
Lithos 356–357 (2020) 105394

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Research Article
Diachronous initiation of post-collisional magmatism
in the Arabia-Eurasia collision zone
Yu-Chin Lin a, Sun-Lin Chung a,b,⁎, A. Feyzi Bingöl c, Liekun Yang d, Avtandil Okrostsvaridze e, Kwan-Nang Pang b,
Hao-Yang Lee b, Te-Hsien Lin a

a Department of Geosciences, National Taiwan University, Taipei, Taiwan
b Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan
c Department of Geological Engineering, Firat University, Elaziğ, Turkey
d Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China
e Institute of Earth Sciences, Ilia State University, Tbilisi, Georgia
⁎ Corresponding author at: Institute of Earth Sciences,
Taiwan.

E-mail address: sunlin@ntu.edu.tw (S.-L. Chung).

https://doi.org/10.1016/j.lithos.2020.105394
0024-4937/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 October 2019
Received in revised form 20 January 2020
Accepted 20 January 2020
Available online 23 January 2020

Keywords:
Post-collisional magmatism
CIA volcanic province
Diachronous initiation
Bimodal composition
Oblique collision
Arabia
Eurasia
The continental collision between Arabia and Eurasia which gave rise to the Caucasus-Iran-Anatolia (CIA) volca-
nic province provides a unique opportunity for understanding collisional zone magmatism. This study reports a
comprehensive dataset of ages and geochemical compositions of volcanic rocks formed during the initial phase of
post-collisional magmatism in the CIA province. The age data indicate a diachronous onset of volcanism that
began ~17 Ma in SE Anatolia, and propagated northward from ~11 to 9 Ma toward NE Anatolia and NW Iran.
The rocks are characteristically bimodal, with dominantly basic (SiO2 = 48–52 wt%) and silicic (SiO2 =
58–71 wt%) components that feature significant isotopic variations (εNd=+6 to−5), suggesting two principal
magma sources: (1) a juvenile mantle-derived component, and (2) an older continental crust component. We
therefore attribute the volcanic initiation to a migrating post-collisional extension regime caused by the succes-
sive breakoff of subducted Neo-Tethyan slabs. Subsequent volcanism that began from ~6.5Ma resulted in a wide
spectrum of calc-alkaline and alkaline rocks, with mafic to felsic lithologies in the entire province. From ~2 Ma,
volcanism ceased in the western CIA province, and started propagating eastward and southeastward to SE
Iran, following the Urumieh-Dokhtar magmatic belt, consistent with the notion of an oblique continental colli-
sion between Arabia and Eurasia.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Collision zone magmatism is common on Earth. Typical examples
are found all along the 7000-km-long Alpine-Himalayan orogenic belt,
and are the result of continental collisions of the African, Arabian and
Indian plates with the Eurasian margin (Şengör, 1984). In its central
segment the collision between Arabia and Eurasia, starting possibly
from the latest Eocene (Allen and Armstrong, 2008; McQuarrie and
van Hinsbergen, 2013), led to formation of the Turkish-Iranian Plateau.
This collision zone is associated with widespread “post-orogenic”
(Turner et al., 1992) or “post-collisional” (Chung et al., 2005; Pearce
et al., 1984; Şengör and Kidd, 1979) volcanic eruptions that have
attracted a wide range of petrogenetic and tectonic studies (e.g., Dilek
et al., 2010; Keskin, 2003; Lin et al., 2020; Neill et al., 2015;
Nikogosian et al., 2018; Pang et al., 2013; Pearce et al., 1990; Rabayrol
Academia Sinica, Taipei 11529,
et al., 2019; Schleiffarth et al., 2018). Eruptions took place from the
Miocene to Quaternary, primarily within the Lesser Caucasus, NW Iran
and eastern Anatolia (Fig. 1), herewith referred to as the Caucasus-
Iran-Anatolia (CIA) volcanic province. A fundamental issue that remains
unresolved in understanding the history of this region is the initiation of
volcanism that led to the observed spatial and temporal distribution of
this vast volcanic province.

