malatya-
Ovacik strike-slip faults?; (ii) is there any relationship
between the subduction-related calc-alkaline volcanic
activity of the Yamadag and Kepez Dag volcanic com-
plexes and the Kizilirmak strike-slip fault?; (iii) what
is the relationship between the Yamadag calc-alkaline
volcanic activity and the overlying Arguvan Na-alkaline
lava flows?; (iv) as a corollary, are the Kizilirmak and the
Malatya-Ovacik strike-slip faults coeval?; (v) what is the
petrological meaning of the Kangal K-alkaline rocks? The
answers to these questions may provide constraints on the
reconstruction of the geodynamic evolution of the whole
Central Eastern Anatolia Region.

Differentiation processes during ascent to surface

Before going through the discussion about the issues pre-
viously reported, the evaluation of the contribution of the
differentiation processes occurred during the ascent of
the magmas to surface should be investigated in detail, to
understand the geochemical changes affecting the primary
magmas. Indeed, the volcanic rocks from the Sivas—Malatya
region, as a whole, show a large chemical compositional
range, from olivine-bearing basalts to rhyolites, with MgO
and SiO, ranging from 1.08 to 14.1 wt% and from 43.0 to
70.5 wt%, respectively (Fig. 4, ESM 4). This suggests that
low-pressure differentiation processes played an important
role in producing the compositional variability observed
within each group of rocks in the region. Among the stud-
ied samples, only two from the Sivas volcanic field have
geochemical and petrographic characteristics compatible
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with primary mantle melts (e.g., Mg#>70; Niu and O’Hara
2008), whilst all of the other samples had suffered significant
crystal fractionation, crustal contamination and/or a combi-
nation of both processes. The crustal contamination might
be also responsible for the large variability in radiogenic
isotope compositions (Figs. 6 and 7).

In rocks from Kepez Dag, Yamadag volcanic complex,
and Kangal volcanic field (Figs. 8) radiogenic isotopes, and
in particular 8’Sr/%Sr,, covary strictly with MgO and SiO,
contents. This suggests that fractional crystallization alone
is insufficient to explain the differentiation process affecting
most of the volcanic rocks from Sivas—Malatya region.

The simultaneous decrease of CaO, Fe,0;, MnO and V
with the decrease of MgO observed among calc-alkaline
volcanic rocks of the Yamadag and Kepez Dag indicates a
role of olivine and clinopyroxene fractionation during their
differentiation (Fig. 4 and Fig. ESM 5a). Besides, plagio-
clase fractionation is supported by the positive correlation
between CaO/Al,O5 and Sr with MgO. Crustal contamina-
tion is also needed to completely explain the Sr-isotopic
variability observed (Fig. 8a, b).

To better constrain the differentiation model among the
calc-alkaline volcanic rocks of Yamadag and Kepez Dag
volcanic complexes we applied an integrated approach
using both the XLFRAC code (Stormer and Nicholls 1978),
for modelling major elements and the Energy-Constrained
Assimilation-Fractionation Crystallization code (i.e.
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bers as in Fig. 6

EC-AFC; Spera and Bohrson 2001), for trace elements and
isotopes. Regarding the latter, it is important to note that,
even if the integration of thermal energy, species and mass
conservation into simulations of AFC processes in complex
magmatic systems is performed with the EC-AFC model,
this requires tightly constrained input parameters, which
may be well-known in a single magma plumbing system,
which is not the case for Yamadag and Kepez Dag volcanic
complexes. In these cases, the result of the modeling must
be considered semi-quantitative estimates. The end mem-
bers used for the modelling were the most primitive samples
of each series, as starting values (ESM 6), and the Upper
Cretaceous Murmana granitoid from Divrigi-Sivas region
(sample MMG1; Boztug et al. 2007), as continental crustal
contaminant.

