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Abstract: The Southeast Anatolian Orogenic Belt (SAOB) consists of various tectono-magmatic and tectono-stratigraphic 
units such as metamorphic massifs, granitoids, ophiolites and volcanic rocks. In this study, we report new zircon U–Pb 
LA-ICP-MS ages, Sr–Nd isotope analysis and whole-rock geochemistry from Miocene felsic (dacitic and rhyolitic) rocks 
cross-cutting the Permo–Triassic Malatya metamorphic complex to determine the source of magmatism and magmatic 
processes in the region. The zircon U–Pb crystallisation ages are between 16.66 ± 0.23 Ma and 16.83 ± 0.094 Ma, implying 
the start of the post-collisional volcanism in the Early Miocene (Burdigalian) period. Volcanic rocks have calc-alkaline 
and high-K calc-alkaline characters. The 87Sr/86Sr values for the felsic volcanics range between 0.707098 and 0.711703. 
The initial 143Nd/144Nd ratios are between 0.512446 and 0.512469, and the εNd values vary from −3.12 to −3.66.  
The Nd (TDM) model ages are between 1.05 and 1.13 Ga. Negative εNd values and Nd (TDM) model ages show great 
similarities with the Precambrian basement in Turkey, Iran and the Arabian peninsula. Energy-constrained assimilation–
fractional crystallisation (EC-AFC) models testing different crustal sources using Sr–Nd isotope data show that primary 
magmas contain significant crustal melt contributions. Geochemical data indicate that the felsic rocks may have originated 
from crust-derived melts mixed with lithospheric mantle-derived mafic melts during its residence in the upper crust in  
a post-collisional tectonic setting.
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Introduction

The Eastern Anatolian Volcanic Province (EAVP), one of  
the best samples of post-collisional magmatism, has been  
active since the early Miocene (Şengör & Yılmaz 1981).  
Recent studies show that the onset of volcanic activity covering 
large areas is older than the middle-late Miocene. A number of 
studies have been conducted to place constraints on the geo-
chemical, petrological and geochronological characteristics of 
the subduction-related or post-collisional tectonic setting of 
Cenozoic volcanism in EAVP, Yamadağ Volcanic Complex 
(YVC) and Arabian Foreland (Fig. 1; Leo et al. 1974; Pearce 
et al. 1990; Arger et al. 2000; Keskin 2003, 2007; Ekici et al. 
2007, 2009; Yılmaz et al. 2007; Kürüm et al. 2008, 2021; Önal 
et al. 2008; Ekici 2016;  Di Giuseppe et al. 2017; Karaoğlu et 
al. 2020; Caran & Polat 2022). 

The EAVP is an important part of the Alpine–Himalayan 
Orogenic Belt (Şengör & Yılmaz 1981; Karaoğlan et al. 2016; 
Sar et al. 2019; Ertürk et al. 2022). It has a complex geody-
namic history, with northward subduction and closure of seve
ral branches of the Tethyan Ocean and the merging of several 
continental blocks lying between them (Şengör & Yılmaz 1981). 
This belt occupies the extensive and central segment of the 
7000 km long Alpine–Himalayan orogenic belt and preserves 
the records of the subduction-collision processes associated 

with the Neotethyan Ocean. This belt was named the Eastern 
Anatolian Collision Zone (EACZ) since it merged due to the 
collision of the Arabian and Anatolia plates (Pearce et al. 
1990; Keskin 2003, 2007). The volcanic activity started with 
the neotectonic episode during the early Miocene in Eastern 
Anatolia (Şengör & Yılmaz 1981). Eastern Anatolia comprises 
several microcontinents amalgamated along an accretionary 
prism and SE Anatolian ophiolite belts during the closure of 
the Neo-Tethys Ocean (Şengör et al. 2008). Topuz et al. (2017) 
proposed that this accretionary prism is absent in Eastern 
Anatolia, and thinning of the lithosphere is unrelated to the 
oceanic slab steepening and breaking beneath an accretionary 
complex. The basement rocks comprise upper Cretaceous 
high-T/low-P metamorphics and upper Cretaceous gabbroic to 
tonalitic intrusion rocks (Topuz et al. 2017, 2019). The Oligo
cene unconformably overlies those microcontinents to Miocene 
shallow marine deposits and post-collisional late Cenozoic 
volcanism (Elmas & Yılmaz 2003; Özdemir et al. 2022).

The geodynamic and volcanic evolution of the EAVP is still 
controversial. Many different models have been proposed for 
the Cenozoic volcanism in Eastern Anatolia: (i) subduction-
related model (Di Giuseppe et al. 2017; Agostini et al. 2019), 
(ii) collision-related model (Ekici et al. 2009; Ekici 2016; 
Kürüm et al. 2021), (iii) slab break-off-window and/or dela
mination (post-collisional) (Keskin 2007; Kürüm et al. 2008; 
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Schleiffarth et al. 2018; Rabayrol et al. 2019; Topuz et al. 
2019, and this study) models.