Therefore, this study aims to (1) present a comprehensive dataset of
ages and geochemical compositions of the initial phase of post-
collisional volcanic rocks exposed in the CIA province; (2) establish
the spatial and temporal distribution of the initial volcanism; (3) better
constrain the magma sources and petrogenetic processes; and (4) ex-
plore broader tectonic implications by synthesizing literature data of
other magmatic rocks from the Arabia-Eurasia collision zone.

2. Geologic background

The Arabia-Eurasia collision zone results from a Turkic-type orogeny
(Şengör et al., 2008), which is characterized by complex subduction, ac-
cretion and collision processes among a number of micro-continents.
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Fig. 1. (a) A simplified geologicmapofmagmatic rocks in the Caucasus-Iran-Anatolia (CIA) province (modified after Aghanabati, 1993). Studied rocks are collected from four zonesmarked
with age spans of the initial stage of volcanism postdating the Arabia-Eurasia collision. (b) Map of the Arabia-India-Eurasia collision zone, with principal faults (black lines) and initiation
ages of the CIA post-collisional magmatism (this study; Chiu et al., 2013; Pang et al., 2013; Pang et al., 2015). Green arrows indicate directions of the continental extrusion caused by the
northward indentation of Arabia and India (pink arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Themicro-continents, rifted fromGondwanaland and of ribbon-shaped,
started accreting to the Eurasian or Arabian margins since the Jurassic
(Şengör, 1984; Stampfli and Borel, 2002). They are exposed now as
the Cadomian basement rocks in the region (Fig. 1), best exemplified
by the Bitlis-Puturge massif, the Tauride massif and the Sanandaj–
Sirjan belt, and date from ~600 to 540 Ma (Beyarslan et al., 2016;
Shafaii Moghadam et al., 2015; Ustaömer et al., 2009). The closure of
the Neo-Tethys gave rise to the emplacement of ophiolitic mélanges
along two principal suture zones, i.e., the Bitlis-Zagros in the south
and the Erzincan-Kars in the north (Fig. 1a). Before that, the Neo-
Tethyan subduction system around the CIA volcanic province resulted
in widespread arc magmatic rocks from the Cretaceous to the
Paleogene.

Most workers believe that the final collision of Arabia with
Eurasia occurred between 35 and 20 Ma (Allen and Armstrong,
2008; McQuarrie and van Hinsbergen, 2013). The collision, or the

Image of Fig. 1
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closure of the Neo-Tethys, however, may have occurred
diachronously along the Bitlis-Zagros suture zone because of the
oblique contact between the two continents (Chiu et al., 2013;
McQuarrie and van Hinsbergen, 2013). Post-collisional igneous
rocks occur widely in the entire collision zone but, as mentioned
above, prevail in the CIA province where volcanic successions of
up to ~1 km thickness are exposed in some localities (Fig. 2).
The initiation of this voluminous post-collisional magmatism in
space and time remains controversial, with suggestions of initial
volcanic eruptions at ~11 Ma in the Erzurum-Kars plateau
(Keskin, 2003; Keskin et al., 1998), ~15 Ma in the northern Van
area (Lebedev et al., 2010), and ~11 Ma in NW Iran (Pang et al.,
2013). Most studies have instead focused on the younger and
more widespread stage of volcanism in the province that occurred
from the Pliocene to Quaternary, thus yielding various geodynamic
models responsible for the magma generation. Among these, the
two most popular models are “wholesale” delamination of the
thickened lithospheric mantle (Pearce et al., 1990) and rollback
and breakoff of the subducted Tethyan oceanic slab (Keskin,
2003; and refs. therein).