The XLFRAC results are (i) 62-64 vol% of crystal
mass removal, with an assemblage consisting of clinopy-
roxene (49 vol%) + plagioclase (44 vol%) + magnetite (7
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vol%), associated to the digestion of 8 vol% of assimi-
lated continental crust for the Yamadag volcanic complex,
and (ii) similar crystal mass removal, with an assemblage
consisting of plagioclase (54 vol%) + clinopyroxene (36
vol%) + amphibole (6 vol%) + magnetite (4 vol%), associ-
ated to an assimilation of 11 vol% of continental crus-
tal material for the Kepez Dag volcanic complex. The
XLFRAC code, when resting on coherent petrologic
and mineralogical constraints, is the best approximate
to describe major element variation, however, it does
not take into account any change in fractionation assem-
blage, a chemical variation of fractionating phases or any
energy balance (e.g., the heat supplied by magma and the
latent heat of crystallization should be equal to the heat

16
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Fig.8 MgO vs. 8’St/%Sr, (a) and SiO, vs. 37Sr/*Sr, (b) diagram.
AFC trajectories are drawn taking into account results from XLFRAC
modelling for major elements, and AFC equations of DePaolo (1981)
for elemental and isotopic Sr values. Full calculations and parameters
in ESM 6 and ESM 8. Dots on the curve represent 10% Fractional
crystallization steps
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necessary to trigger melting of the mineral phases of the
assimilant). Therefore, for trace elements, we applied the
EC-AFC model, keeping in mind the limits deriving from
the uncertainty on some thermochemical parameters.
Thermal and compositional parameters are listed in detail
in ESM 6, and results for Sr, Rb and ¥’Sr/%°Sr isotope ratio
are plotted in Fig. 9. According to the EC-AFC model
outputs the calc-alkaline magmas can be explained by ~ 65
to 74% fractional crystallization and up to 10-20% crustal
digestion for the Yamadag and Kepez Dag volcanic com-
plexes, respectively (R~ 0.15 to 0.20). The good agree-
ment between the results of the XLFRAC and EC-AFC
suggests that the observed compositional spread of mag-
mas from both calc-alkaline volcanic complexes of the
region is due to a combination of crystal fractionation plus
crustal assimilation at crustal depths.

On the other hand, the Na-alkali basaltic rocks from Sivas,
Arguvan, and Kangal volcanic fields have Mg# between 55
and 66, except two samples from Sivas (Mg#="72). Thus,
also most of these rocks do not represent magmas on the
liquidus of a mantle source. Also in these cases, olivine was
found to be a fractionating phase, the only one in the first
stage of evolution, whereas clinopyroxene and plagioclase
joined the fractionation assemblage later (MgO < 8 wt%).
Volcanic rocks from Sivas and Arguvan volcanic fields are
characterised by the positive correlation of Fe,05, CaO, and
MnO when plotted vs. MgO. The same is true for Ni, Cr,
and Co. Neither crustal contamination nor magma mixing
at a shallow level were recognised to have played signifi-
cant roles in the isotopic variability, if any, of Na-alkaline
volcanic rocks of Arguvan and Sivas volcanic fields. In the
latter case, the 8’Sr/%Sr increase with increasing MgO is
simply the opposite of what is expected if the assimila-
tion of crustal material occurred (Fig. 8). In summary, the
Sr—Nd-Pb isotopic characteristics of Na-alkaline rocks from
this region may be interpreted as a primary characteristic
associated with their mantle source in spite of the differenti-
ation processes affected these rocks as also found elsewhere
(Casalini et al. 2017, 2018).

The same does not hold true for the K-alkaline rocks
from Kangal volcanic field. The Kangal rocks show posi-
tive correlations of compatible elements when plotted vs.
MgO, suggesting fractionation of olivine and clinopyrox-
ene during differentiation associated with steep increases
of incompatible and crustal-enriched elements (Fig. ESM
5a), which will correlate with the regular increase of Sr
isotopes (Fig. 8). When modelled with XLFRAC, the vari-
ations observed in Kangal rocks are best described by a
smaller amount of crystal fractionation with respect to the
calc-alkaline rocks (crystal mass removed 35 vol%), with
an assemblage made of clinopyroxene (51 vol%) + plagio-
clase (31 vol%) + olivine (15 vol%) + magnetite (4 vol%),
with a total of 10 vol% of assimilated material (ESM 6).
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ard upper crust” (Bohrson and Spera 2001), and initial temperature
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the “standard lower crust” and an assimilant initial temperature of
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% of fractionated mass at the same level. It has to be noticed that in
EC-AFC modeling some steps of Fractional Crystallization alone
take place to provide the heat necessary to trigger melting of assim-
ilant, roughly corresponding to 16% (Kangal), 46% (Yamadag) and
49% (Kepez Dag) for the three suites. This has been evidenced in
Fig. 8a with corresponding labels., but not in Fig. 8b, given that Kd
of Sr is very close to 1, then Sr content as well as 87Sr/%0Sr are con-
stant when fractional crystallization only takes place