We present petrographic observations, zircon U–Pb ages, 
whole-rock geochemistry and Sr–Nd isotope data on the rep-
resentative samples of the felsic rocks in this study. Many 
researchers focused on the geodynamic evolution of the SAOB 
(Kürüm et al. 2008, 2021; Önal et al. 2008; Karaoğlan et al. 
2013, 2016; Parlak et al. 2013; Nurlu et al. 2016, 2022; Rizeli 
et al. 2016, 2021; Ertürk et al. 2017, 2018, 2022; Beyarslan et 
al. 2018, 2022; Sar et al. 2019, 2022). However, the zircon 
U–Pb age data on the Miocene volcanic rocks of the Malatya 
region have been presented for the first time. This study is 
important for revealing new approaches to controversial  
geodynamic settings and magma origin in Eastern Anatolia. 
As a result of this study, a new evaluation was made regarding 
the beginning of magmatism, magma character and origin of 
volcanic rocks by evaluating all available data together with 
the literature and providing new insights to reveal the Cenozoic 
magmatism in the SAOB.

Geological background

The Eskiköy–Doğanşehir region, situated at the west of 
Malatya city, consists of the Palaeozoic–Mesozoic Malatya 
Metamorphic Complex, upper Cretaceous–Eocene Berit meta-

ophiolite, Eocene Maden Complex, early-middle Eocene 
Doğanşehir pluton, and Plio–Quaternary cover sedimentary 
units (Ural et al. 2015, 2021, 2022; Karaoğlan et al. 2016; 
Ertürk et al. 2018; Fig. 2). Malatya metamorphics are com-
posed of mica-schist, quartz–sericite schist, phyllite, dolomite, 
marble and recrystallised limestone from bottom to top (Önal 
1995; Önal & Altunbey 1999; Sağıroğlu et al. 2013; Kara & 
Sağıroğlu 2018; Kara & Bal Akkoca 2021). Malatya metamor-
phic Complex was thrust over the ophiolites from north to 
south during the late Cretaceous (Yazgan & Chessex 1991). 
The Berit metaophiolite was formed by the northward subduc-
tion of the southern branch of Neotethys starting from the late 
Cretaceous and the opening (supra-subduction zone) of the 
oceanic plate above the subducted plate (Önal & Beyarslan 
2001). This unit comprises serpentinised peridotites, gabbros, 
and cross-cutting verlitic veins (Karaoğlan et al. 2013).  
The Maden complex consists of basalt, basaltic andesite, 
andesite, diabase, and pyroclastic rocks (Ertürk et al. 2018). 
The Doğanşehir (Malatya) granitoid rocks have typical calc-
alkaline, I-type character (Karaoğlan et al. 2013). These rocks 
formed on the active continental margin (Önal 1995) during 
50.8–45.7 Ma (Karaoğlan et al. 2013). The studied volcanic 
rocks are represented by dacite and rhyolite. They cut the 
Malatya Metamorphic Complex into rocks with a width of 
5–10 meters (Fig. 3). Plio-Quaternary cover sedimentary units 
are composed of alluvium.

Fig. 1. A simplified tectonic map of Turkey showing the major suture zones (heavy black lines with filled triangles), arc systems (heavy red 
lines with filled triangles) and continental blocks (Okay & Tüysüz 1999), and distribution of the main Neogene volcanic fields (modified from 
Asan 2020). EAVP: Eastern Anatolian Volcanic Province, CAVP: Central Anatolian Volcanic Province, GVP: Galatia Volcanic Province,  
PV: Polatlı Volcanites, EVC: Elmadağ Volcanic Complex, KKV: Kulu-Karacadağ Volcanites, KAIVP: Kırka-Afyon-Isparta Volcanic Province, 
WAVP: Western Anatolian Volcanic Province, YVC: Yamadağ Volcanic Complex, KV: Karacadağ Volcano, İAESZ: İzmir–Ankara–Erzincan 
Suture Zone, ITSZ: Inner Tauride Suture Zone, BSZ: Bitlis Suture Zone, IPSZ: Intra-Pontide Suture Zone, ASZ: Antalya Suture Zone, NAF: 
North Anatolian Fault, EAF: East Anatolian Fault, DSF: Dead Sea Fault.
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Petrography

Dacitic lavas within the felsic rocks are grey and show fine-
grained microcrystalline, vitrophyric, porphyritic, glomera-
phyric and hypohyaline porphyritic textures (Fig. 4a, b).  
The main mineral assemblage comprises plagioclase (30–
35 %), quartz (24–30 %), sanidine (3–5 %), biotite (3–5 %) 
and hornblende (2–5 %) in a microlithic-glassy groundmass. 
The accessory minerals are represented by titanite, zircon and 
opaque minerals. Plagioclase phenocrysts demonstrate disso-
lution textures (sieve texture) related to magma mixing, albite 
– Carlsbad twinning, and oscillatory zoning. Rhyolites display 
porphyritic texture and are mainly greyish to pinkish in colour. 
They comprise quartz (25–30 %), sanidine (21–25 %), plagio
clase (20–25 %), biotite (3–5 %) and amphibole (2–5 %). 
Plagioclase microliths (8–10 %) were disseminated in a partly 
felsitic glassy groundmass. Zircon, apatite, Fe–Ti oxides 
(titanite, ilmenite), and opaque minerals are observed in  
the accessory phase. Sanidine and plagioclase are subhedral 
and anhedral shapes, showing albite and Carlsbad twinning 
(Fig. 4c, d).

Analytical methods

Whole-rock major and trace element analyses

Whole-rock chemical compositions were analysed at Bureau 
Veritas Minerals Laboratories in Vancouver, Canada. Major 
elements were measured using a Spectro Ciros Vision device 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). Trace and rare earth elements were measured 
using a Perkin Elmer Elan DRCe inductively coupled plasma-
mass spectrometry (ICP-MS). Loss on ignition (LOI) was 
calculated by weight difference later ignition of samples at 
950–1000 °C. Our results for the whole-rock geochemistry are 
given in Supplementary Table S1.