3. Rationale and samples

The CIA volcanic province has been widely investigated in various
aspects, and its general age distribution, field occurrence, and petro-
logic and geochemical characteristics have already been documented
(e.g., Ercan et al., 1990; Keskin et al., 1998; Pearce et al., 1990;
Yilmaz et al., 1987). This study focuses on some specific regions
where volcanic successions of the initial stage of post-collisional
magmatism are exposed (Figs. 1-4). A total of forty-eight samples re-
ported in this paper were recovered from four specific areas, includ-
ing one in the Arabian foreland and three from other eastern
Anatolian volcanic fields (Fig. 1a). Four simplified stratigraphic col-
umns (Fig. 2) are depicted to illustrate the pertinent volcanic succes-
sions and sampling positions, together with representative field
photos of selected outcrops (Fig. 3). Additional descriptions of the
sample localities are as follows.
Fig. 2. (a)-(d) Simplified geologic columnar sections (not to scale) of sample localities based on fi
et al., 2008; Lebedev et al., 2010; Yilmaz, 1993). Formations are shown in three parts, from lower
post-collisional volcanic sequences. This study focuses on the initial stage, in which dated sam
3.1. Arabian foreland (zone A)

The Arabian foreland located in the south of the Bitlis-Zagros suture
zone has a basement composed mainly of Precambrian rocks, overlain
with a thick pile of shallow water sedimentary formations of early Pa-
leozoic to Miocene ages (Şengör et al., 2008; and refs. therein). Intra-
plate basalts are widespread in the region, with many outcrops resting
on a Lower Miocene limestone, even though these basalts are domi-
nantly Pliocene to Quaternary in age (Lustrino et al., 2010). Among
the oldest eruptions that have been documented include the Yavuzeli
basalts, dated at ~19–16 Ma by the K\\Ar method (Figs. 1a and 2a)
(Arger et al., 2000). These basalts are typical of intraplate or OIB-type
geochemical compositions and have been studied extensively for their
petrogenesis (Arger et al., 2000; Lustrino et al., 2010; Nikogosian et al.,
2018). In this study, we collected five basaltic lava samples from the
Yavuzeli basalts (Fig. 2a), with one from the lower part (Fig. 3a) being
dated using the Ar\\Ar method.

3.2. Adamkiran-Yamadag-Inle volcanic field (SE Anatolia-west, zone SW)

Thick initial stage volcanic successions outcrop in thewestern part of
SE Anatolia (Figs. 1a and 2b), where we performed a field survey with
systematic sampling from three main volcanic fields: (1) Adamkiran
(Fig. 3b), (2) Yamadag (Fig. 3c) and (3) Inle (Fig. 3d). This region is
widely underlain by Cadomian basement rocks (Fig. 1a), covered un-
conformably with limestone or sedimentary rocks of various ages
(Figs. 2b and 3). A total of twenty-two volcanic samples, including six
basic and sixteen silicic rocks, were collected from this region. Note
that Ar\\Ar age data (~15.8 to 8.9Ma) are available for the volcanic suc-
cessions in the Yamadag area, which consist of volcaniclastic basaltic
rocks from the bottom, flows of basalt and dacite in the middle, and al-
kali basaltic flows on the top (Kürüm et al., 2008).

3.3. Aladag-Van volcanic field (SE Anatolia-east, zone SE)

Volcanic successions of the initial stage also crop out in the east-
ern part of SE Anatolia (Fig. 1a). Like those in the Aladag and Van
eld observation and literature information (Adamia et al., 2010; Keskin et al., 1998; Kürüm
to upper: underlying sedimentary formation, and the initial stage and younger stage of the
ples are marked.
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Fig. 3. Representative field photos: (a) the Yavuzeli basaltic lava flow, underlain by the Lower Miocene limestone, (b) the middle Miocene basaltic dyke in Adamkiran, intruding to the
Lower Miocene limestone, (c) a basaltic trachyandesitic flow in Yamadag, covering on the Lower Miocene sandstone, (d) a dacitic dome overlying the Triassic limestone in Inle,
(e) volcaniclastics from a dry river bed in Aladag area, and (f) a volcaniclastic fragment from the Goderdzi formation of southern Georgia.