Using EC-AFC algorithm Kangal K-alkaline rocks were
derived by ~ 51 vol% fractional crystallization and 15 vol%
of assimilation of crustal lithologies with an R~ 0.29. The
enrichment in K related to crustal assimilation is a peculiar

feature of these rocks, which is different from other potassic
to ultrapotassic alkaline rocks found, although rarely, in the
Anatolia volcanic region (Francalanci et al. 1990; Innocenti
et al. 2005; Agostini et al. 2010a). The K-alkaline rocks from
Western and Central Anatolia are associated to calc-alkaline
high-Mg andesites (Agostini et al. 2005) and the K enrich-
ment is generally a primary characteristic derived either
directly from a metasomatised source mantle (Francalanci
et al. 2000) or by the interaction between Na-alkaline sub-
slab melts (intraplate-type affinity) with residual slab fluids
(Agostini et al. 2007). Kangal volcanic rocks are character-
ised by low fluid-mobile/fluid-immobile element ratios (e.g.
Rb/Nb ~ 1.5; Ba/Nb ~ 14) that help to exclude a significant
contribution of slab component in their genesis. In summary,
according with the modelling the enrichments in incompat-
ible elements for Kangal suite (such as K and Pb; Fig. 4)
are not a primary character of the mantle source but differ-
entiation within the continental crust significantly modified
original within-plate Na-alkaline magmas.

Insights into the nature of the Mantle Source

Patterns of the incompatible elements normalised to the con-
centrations of the Primitive Mantle (Fig. 4) are an important
tool for deciphering at a glance the origin of the magmas and
their possible relationships with the mantle geochemistry
and the geodynamic setting (Hofmann 1997). The most valu-
able information is obtained when primitive mantle magmas
are plotted, but knowing the extension of the differentiation
process after magma genesis is helpful to filter the data to get
backward to achieve information on the nature of the man-
tle sources, and the possible interactions between magmas
deriving from consistently different reservoirs (e.g., Conti-
celli and Peccerillo 1992; Conticelli et al. 2002, 2013, 2015;
Avanzinelli et al. 2009). To filter the data for shallow level
differentiation processes when considering the Yamadag,
Kepez Dag, and Kangal volcanic rocks, we only referred
to the most primitive rocks from each group, discarding
samples with SiO, > 57 wt% and MgO < 4 wt% for the calc-
alkaline rocks, and with SiO, > 52 wt% and MgO < 8 wt%
for the alkaline ones. Nonetheless, multi-element variation
diagrams (Fig. 4) of the volcanic rocks of Sivas—Malatya
region show significant differences among patterns of the
different volcanic suites, arguing for different mantle sources
for calc-alkaline, Na- and K-alkaline groups. This is also
supported by the radiogenic isotope variations recorded in
the most primitive terms (Fig. 8a, b).

Depletion of HFS elements, and in particular of Nb and
Ta, with respect to LIL elements is attributed to subduction-
related metasomatism (Tatsumi et al. 1986; Pearce 1982),
therefore, we used the Ta/Yb vs. Th/Yb diagram (Fig. 10) to
distinguish between rocks from slab-derived metasomatised
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mantle sources from those with a within-plate origin. The
rocks of Yamadag and Kepez Dag volcanic complexes fall
well within the field of subduction-related volcanic rocks
(Fig. 10). In addition, the large variability of 8’Sr/%°Sr
(0.70396-0.70539), observed among the most primitive
rocks of Yamadag and Kepez Dag, which are believed to
have suffered no or very little crustal contamination, speaks
for a mantle source modified by subduction-related meta-
somatic components (Francalanci et al. 1993; Elliott et al.
1997; Avanzinelli et al. 2012).

Primitive Na- and K-alkaline volcanic rocks from the
Sivas, the Arguvan, and the Kangal volcanic fields fall
close or within the Mantle Array (Fig. 10), but well dis-
tinct from each other.