Sr–Nd isotope analyses

Sr and Nd isotope compositions were carried out in the 
METU Central Laboratory, Turkey, by applying in-laboratory 
test instructions based on the methods detailed and conditions 
given in Köksal (2019). Isotope ratio measurements were 

Fig. 2. Simplified geological map of the Sivas–Malatya region (compiled from 1/500,000-scale sheets of Geological Map of Turkey, General 
Directorate for Mineral Research and Exploration-MTA 2013). Age data: Leo et al. (1974); Platzman et al. (1998);  Arger et al. (2000); Kürüm 
et al. (2008); Önal et al. (2008);  Ekici et al. (2009); Gürsoy et al. (2011).

,



248 ERTÜRK, KARA, SAR, YILMAZ and AYSAL

GEOLOGICA CARPATHICA, 2023, 74, 3, 245–260

made by multi-collection using the Triton Thermal Ionization 
Mass Spectrometer (Thermo-Fisher).

Zircon U–Pb

Two samples (EK-2 and EK-9) were selected for LA-ICP-MS 
U–Pb zircon dating. Zircon U–Pb analyses were conducted 
using Perkin Elmer NexION 2000 ICP-MS combined with  
the ESI NWR-213 solid phase Laser Ablation System present 
at the Geochronology and Geochemistry Laboratory of Istan
bul University – Cerrahpaşa – Turkey, following the analytical 
methods by Yılmaz et al. (2021).

Results

Geochemistry

The felsic rocks have high SiO2 content (66.91–73.81 wt. %), 
relatively low Al2O3 (13.54–15.89 wt. %), Fe2O3 (0.68– 
2.72 wt. %), MgO (0.17–1.27 wt. %), CaO (0.87–3.35 wt. %), 
Na2O (3.25–3.87 wt. %), K2O (2.11–5.03 wt. %), TiO2 (0.07–
0.41 wt. %), P2O5 (0.02–0.13 wt. %), and varying amounts of 
Ba (140–470 ppm), Nb (5.2–15.9 ppm), Rb (73.2–227.2 ppm), 
Sr (38.6–275.1 ppm), Nb/La (0.27–1.71) and Nb/U (1.13–
2.35) ratios. 

These felsic rocks have sub-alkaline compositions and fall 
into the dacite–rhyolite fields in the total alkali versus silica 
(TAS) diagram (Le Bas et al. 1986; Fig. 5a). These are cohe
rent with the field studies and petrographic observations.  
On the Th versus Co diagram proposed by Hastie et al. (2007), 
our samples fall into the high-K calc-alkaline and shoshonitic 
fields with dacitic and rhyolitic compositions (Fig. 5b). Simi
larly, our samples in the K2O versus SiO2 diagram (Peccerillo 
& Taylor 1976) fall in the calc-alkaline and high-K calc-alka-
line fields (Fig. 5c). Eu/Eu* ratios of the rocks vary between 
0.73–1.02 with a slightly negative Eu anomaly (Fig. 5d). 
Selected major and trace elements were plotted on Harker 
variation diagrams versus SiO2 abundance (Figs. 6, 7). On pri
mitive mantle-normalised multi-element spidergram (Fig. 8a), 
dacitic and rhyolitic samples are enriched in Sr, K, Rb, Ba,  
and Th elements,  and to a lesser extent, in La, Ce, and Nd, but 
depleted in P and Ti elements. The decrease from Th to Ta and 
Nb is more profound than from La to Nd. On the other hand, 
Nd, Hf, Sm, Tb, Y, and Yb form an almost horizontal trend, 
showing weaker enrichment than other elements. In a chon-
drite-normalised REE diagram (Fig. 8b), LREEs are more 
enriched than HREEs, and negative Eu anomalies characterise 
the studied samples. 

Sr–Nd isotope systematics

The Sr–Nd isotopic compositions of lower Miocene vol
canics are listed in Suppl. Table S2. The initial 87Sr/86Sr(i)  
ratios vary between 0.706927 and 0.709559, and the initial 
143Nd/144Nd(i) ratios show a narrow range between 0.512430 

and 0.512458. The volcanics show negative εNd(t) values 
ranging from −3.12 to −3.66. The Nd (TDM) model ages range 
between 1.05 and 1.13 Ga. On the 87Sr/86Sr versus 143Nd/144Nd 
diagram, the high Sr isotope values of the rhyolitic lavas are 
striking, while the dacitic lavas fall into the Arabian Upper 
crustal field (Fig. 9a). EC-AFC models were tested using  
Sr–Nd isotope data of upper crust (UC-Model-1), lower crust 
(LC-Model-2), and Arabian upper crusts (AUC-1 Model-3; 
AUC-2 Model-4; Sr–Nd isotope data for Arabian upper crusts 
are from Hegner & Pallister 1989; Fig. 9b).