4 Y.-C. Lin et al. / Lithos 356–357 (2020) 105394
volcanic fields (Lebedev et al., 2010; Yilmaz et al., 1987), eruptions
overlie the Lower Miocene Avilcevaz formation (Fig. 2c). The volca-
nism appears to have lasted from the Middle Miocene to Quaternary
based on K\\Ar ages (Lebedev et al., 2010). Our new and unpub-
lished data enable us to further divide the rock sequences into
two main stages, an earlier one (~17–9 Ma) and a later one
(~6–0 Ma), with a magmatic gap or quiescence time in between
(Lin, 2020, PhD thesis in prep.). This paper presents dating results
of seven volcanic samples from the earlier stage, among which an
oldest zircon U\\Pb age of 17.2 ± 0.2 Ma is obtained from Aladag
volcaniclastics (Fig. 3e).
3.4. Erzurum-Kars volcanic field (NE Anatolia, zone N)

In NE Anatolia, the Erzurum-Kars plateau overlies vast Eocene volca-
nic sequences that represent the upper part of the Cretaceous-
Paleogene igneous complex in the Pontides block-South Armenian
block (Figs. 1a and 4). This study focuses on two overlying volcanic
fields, near the Erzurum and Kars-Goderdzi areas (Fig. 4). The Erzurum
successions were divided by Keskin et al. (1998) into three volcanic
stages: (1) basal volcaniclastic rocks from 11 to 6 Ma, (2) dacitic lavas
from 6 to 5 Ma, and (3) bimodal igneous activity from 5 to 1.5 Ma.
The basal volcaniclastic rocks in the Kars area, e.g., the lower sequence
in Aras, may extend northward to Goderdzi, S. Georgia (Fig. 3f) where
K\\Ar ages of ~9–7 Ma have been documented repeatedly in regional
studies (Adamia et al., 2010; Lebedev et al., 2012). The Goderdzi basal
succession is overlain by the plateau sequence which consists of calc-
alkaline rocks from ~3.5 Ma to Recent and extends to the eastern part,
suggesting an eastward migration of volcanism. This paper reports:
(1) seven andesitic to dacitic lavas from the earlier two stages in the
Erzurum-Uzundere area and (2) seven andesitic to rhyolitic pyroclastics
from the basal succession in the Kars-Goderdzi area near the Turkish-
Georgian border.
4. Analytical methods

Twenty silicic samples were dated by the zircon U\\Pb method,
using an Agilent 7500s ICP-MS coupled with a Photon-Machines
193 nm laser ablation system at the Department of Geosciences, Na-
tional Taiwan University following the analytical procedures reported
in Chiu et al. (2013). Cathodoluminescence (CL) images were taken to
inspect the internal textures of zircon grains and to select suitable posi-
tions for in-situ U\\Pb analyses. Most zircons in this study are euhedral
with long prismatic pyramidal forms and show oscillatory zoning, indi-
catingmagmatic origins. The zircon U\\Pb results and representative CL
images are illustrated in Fig. A1, and the analytical dataset is given in
Table A1 (supplementary material #1).

Three basic samples, which did not crystallize zircons, and two silicic
samples were subjected to whole-rock Ar\\Ar dating analyses using a
Noblesse mass spectrometer and lab facilities at IGGCAS, Beijing. The
detailed instrumentation and analytical procedures have been de-
scribed in Wang et al. (2014). The Ar\\Ar results are listed in Table A2
and plateau age diagrams are given in Fig. A2 (supplementary material
#2).

Forty-eight fresh samples were selected and powdered for whole-
rock geochemical analysis. Major elements were measured on fused
glass beads using a Rigaku® RIX 2000 XRF spectrometer, with loss-on-
ignition obtained by routine procedures. Trace elements were analyzed
by the dissolution of the same glass beads using an Agilent 7500cs quad-
rupole ICP-MS. The analytical details of major and trace element analy-
ses can be found in Lin et al. (2012). The international standards results
for AGV-2, BCR-2, BHVO-2, and DNC-1, measured together with the
samples are given in Table A3–1 (supplementarymaterial #3). Fourteen
samples were selected for Sr\\Nd isotopic analyses using a Nu Plasma II
multi-collector ICP-MS. The international standards SRM987 and JNdi-1
were used for normalization. Long term mean values of the Sr and Nd
standards of the laboratory during the measurement period are
87Sr/86Sr = 0.710311 ± 32 (2σ, n = 19) and 143Nd/144Nd =

Image of Fig. 3


Fig. 4. Summary of age data of the initial stage of volcanic rocks in the CIA province, from Arabia, SE Anatolia (western and eastern parts), and NE Anatolia, with names and boundaries of
the main terranes shown. The ~11 Ma in italics represents one of the basal age obtained by Keskin et al. (1998) and Ercan et al. (1990).