The rocks from Sivas volcanic field define a trend par-
tially deviating from the mantle array (Fig. 10) suggesting
the occurrence of a heterogeneous mantle source possibly
contaminated with some but a minor subduction-related
component. This is also confirmed by the significant vari-
ations of Sr—Nd-Pb isotopic composition (Table 4), which
is not related to the assimilation of upper crustal materials.
Interestingly, volcanic rocks from Sivas define an array
between two end-members: a basanitic and a basaltic one,
with the latter enriched in incompatible trace elements
and in radiogenic Sr isotope ®7Sr/%Sr=0.70552), show-
ing also a higher Th/Yb=4.53 (Fig. 10).

The Na-alkaline basalts from Arguvan, compared
with the older Sivas volcanic rocks, are character-
ised by lower values of Th/Yb, Ta/Yb and ¥’Sr/%6Sr
ratios. Indeed, the Arguvan basalts show the lowest
87S1/8Sr (0.70347-0.70432) and the highest '**Nd/!"**Nd
(0.51277-0.51291) of the all volcanic rocks of the
Sivas—Malatya region, which together with the 2°°Pb/>**Pb
values (18.91-19.02) are typical of depleted asthenosphere
(Zindler and Hart 1986; Salters and Stracke 2004). On the
other hand, the Th/Yb vs. Ta/Yb diagram (Fig. 10) splits
these rocks into two clusters, characterised by similar Th/
Yb but different Ta/Yb ratios, suggesting different condi-
tions of pressure, temperature and/or melting degree.

The Kangal volcanic rocks, the youngest ones of the
Sivas—Malatya region, are characterised by the high-
est Ta/Yb and Th/Yb values (Fig. 10), resembling those
observed for typical OIB-like magmas. These rocks can be
also clearly distinguished from the older Na-alkali basalt
suites being very 2°°Pb* depleted (Fig. 6). However, as
shown before, in this group the effects of crustal assimila-
tion during magma evolution are clearly visible.

In summary, we interpret the Na-alkaline volcanic rocks
from Sivas—Malatya region as generated by an astheno-
spheric mantle source. Trace element ratios and isotope
large variability are due either to mantle source heteroge-
neity or different degrees of partial melting. To shed some
light on this issue we used the REE distribution modelling
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[i.e., (Sm/Yb)y vs. (La/Sm)y] integrated with a thermo-
barometric estimation of magma segregation. The com-
position of the primordial mantle of Palme and O’Neill
(2003) was chosen and then modelled through the non-
modal batch melting algorithm (Shaw 1970). For estimat-
ing P-T segregation conditions, only primitive samples
should be used, thus we selected only those with MgO > 8
wt% and SiO, <52 wt%, with evidences of Fo-rich oli-
vine on the liquidus. Then, we calculate back the primary
magma compositions adding equilibrium olivine until
magma equilibrates with olivine Fog, (Pearce 1978), and
calculating the composition of equilibrium olivine using
Kp (Fe/Mg)°"4=0.31 (ESM 7). P and T were thus deter-
mined using a H,O- and CO,-rich system suggested by
Plank and Forsyth (2016), which better approximates the
intensive parameters of potential temperature and pressure
for this type of magmas (ESM 7). According to this model,
the Sivas basalt suite was generated by a partial melting
degree of &2 to 4% in the spinel stability field, with a
potential temperature of ~ 1440 to 1490 °C and pressures
of 17-26 kbar (Figs. 11 and 12). The Sivas basanitic suite
shifted toward higher P (~ 1493 °C and = 29 kbar, respec-
tively) at lower degrees of partial melting (= 1%) in the
stability field of garnet (Figs. 11 and 12).

The middle-late Miocene Na-alkaline basalts from Argu-
van define two trends in the (Sm/Yb)y vs. (La/Sm)y dia-
gram, indicative of different conditions of partial melting.
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Indeed, basalts emplaced in the Ortiilii Pass area indicate
potential T and P of =~ 1384 to 1419 °C and~ 15.5 to 16.7
kbar, respectively, and fall within the garnet-free melting
trajectory, with variable partial melting degrees (2—-7%).
Similar partial melting degrees (= 3.0 to 4.0%), as well as
potential T and P (= 1401 to 1431 °C and 15.3-17.5 kbar,
respectively) of melt segregation were found for samples
from Arguvan and Arapgir areas, which show a detectable
but very small amount of garnet in the source (Figs. 11 and
12).