U–Pb geochronology

The zircons from the EK-2 and EK-9 samples are mostly 
transparent, colourless, pale-brownish, and rarely beige. They 
have euhedral to subhedral shapes and elongate to prismatic 
(50 to 250 μm). They display typical magmatic oscillatory 
zoning in the CL images (Fig. 10). The Th/U ratios of the zir-
cons from the EK-2 sample vary between 0.14 and 040 (mean 
0.23 ± 0.068), and most clusters from 0.14–0.29 show mag-
matic origin (Grimes et al. 2015). For sample EK-2, thirteen 
analyses yielded apparent 206Pb/238U ages ranging from  
14.68 ± 0.87 Ma to 17.45 ± 1.99 Ma (Suppl. Table S3). They 
have yielded concordia age of 16.66 ± 0.23 Ma (MSWD = 11, 
n = 12; Fig. 11a), with a weighted mean 206Pb/238U age of  
16.36 ± 0.25 Ma (MSWD = 0.37, n = 13/13; Fig. 11b). The Th/U 
ratios of the zircon grains of the EK-9 sample vary between 
0.08 and 0.79 (mean 0.36), consistent with a magmatic origin 
(Grimes et al. 2015). The analyses of zircons from sample EK-9 
yielded 206Pb/238U ages of 15.13 ± 0.45 Ma to 18.5 ± 0.32 Ma 
(Suppl. Table S3). The twelve analyses yielded concordia  
age of 16.83 ± 0.094 Ma (MSWD = 2.8, Fig. 11c) with a weigh
ted mean 206Pb/238U age of 16.45 ± 0.12 Ma (MSWD = 2.63, 
n = 10/12; Fig. 11d).

Discussion

Magma chamber processes

In the selected major oxides and trace-element variation 
diagrams against SiO2, samples from the studied rocks and 
volcanic equivalent define a continuous evolutionary trend: 
Al2O3, Fe2O3, MgO, CaO, Na2O, TiO2 and P2O5 are negatively 
correlated with increasing SiO2, but the K2O contents show  
a positive correlation. Na2O show a disseminated pattern  
(Fig. 6). Such positive and negative correlations are associated 
with the fractional crystallisation process. The observed 
decrease in Na2O is related to the fractionation of sodic pla-
gioclase, the decreases in Al2O3 with the fractionation of bio-
tite, and negative trends in CaO and MgO with pyroxene 
fractionation, negative trends in Fe2O3 and TiO2 with amphi-
bole and titanite fractionation, and decreases in P2O5 with  
apatite fractionation (Wilson 1989). A negative relationship is 
observed with the increase between Ba, Co, Sr and Zr and 
SiO2, and a positive relationship between SiO2 and Rb and Nb 
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Fig. 3. Representative field photographs of the lower Miocene felsic rocks in the Eskiköy–Doğanşehir (Malatya).

Fig. 4. Photomicrographs of the lower Miocene felsic rocks in the Eskiköy–Doğanşehir (Malatya). a — Glomeraphyric texture in dacite.  
b — Hypohyaline porphyric texture in dacite. c — Hypohyaline porphyric texture in rhyolite. d — Plagioclase, sanidine and quartz phenocrysts 
in rhyolite (Q: quartz, Sn: sanidine, Pl: plagioclase, Bi: biotite, Hr: hornblende).



250 ERTÜRK, KARA, SAR, YILMAZ and AYSAL

GEOLOGICA CARPATHICA, 2023, 74, 3, 245–260

(Fig. 7). Ba, Sr, Co and Zr elements can be incorporated into 
minerals such as K-feldspar, hornblende, and biotite during 
fractional crystallisation (Wilson 1989). These minerals posi-
tively correlate with SiO2 during fractional crystallisation as 
they crystallise at later stages.

The Energy Constrained-Assimilation Fractional Crystalli
zation (EC-AFC) model (Bohrson & Spera 2001) checks the 
effect of crustal melts on the evolution of magma. The thermal 
and compositional parameters used in EC-AFC modelling are 
given in Suppl. Table S4 (Bohrson & Spera 2001). EC-AFC 
modelling with using Sr–Nd isotopes provides important clues 
for understanding the crustal assimilation and fractional  
crystallisation processes, considering the lower crust (LC), 
upper crust (UC), and Arabian upper crustal rocks muscovite 
schist (AUC-1), and biotite granite-gneiss (AUC-2) (Hegner 
& Pallister 1989; Fig. 9b). Miocene basalts in the region were 
used as the basic end member in the models (Ekici 2016). 
According to EC-AFC modelling, the assimilation values of 
dacite and rhyolitic lavas from an upper crust-like source  

(UC Model-1) are between 7 % and 17 % (Ma* 0.07–0.17); 
from a source similar to muscovite schists of the Arabian 
upper crust (AUC-1 Model-3) are between 24 % and 48 % 
(Ma* 0.24–0.48), and from a source similar to biotite granite 
gneisses of the Arabian upper crust (AUC-2 Model-4) is 65 % 
(Ma* 0.65; Fig. 9b). These assimilation values show that the 
magmas forming the felsic rocks are of crustal origin.