5Y.-C. Lin et al. / Lithos 356–357 (2020) 105394
0.512097± 18 (2σ, n=66) (Table A3–2; supplementary material #3).
The analytical details have been described in Lee et al. (2012).

5. Results

5.1. Geochronology

Our zircon U\\Pb andwhole-rock Ar\\Ar dating results are summa-
rized together with literature data in Table 1, which are plotted in terms
of the outcrop localities in Fig. 4 and the distance from the Bitlis-Zagros
Suture in Fig. 5. The age data suggest a diachronous distribution of the
initial volcanic phase in the CIA province (see next section). Below we
briefly describe our age results from different volcanic zones (Table 1).

Zone A (~17 Ma): our Ar\\Ar age result (16.9 ± 0.4 Ma) of a basalt
sample 13TK72–2 is broadly coeval with K\\Ar ages reported by Arger
et al. (2000).

Zone Sw (16–9 Ma): we report zircon U\\Pb ages of six silicic sam-
ples, and Ar\\Ar ages of two silicic and two basic samples from this
zone, with a silicic sample (13TK05) being dated by two methods that
gave an identical age of 15.4 ± 0.2 Ma. In addition to the magmatic zir-
cons that yielded mean 206Pb/238U ages from 16.3 to 9.0 Ma (Fig. A1),
the silicic samples contain inherited zircons (18 out of 119 dated grains)
with ages varying from the Neoproterozoic (705–595Ma, n=4), Cam-
brian (453–435 Ma, n = 2), and Late Cretaceous (71 Ma, n = 2) to the
Oligo-Miocene (25–13 Ma, n = 10) (Table A1). The Ar\\Ar ages range
from 15.8 to 10.4 Ma (Fig. A2).

Zone Se (17–9 Ma): five silicic samples yielded zircon U\\Pb ages
from 17.2 to 14.3 Ma (Fig. A1). Some inherited zircons were observed
(17 out of 119 dated grains) from the northern Aladag volcaniclastics,
with ages ranging from theNeoproterozoic (886–606Ma, n=3), Paleo-
zoic (491–285 Ma, n=8), and Early Cretaceous (137Ma, n = 1) to the
Late Eocene-EarlyMiocene (39–21Ma, n=5) (Table A1). Given thatwe
failed to obtain any age result of basic rocks in this zone, an inferred age
of ~10 Ma is assumed for the basalt sample 14TK13, according to the
K\\Ar date of 9.9 ± 0.3 Ma reported for basalt from the nearby area
by Lebedev et al. (2010).

Zone N (9–5 Ma): nine silicic samples yielded zircon U\\Pb ages
from8.5 to 5.6Ma (Fig. A1). Inherited zircons (9 out of 177 dated grains)
exist only in samples from the Uzundere field, with ages from the Car-
boniferous (324 Ma, n = 1), Jurassic (182–163 Ma, n = 6), Late Creta-
ceous (95 Ma, n = 1) and Eocene (45 Ma, n = 1) (Table A1).