Magmatism and tectonics

The present-day Anatolian microplate is the result of a
complex geodynamic process that involved the subduc-
tion beneath the Eurasian plate of the oceanic lithospheres
belonging to the Arabian and African plates. Eurasia and
Arabia collided and sutured along the Bitlis Zagros Zone
once the oceanic lithosphere was consumed completely (e.g.,
Sengor and Yilmaz 1981; Schildgen et al. 2014), forming, in
Central and Eastern Anatolia, shortening and crustal thick-
ening that led to the formation of the Anatolian-Iranian
Plateau (e.g., Sengor et al. 2003). Subduction of the Afri-
can oceanic lithosphere still persists at present only to the
west of Cyprus, generating in Western Anatolia extensional
tectonics related to the slab retreat of the Hellenic-Aegean
slab. The segment of the African trench from Cyprus Island
to the Dead Sea fault zone experienced incipient collision
phases, leading to moderate thickening with the formation
of uplands of more than 1000 m altitude, represented by the
Central Anatolian Plateau (e.g., Schildgen et al. 2014). This
motion is accommodated since the middle Miocene by the
dextral Northern Anatolian Fault (Sengor and Goriir 1985)
and its conjugate faults, and, subsequently, from the late
Miocene to Pliocene, also by the sinistral Eastern Anatolian
Fault (e.g. Bozkurt 2001). The Anatolian Fault Zone repre-
sents a wide area in which intracontinental strike-slip faults
developed, and leading to the formation of several pull-apart
basins (e.g., Di Giuseppe et al. 2017 and references therein)
(Fig. 13).

In this geodynamic context, our interest focuses on the
role played by the Cyprus slab in the tectonic development
of the region. Recent studies of the Cappadocian volcanic
region revealed that the fragmented Cyprus slab beneath
Central Anatolia is located too deep (> 200 km) for causing
recent (Pleistocene) volcanism in the region (Biryol et al.
2011; Reid et al. 2017). Furthermore, geophysical obser-
vations such as high plateau-like topography, slow seismic
velocities beneath the upper mantle, high heat flow as well
as lithospheric thinning testify the uprising of hot sub-lith-
ospheric mantle responsible of the alkaline magmatism in
Central Anatolia (Sengor and Yilmaz 1981; Gans et al. 2009;
Govers and Fichtner 2016; Uluocak et al. 2016; Di Giuseppe
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Fig. 11 (Sm/Yb)y vs. (La/Sm)y diagram for the studied rocks. No
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Fig. 12 Potential temperature and pressure calculated for selected
primitive basaltic magma composition of the Sivas—Malatya region.
Near-vertical lines represent solid mantle adiabats. Fields of MORB
and OIB are from Lee et al. (2009). The lithosphere-asthenosphere
boundary is located at about 60—80 km as constrained by geophysical
data reported in Angus et al. (2006). Garnet and spinel transition zone
after Fumagalli and Klemme (2015). H,O content in the melt is esti-
mated by fractionation correction of the Ce assuming Central Eastern
Anatolia basalts have similar H,O/Ce ratios as oceanic basalts (= 200;
Herzberg et al. 2007). All the temperatures and pressures estimated
from Albarede (1992), Lee et al. (2009), and Plank and Forsyth
(2016) are presented in the diagram
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et al. 2018; McNab et al. 2018). A recent study of Abgarmi
et al. (2017) proposed that roll-back of the Cyprus slab
started in the middle Miocene, favouring the onset of the
volcanism in the Central Anatolia Volcanic Province. Actu-
ally, beneath this area, seismic anomalies reveal the pres-
ence of a sub-horizontal fragmented slab that favoured the
upwelling of sub-lithospheric mantle (e.g., Reid et al. 2017).

In the Sivas—Malatya region, just located east of the Cap-
padocian Volcanic field, subduction-related calc-alkaline
magmatic activity, here represented by the Yamadag and
Kepez Dag volcanic complexes, took place in the early to
middle Miocene time (19.5 and 13.6 Ma, respectively), dur-
ing the subduction of the oceanic African slab, the Africa-
Eurasia collision being marked by the 13 Ma emplacement
of Bitlis-Zagros ophiolitic suture (Fig. 13a). We thus inter-
pret the calc-alkaline Yamadag and Kepez Dag activity as
the arc volcanism, like the contemporaneous Mazgirt vol-
canism taking place some 100 km to the east (Di Giuseppe
et al. 2017; Agostini et al. 2019).