FC Modeller program was used for fractional crystallisation 
(FC) modelling. Vectors indicating different mineralogical 
compositions can help us interpret FC processes in magma 
evolution history. The incompatible element Rb was used 
against the compatible elements Sr and Ba in the log-log dia-
gram (Fig. 12a, b). As a reflection of the fractional crystallisa-
tion of plagioclase in magma, this diagram presents a decrease 
in Sr values with increasing Rb concentration. In conclusion, 
it can be highlighted that plagioclase crystallisation compa
tible with Sr has an essential role in the evolution of the magma 
chamber. Ba was affected by amphibole and K-feldspar crys-
tallisation. It was incorporated into amphibole and K-feldspars, 

Fig. 5. a — Na2O + K2O versus SiO2 classification diagram of Middlemost (1994). b — Th versus Co diagram of Hastie et al. (2007). c — K2O 
versus SiO2 diagram of Peccerillo & Taylor (1976). d — Eu/Eu* versus SiO2 diagram. Eu anomalies (Eu/Eu*) have been calculated as  
Eu/Eu* = (Eu)cn / [(Sm)cn×(Gd)cn]0.5 from McLennan (1989) normalised with C1 chondrite values (Sun & McDonough 1989). The literature data 
for Miocene volcanics in the Southeast Anatolian Orogenic Belt are inferred from (Arger et al. 2000; Yılmaz et al. 2007: Kürüm et al. 2008; 
Önal et al. 2008;  Ekici et al. 2009; Ekici 2016; Kocaarslan & Ersoy 2018).
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especially in the late stage of magma evolution. A partial 
increase is observed in Ba values with increasing Rb, and it 
can be underlined that the crystallisation of amphibole and/or 
biotite minerals compatible with Ba has an important role in 
the evolution of the magma chamber.

Petrogenesis and source characteristics

Based on the primitive mantle-normalised multi-element 
spidergram, large ion lithophile elements (LILE) show more 
enrichment than high field strength elements (HFSE)  
(Fig. 8a). The negative Nb, P, Ti and positive Pb anomalies are 
characteristic of subduction-related magmatism in a volcanic 
arc and/or post-collisional tectonic settings and originate from 
a metasomatised mantle by fluids separated from the oceanic 
crust (Hawkesworth et al. 1993). The enrichment in LILEs  

can result from fluids or melts derived from the subducting 
slab being transported upwards (toward the mantle wedge 
above the subducting slab) and their metasomatised mantle 
wedge (McDonough 1991). This enrichment results from  
the reaction of volatile compounds such as H2O and CO2 from 
the relatively lower part of the mantle and LILE-rich fluids/
melts with the solid mantle rocks at the higher levels (Menzies 
1983). The depletion of HFSEs, on the other hand, occurs 
when these elements are retained in the mineral phases of  
the subducting plate (McDonough 1991). Moreover, when  
the upper and lower crust values are plotted on this diagram, 
the volcanic rocks appear to be located between both crustal 
values in the region. However, apart from the significant 
depletion of P and Ti elements, most elements are located in  
an area between the upper crust and the lower crust (Fig. 8a). 
This pattern shows that highly fractionated dacitic and 

Fig. 6. Variation diagrams of SiO2 (wt. %) versus major elements (Harker 1909). The literature data is the same as in Fig. 5.
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rhyolitic lavas contain a distinct subduction component, but 
have been significantly modified by crustal melts (Haase et al. 
2006).

On the chondrite normalised spidergram, the LREEs (La, 
Ce, Pr, Nd) exhibit more enrichment than HREEs (Er, Tm,  
Yb, Lu) and slightly negative Eu anomalies (Fig. 8b). Accor
dingly, it can be suggested that LREEs prefer the liquid  
phase during magmatic differentiation processes or partial 
melting (Rollinson 1993). The enrichment in LREEs can also 

occur with the contribution of the subducting slab to the 
magma source or with the effect of crustal contaminations 
(Hawkesworth et al. 1993). Negative Eu (Eu/Eu* = 0.73–1.02) 
anomalies and upward concave pattern indicate significant 
plagioclase and amphibole fractionation of dacitic and rhyo-
litic lavas (Rollinson 1993; Fig. 8b).

Pb/Ce (0.07–3.7), La/Yb (4.16–23.17), Rb/Y (6.15–11.43), 
and Nb/Y (0.44–0.75) values can reveal fluid or melt-related 
enrichment, which is effective on mantle metasomatism.  

Fig. 7. Variation diagrams of SiO2 (wt. %) versus trace elements (Harker 1909). The literature data is the same as in Fig. 5.

Fig. 8. a — Primitive mantle-normalised multi-element spidergram (Sun & McDonough 1989). b — Chondrite-normalised REE spidergram 
(Sun & McDonough 1989) for the lower Miocene felsic rocks in the Eskiköy–Doğanşehir (Malatya). Average Upper Crust and Lower crust 
values were taken from Sun & McDonough (1989). The literature data is the same as in Fig. 5.
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The Pb/Ce versus La/Yb and Rb/Y versus Nb/Y diagrams 
(Fig. 13a, b) are significant in monitoring melt-related enrich-
ment and fluid enrichment trends (Dhuime et al. 2009; 
Sahakyan et al. 2016). According to these diagrams, fluid-
related enrichment is effective in the evolution of volcanic 
rocks. This suggests that fluids derived from the subducting 
oceanic crust are crucial in melting the mantle wedge 
(Scambelluri et al. 2007).