The 13 Ma collision and the onset of the Northern Ana-
tolian Fault determined the main shift from compressional
to strike-slip tectonics in Central Anatolia leading to the
development or reactivation of transcurrent faults with the
normal component. Examples are the late Miocene-early Pli-
ocene Ecemis and Tuz Golii strike-slip faults in Cappadocia
Volcanic field and the middle Miocene Kizilirmak fault in
the Sivas region (e.g., Toprak 1994; Dirik et al. 1999). The
oldest alkaline basalts of the region are those from Sivas
basin (Fig. 13a), emplaced along the Kizilirmak fault during
the early-middle Miocene time (16.7—13.1 Ma). These mag-
mas formed at depths ranging between 92 and 53 km, from
a heterogeneous mantle source, with a variable amount of
garnet and spinel as Al-bearing phases and, probably, with
some hydrous phases (Kiirk¢iioglu et al. 2015). These alkali
basalts have some trace element and isotopic features, such
as LILE/HFSE enrichments, *’Sr/*Sr > 0.7040, different
from typical OIB-intraplate alkali basalts found elsewhere
in Western and Eastern Anatolia (Kula, Innocenti et al. 2005,
Elazig, Di Giuseppe et al. 2017), and similar to alkali basalts
outcropping just to the west and to the east of the study
area, such as those of Cappadocia (Di Giuseppe et al. 2018),
Tunceli (Agostini et al. 2019) and Karliova-Varto (Karaoglu
et al. 2020), which still retain a weak imprint of mantle mod-
ified by subduction-related metasomatism. Sivas basalts, as
well as the first pulse of Arguvan basalts, along with those of
Galata Massif (Keller et al. 1992; Wilson et al. 1997; Varol
et al. 2014) predate the Bitlis-Zagros collision. This supports
the hypothesis of an older activity of the North Anatolian
Shear Zone, with its conjugate structures (e.g., Ottria et al.
2017). It is noteworthy that Sivas alkali basalts are contem-
poraneous with the arc volcanism of Yamadag and Kepez
Dag volcanic complexes, occurring only 50-100 km to the
southeast.
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Alkali basalts of Arguvan are partially coeval with the
calc-alkaline volcanic activity of the Yamadag, with several
basaltic lavas, occurring in Arapgir (12.2-15.8 Ma; Arger
et al. 2000; Kiiriim et al. 2008), and Ortiilii Pass (15.8 Ma),
and in Arguvan (10.9-10.6 Ma), along or very close to
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the Malatya-Ovacik strike-slip fault (Fig. 13b). More to
the south, scarce alkali basalts are also found at the top
of the Kepez Dag volcanic sequence, aged 13.6-13.9 Ma
(Ekic1 2016). All of these alkali basalts are similar, both
in age and composition to the transitional basalt of Tunceli
(11.4-11.0 Ma; Di Giuseppe et al. 2017; Agostini et al.
2019).

The last phase of activity in the study area occurred at the
end of Miocene and during the Pliocene time in the Kangal
Basin (5.9-4.0 Ma, Fig. 13c). These basalts have the typi-
cal characters of intraplate OIB-type alkali basalts, even if
they show mostly a K- rather than a Na- affinity, mostly
because assimilation of crustal material overprinted their
original characters. Noteworthy, they are very similar in age
and petrologic characters to Karakogan lavas outcropping in
Tunceli-Bingol provinces (100150 km to the east).