The Ta/Yb ratios of the dacite and rhyolites range between 
0.44–1.28, and their Th/Yb ratios range between 5.71–10.73. 
The studied volcanics in the Th/Yb vs Ta/Yb diagram (Pearce 
2008) present a parallel alignment to the mantle sequence but 
have high Th/Yb ratios (Fig. 14a). The enrichment in Th com-
pared to the mid-ocean ridge basalt (MORB) mantle indicates 
the influence of subduction fluids (Weaver et al. 1986). This 
suggests that the volcanics did not undergo only a single frac-
tional crystallisation differentiation in their development but 
were more likely exposed to various contamination processes. 
This diagram demonstrates that these rocks were probably 
derived from magmas evolved by fractional crystallisation 
processes and were enriched with subduction component 
plates (Pearce 1983). When all Miocene volcanic rocks in  

the region are plotted in this diagram, the primitive samples 
from the literature data (Arger et al. 2000; Yılmaz et al. 2007: 
Kürüm et al. 2008; Önal et al. 2008; Ekici et al. 2009; Ekici 
2016; Kocaarslan & Ersoy 2018) plot in the mantle metasoma-
tism field and gradually become richer in terms of the subduc-
tion zone component. At the same time, the dominant effect of 
fractional crystallisation and assimilation is quite evident in 
highly evolved dacitic and rhyolitic lavas. 

The Nb/U ratios of the lower Miocene felsic rocks, which 
are markedly low, vary between 1.13–2.16. It is seen that  
the source magma is subjected to the upper crust (Fig. 14b).  
In Nb/La versus Ba/Rb diagram indicates that the studied 
rocks were affected by crustal assimilation (Fig. 14c). Some 
researchers suggest that the magmas derived from metasoma-
tised mantle wedge by subduction zone melt have high Nb 
contents (7 < Nb < 20 ppm; e.g., Defant et al. 1992). The high 
Nb content of the rhyolites (14.8–15.9) supports the view that 
these rocks may have derived from a mantle source enriched 
by subduction-zone fluids. The high Nb values of the volcanic 
rocks indicate that these rocks assimilate a significant amount 
of crustal components. On the other hand, the average Nb 
value of the upper continental crust is 13.7 ± 0.9 ppm (Plank & 

Fig. 10. Representative cathodoluminescence (CL) images of zircons from the lower Miocene felsic rocks, showing the locations of analysis 
points.

Fig. 9. a — 143Nd/144Nd versus (87Sr/86Sr) isotope correlation diagram of the lower Miocene felsic rocks in the Eskiköy–Doğanşehir (Malatya). 
BSE is the Bulk Silicate Earth; CHUR is the Chondritic Uniform Reservoir. DMM (Depleted MORB Mantle), HIMU = High μ (μ = 238U/204Pb 
ratio), EM-I (Enriched Mantle I), EM-II (Enriched Mantle II), Arabian Upper Crust, Arabian Lithospheric Mantle, Red Sea MORB, and Afar 
plume regions as in Ma et al. (2011). UC = Upper Crust and LC: Lower Crust (Taylor & McLennan 1985). b — EC-AFC modelling diagram 
(Bohrson & Spera 2001). The EC-AFC parameters for the standard upper-crustal (UC) case and standard lower-crustal (LC) case were taken 
from Bohrson & Spera (2001). For (AUC-1) Arabian upper crust muscovite schist case and (AUC-2) Arabian upper crust biotite granite–gneiss 
case were taken from Hegner & Pallister (1989). The literature data is the same as in Fig. 5.
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Langmuir 1998). However, it is clear that rhyolitic lavas are 
highly evolved and mostly exhibit a behaviour close to crustal 
composition in other diagrams. Considering that all of the vol-
canic rocks in the region follow a distinct fractionation trend 
from mafic to felsic melts in the Harker diagrams, it can be 
concluded that dacitic and rhyolitic lavas were formed by high 
fractionation and crustal assimilation of mantle-derived mafic 
magmas.

The Sr–Nd isotopes of post-collisional Miocene volcanic 
rocks in the region were used to understand the magma evolu-
tion story and to determine the contribution of crustal melting 
to the evolution process. When the primary Sr–Nd isotope 
ratios are taken into account, it is seen that felsic volcanic 
rocks are mostly derived from crustal melts, while mafic vol-
canic rocks are derived from enriched mantle and/or litho-
spheric mantle sources. Based on the 143Nd/144Nd versus  
87Sr/Sr86 isotopic plot (Fig 9a), the lower Miocene felsic dikes 
show a trend toward the upper continental crust, implying that 
the crust contamination played a role in magma evolution 
(Beydokhti et al. 2015). This indicates that the possible upper 
crustal contribution was high, and the mantle contribution was 
low during the magma evolution. Dacites have εNd(t) values 
ranging from −3.12 to −3.60, and rhyolites have similar εNd(t) 

values from −3.48 to −3.66 (Suppl. Table S2). Rhyolites show 
greater depletion in Eu, Sr, P and Ti than dacites (Fig. 8a), 
suggesting that the rhyolitic magmas have undergone more 
fractionation of titanite (for Ti), apatite (for Sr), and K-feldspar 
(for Sr). These elemental and isotopic similarities may indi-
cate that more upper crustal materials have generated dacitic 
and rhyolitic rocks (Zhao et al. 2017). Sr–Nd isotopic data 
suggest that the magmas were generated by partial melting of 
mixed sources comprising crust-derived and lithospheric 
mantle-derived melts. The geochemical and isotopic similari-
ties between rhyolitic and dacitic rocks indicate rhyolites are 
more-fractionated products from the same batch melt as daci
tes. Low 143Nd/144Nd values indicate a hybrid composition in 
volcanics. This hybrid composition originates from a possible 
mixture of lithospheric mantle-derived magma and continental 
crust. The lower Miocene felsic rocks show negative εNd  
values ranging from −3.12 to −3.66, and based on these  
values, it is seen that the dacidic lavas are falling into the 
Arabian upper crustal field, while the rhyolitic lavas reflect  
the alteration effects with higher Sr isotope ratios. Moreover, 
the Nd (TDM) model ages range from 1.05 to 1.13 Ga, and these 
values are consistent with the Precambrian basement rocks on 
Turkey, Iran and Arabian platform (for example, 1.0–1.8 Ga in 

Fig. 11. Concordia (a, b) and weighted mean (c, d) diagrams for EK-2 and EK-9 samples from the lower Miocene felsic rocks.
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the Menderes massif (Erkül & Erkül 2012); 1.13–2.16 Ga in 
the Bitlis massif (Ustaömer et al. 2012); in Derik volcanics 
1.02–2.14 Ga (Gürsu et al. 2015), and Iran 1.35–1.65 Ga 
(Moghadam et al. 2015); 1.35–1.56 (Moradi et al. 2020)). 
When these data are evaluated together, it shows that the 
crustal melts derived from Precambrian basement rocks may 
have mixed with mafic melts, giving younger mantle Nd (TDM) 
model ages (0.53 Ga, Suppl. Table S2).

Tectonic setting

The post-collisional convergence gave rise to crustal thicke
ning and uplift of the East Anatolian region, as evidenced  
by the region-wide development of E–W trending folds and 
thrusts and conjugate strike-slip faults (Arger et al. 2000; 
Şengör et al. 2008). Consequently, the Miocene volcanics 

reached the surface along the N–S-oriented tensional struc-
tures. Parlak et al. (2001) stated that the settlement of mafic 
volcanism is derived from primary magma melts originating 
from the asthenosphere, and this magma is heavily exposed to 
crustal contamination. Keskin (2003) pointed out the slab 
steepening and break-off event model for magma genesis 
beneath a large subduction-accretion complex. This model 
holds a northward subducting oceanic slab beneath the large 
Eastern Anatolia accretionary prism that gets steepened and  
is eventually detached from the continental lithosphere.  
The Eastern Anatolian Accretionary Complex is a collision 
zone without a mantle plume complex, followed by a break-
off (Şengör et al. 2003) at ca. 10–11 Ma. Calc-alkaline volca-
nism with a distinct subduction signature across Eastern Anatolia 
has been related to the first episode of slab-steepening event 
between ~15 and 10 Ma before slab break off at ~10 Ma 

Fig. 12. a — Sr versus Rb log-log variation diagram, showing FC 
process. b — Ba versus Rb log-log variation diagram showing FC 
process. Each vector modelled and plotted on the diagrams represents 
up to 100 % crystallisation of mineral assemblages under the diagram 
according to Rayleigh crystallisation (FC: fractional crystallisation, 
Pl: plagioclase, Amp: amphibole, Opx: orthopyroxene, Bi: Biotite, 
Sn: sanidine) GERM Partition Coefficient (Kd) Database (https://
earthref.org/).

Fig. 13. a — Pb/Ce versus La/Yb. b — Rb/Y versus Nb/Y diagrams 
of the lower Miocene felsic rocks in the Eskiköy–Doğanşehir 
(Malatya). Vectors were taken from (Dhuime et al. 2009; Sahakyan et 
al. 2016). The literature data is the same as in Fig. 5.
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(Keskin 2003). Keskin (2007) mentioned that Eastern Anatolia 
is one of the best examples of an active continental collision 
zone in the world and suggested that the slab steepening and 
break-off model explains better than any other model for 
Eastern Anatolia, based on the southward younging age pro-
gression and changing lava geochemistry to the Na-alkaline 
compositions. Yılmaz et al. (2007) defined two-stage felsic 
volcanism in the western part of the SAOB. The authors 
emphasised that the first phases of magma developed by mus-
covite-dehydration melting, while the second phases indicate 
that these melt formed by water-saturated melting, and this 
volcanism occurred during both collisional and post-colli-
sional periods in the late Oligocene to middle Miocene. Önal 
et al. (2008) reported that three different magmas effectively 
spatiotemporally formed Orduzu volcanics located east of  
the YVC. These are as follows: (i) calc-alkaline rhyolitic 
magma of crustal origin, (ii) calc-alkaline magma of litho-
spheric mantle origin, and (iii) moderately alkaline magma of 
lithospheric mantle origin. The authors proposed that the sub-
duction signature in the enriched mantle source was derived 
from mantle metasomatism caused by the introduction of  
fluids sourced from an earlier supra-subduction zone. Kürüm 
et al. (2008) argued that the magmas parental to the middle 
Miocene YVC were derived from an enriched lithospheric 
mantle source metasomatised by fluids generated from earlier 
subduction post-collisional extensional geodynamic setting. 
Ekici et al. (2009) mentioned fractional crystallisation, magma 
mixing and crustal assimilation processes that effectively 
evolved collision-related volcanic rocks from Miocene YVC. 
Kürkçüoğlu et al. (2015) stated that the lithosphere plays  
an important role in the magma origin of the Pliocene basaltic 
rocks in their study carried out in the northeast of Sivas, and 
they marked that these rocks are derived from an astheno-
spheric (anorogenic) origin. Kocaarslan & Ersoy (2018) pro-
posed that the Pliocene samples showing more primitive 
mantle characteristics outcropping in the Gürün and Kangal 
basins in the West-Southwest of the YVC exhibit intraplate 
(anorogenic) geochemical features. They also stated that the 
more evolved Miocene calc-alkaline samples are geochemi-
cally similar to subduction (orogenic) igneous rocks and can 
be affected by crustal contamination of primitive magmas with 
this anorogenic character. This hypothesis is an alternative  
to the general view, which assumes that the early-middle 
Miocene magmatic activity in the region is derived from  
a modified mantle source associated with the subduction of 
the Arabian Plate under the Anatolian Plate. Di Giuseppe et al. 
(2017) reported that the volcanism in the Elazığ, Tunceli and 
Bingöl provinces was formed through three stages of activity; 
(i) the lower-middle Miocene (16.3–15.5 Ma) calc-alkaline 
basaltic trachyandesite to dacites in the Pertek and Mazgirt 
regions, (ii) the upper Miocene (11.4–11.0 Ma) transitional 
basalts in the Tunceli region, (iii) Plio-Pleistocene Na-alkali 
basalts (4.1 Ma–1.7 Ma) in Karakoçan region and Elazığ 
region. They concluded that the early-middle Miocene magmas 
in a convergent setting indicate derivation from mantle sources 
modified by subduction signatures. In contrast, the upper 