Conclusions

In this study, we present new geochemical, petrological,
isotopic and geochronologic data of early Miocene to Plio-
cene volcanic activity developed in the Sivas-Malaya region
(Central Eastern Anatolia). Data allowed us to distinguish
four main phases of magmatic activity, with emplace-
ment of magmas with different geochemical and isotopical
characteristics:

(a) Yamadag and Kepez Dag volcanic complexes calc-alka-
line volcanic rocks, which vary in composition from
basalts to rhyolites, were emplaced during the early and
middle Miocene time in the Yamadag (19.5-13.6 Ma)
and Kepez Dag (16.3—14.1 Ma) volcanic complexes.
These rocks are characterised by the typical geochem-
ical and isotopical features of arc-related volcanism,
including marked enrichment in LILE/HFSE ratios, and
relatively high 87St/%Sr (0.70396-0.705539) and low
144N d/"3Nd (0.51260-0.51287), indicating that these
magmas were sourced in a mantle wedge modified by
recycled sediments. Evolution of these rocks is driven
by crystal fractionation of a gabbroic assemblage with
a significant amount of crustal contamination, which
is more pronounced in the Kepez Dag. These products
represent the volcanic arc linked with subduction of the
African oceanic lithosphere.

(b) Sivas volcanic field contemporaneously, monogenetic
Na-alkaline basanitic and basaltic magmatic activ-
ity developed in the Sivas volcanic field, along the
Kizilirmak strike-slip fault, during the early-middle
Miocene (16.7-13.1 Ma). Our K-Ar and “°Ar—*Ar
data are well within the radiometric ages available in
literature and range from 15.7 to 14.0 Ma. These sam-
ples are characterised by a variable degree of LILE

enrichments and HFSE depletions, negative anoma-
lies in Nb—Ta-Ti in primitive-mantle normalised pat-
terns, variable 37Sr/%0Sr ratios (0.7041-0.7055) and
144Nd/"*Nd (0.51261-0.51282), revealing the occur-
rence of some interaction with slab-modified mantle.
All these characteristics reflect the occurrence of two
different end members occurring in a heterogeneous
mantle source located at depths of 53-92 km;

(c) Arguvan volcanic field Na-alkaline basaltic to hawaiitic
rocks were emplaced starting from the middle Mio-
cene (15.3 Ma) in the Arguvan area. The magmatic
activity continued through the late Miocene both in the
Arguvan (10.9 Ma; Reid et al. 2019), and Arapgir areas
(12.2-8.9 Ma; Kiiriim et al. 2008). Our age determina-
tions point out that activity in the area around Ortiilii
Pass is also late Miocene in age (10.6 Ma). Na-alkaline
rocks from Arguvan are less enriched in incompatible
elements with respect to the Na-alkaline rocks from
Sivas, and they have even smaller negative anomalies at
Nb and Ta. These rocks few postdate the calc-alkaline
activity of Yamadag, and are similar, in age and geo-
chemistry, to some alkali basalts found on the top of
Kepez Dag volcanic succession. Their radiogenic iso-
tope ratios (e.g. 3'Sr/%°Sr~0.70365-0.70432) overlap
the Na-alkaline rocks emplaced in Kula (Western Ana-
tolia), Kizilirmak and Acigol-Nevsehir (Cappadocia),
and Elazig (Eastern Anatolia);

(d) Kangal volcanic field K-alkaline rocks ranging from
basalts to shoshonites, emplaced in the southwestern
sector of the study area, in the Kangal Basin, during
the late Miocene to Pliocene (5.9-4.0 Ma). In this
case, our K—Ar data are coherent to those reported in
the literature, ranging from 5.1 to 4.8 Ma. Major and
trace element abundances are those of the typical OIB
magmas. The high 3Sr/%Sr (0.70425-0.70520), as
well as the Nb—Ta negative anomalies, and the K and
Pb enrichments are related to various degree of crustal
contamination of magmas derived from mantle source
not affected by subduction components.

It is noteworthy that, in the study area, during the early to
middle Miocene we have two different kinds of activity: (i)
to the north-west, in the Sivas basin, Na-alkaline volcanism
along the strike-slip Kizilirmak fault, a conjugate fault of
the North Anatolian Shear Zone. This activity, along with
the alkali basalts of the Galatia Volcanic Province witnesses
the possible development of strike-slip tectonics in this area
before the Arabia-Eurasia collision (~ 13 Ma); (ii) to the
south-east, the calc-alkaline activity of Yamadag and Kepez
Dag. These products represent the volcanic arc linked with
subduction of the African oceanic lithosphere.

The end of calc-alkaline activity is marked by a partially
coeval alkali basaltic volcanic phase, occurring at Arguvan
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along the Malatya-Ovacik strike-slip fault at 15-9 Ma.
Another phase of alkali basaltic volcanism developed within
Kangal basin during the late Miocene to Pliocene.
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