Fig. 14. a — Th/Yb versus Ta/Yb (Pearce 1983) diagrams of the 
lower Miocene felsic rocks in the Eskiköy–Doğanşehir (Malatya). 
The literature data is the same as in Fig. 5. b — Nb/U versus Nb dia-
gram (Hofmann et al. 1986). c — Nb/La versus Ba/Rb diagram  
(Wang et al. 2004) of the lower Miocene felsic rocks in the Eskiköy–
Doğanşehir (Malatya). UC (Average Upper Crust): McLennan (2001), 
av. EMM (average enriched mantle melts): Yang et al. (2004).  
The literature data is the same as in Fig. 5.



257GEOCHRONOLOGY AND PETROGENESIS OF THE LOWER MIOCENE FELSIC ROCKS (TURKEY)

GEOLOGICA CARPATHICA, 2023, 74, 3, 245–260

Miocene transitional basalts are associated with the change 
from compressional to strike-slip tectonic regimes. During  
the development of tectonism, passive upwelling of the local 
sub-slab mantle led to the starting of Na-alkali basaltic acti
vity. Karaoğlu et al. (2020) stated that the Karlıova–Varto vol-
canic activity developed in the triple junction area in Eastern 
Anatolia, ranging in compositions from basalt to rhyolite 
during Miocene to Quaternary. The authors indicated that 
subduction-related signatures mainly exhibit volcanic rocks. 
Most of the primary magma characteristics are severely expo
sed to crustal assimilation and fractionation processes after 
developing tectonic systems in the region. Lin et al. (2020) 
stated that the age data indicate a diachronous onset of volca-
nism that began ~17 Ma in Southeast Anatolia and propagated 
northward from ~11 to 9 Ma toward Northeast Anatolia and 
Iran. According to the authors, the volcanic rocks were formed 
during the initial stage of post-collisional magmatism in the 
Caucasus-Iran-Anatolia province. Kürüm et al. (2021) sugges
ted that the early to middle Miocene Pertek adakitic volcanism 
was triggered by collision and slab break-off-induced astheno-
spheric mantle flows in Eastern Anatolia.

The subduction-related geochemical signatures were proba-
bly inherited from the mantle lithosphere enriched by slab-
derived fluids released during the northward subduction of  
the Afro-Arabian plate beneath Anatolia (Pearce et al. 1990). 
During this magmatic episode, slab-derived fluids signifi-
cantly impacted the parental magma. In the early Miocene, 
post-collisional Neogene volcanism produced calc-alkaline to 
high K calc-alkaline volcanic rocks in this region. Post-
collisional Neogene–Quaternary magmatism was most likely 
caused by lithospheric delamination and slab tearing/rollback 
in the Eastern and Central Anatolia volcanic provinces, res
pectively (Schleiffarth et al. 2018). Slab break-off will open  
a slab window and trigger partial melting of differing magma 
source regions, producing post-collisional magmatism (Keskin 
2003, 2007). Our findings and the literature data of this period 
are evaluated together and indicate that the lower Miocene 
felsic rocks record an evolution from a post-collisional tec-
tonic setting.

Conclusions

•	 Lower Miocene felsic rocks are represented by dacitic to  
rhyolitic rocks. The main mineral assemblage of dacites 
comprises plagioclase, quartz, biotite and amphibole, while 
the rhyolites comprise quartz, sanidine, plagioclase, biotite 
and amphibole.

•	 The concordia ages of the Eskiköy–Doğanşehir volcanics 
are 16.66 ± 0.23 and 16.83 ± 0.094 Ma (early Miocene),  
and these ages are an important contribution to under
standing the onset of post-collisional magmatism in the 
region.

•	 The Energy-Constrained Assimilation-Fractional Crystalli
sation (EC-AFC) model suggests significant upper-crust 
assimilation during the evolution of the volcanics.

•	 Geochemical and Sr–Nd isotopic data indicate that the lower 
Miocene felsic rocks may have originated from mixing crust-
derived melts and lithospheric mantle-derived mafic melts.

•	 The geochemistry, geochronology and regional geology 
suggest that the parental magma of the lower Miocene vol
canics were derived from a lithospheric mantle source that 
was metasomatised by slab-derived fluids and magma gene
rated by fractional crystallisation assimilation events in  
a post-collisional tectonic setting.
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