5.2. Geochemistry

The overall data indicate a bimodal composition of the initial volca-
nic phase in the CIA province (Fig. 6), best exemplified by Zones Sw and
Se from which both basic and silicic rocks that are well-exposed, and
were collected in this study (Table 2). In contrast, only basic rocks
exist in Zone A, and only silicic samples were recovered from Zone N
(Fig. 6). We note however that some studies have reported the associ-
ated occurrence of basic volcanic rocks in the transition zone between
Zone Se and Zone N (Ercan et al., 1990; Keskin et al., 1998) that belong
to Zone Se in this study (Fig. 4 and supplementary material #4). All the
basic samples are of basaltic compositionwith a limited SiO2 range from
45.7 to 51.4wt%, whereas the silicic samples vary from andesitic to rhy-
olitic with SiO2 ranging from 58.3 to 70.7 wt%, and showing a gap be-
tween 52 and 58 wt% SiO2 (Fig. 6). The only exception is a basaltic
andesite sample (13TK30–1, 15.8 ± 0.2 Ma) that has SiO2 = 54.7 wt%
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Table 1
Summary of age data reported for the initial phase of the post-collisional volcanic rocks from the CIA province.

Locality Sample Rock type Method Age (Ma ± 2σ) Reference

Arabia (A)
Yavuzeli 13TK72–2 Basalt Ar-Ar (gm) 16.9 ± 0.4 This study
Yavuzeli K1 Basalt K-Ar (wr) 16.5 ± 0.3 Arger et al. (2000)
Yavuzeli X Basalt K-Ar (wr) 17.1 ± 0.4 Arger et al. (2000)
Yavuzeli T Basalt K-Ar (wr) 18.6 ± 0.4* Arger et al. (2000)

SE Anatolia-west (Sw)
Yamadag 13TK30–1 Basaltic trachyandesite Ar-Ar (gm) 15.8 ± 0.2 This study
Yamadag 14TK37–1 Dacite U-Pb (zc) 11.6 ± 0.2 This study
Yamadag 14TK38 Basalt Ar-Ar (gm) 10.7 ± 0.2 This study
Yamadag 14TK41 Dacite U-Pb (zc) 9.0 ± 0.2 This study
Yamadag AV79 Dacite Ar-Ar (bi) 15.1 ± 0.1 Kürüm et al. (2008)
Yamadag AV80 Basalt Ar-Ar (gm) 15.8 ± 0.2 Kürüm et al. (2008)
Yamadag AV83 Dacite Ar-Ar (amp) 12.2 ± 0.2 Kürüm et al. (2008)
Inle 13TK05 Dacite U-Pb (zc) 15.4 ± 0.2 This study
〃 〃 〃 Ar-Ar (gm) 15.4 ± 0.2 This study
Inle 14TK45 Basalt Ar-Ar (gm) 10.4 ± 0.2 This study
Inle 14TK46 Dacite U-Pb (zc) 15.0 ± 0.2 This study
Inle 14TK51 Trachyandesite U-Pb (zc) 15.7 ± 0.2 This study
Adamkiran 14TK64 White tuff U-Pb (zc) 16.3 ± 0.2 This study
Kepez K-4 Trachybasalt Ar-Ar (wr) 14.0 ± 0.3 Ekici (2016)
Kepez K-14 Dacite Ar-Ar (wr) 15.3 ± 0.2 Ekici (2016)
Kepez K-31 Basaltic trachyandesite Ar-Ar (wr) 14.1 ± 0.2 Ekici (2016)
Kepez K-58 Basalt Ar-Ar (wr) 13.6 ± 0.2 Ekici (2016)
Orduzu OV8 Basaltic trachyandesite Ar-Ar (pl) 16.0 ± 0.1 Onal et al. (2018)
Orduzu OV20 Rhyolite Ar-Ar (pl) 16.2 ± 0.1 Onal et al. (2018)

SE Anatolia-east (Se)
Aladag 14TK14 Andesite U-Pb (zc) 14.8 ± 0.2 This study
Aladag 14TK15 Andesite U-Pb (zc) 14.3 ± 0.2 This study
Aladag 14TK16 Andesite U-Pb (zc) 17.2 ± 0.2 This study
Aladag 14TK18 Dacite U-Pb (zc) 17.2 ± 0.2 This study
Aladag 14TK20 Andesite U-Pb (zc) 17.2 ± 0.2 This study
Aladag 08–102 Basalt K-Ar (wr) 9.9 ± 0.3 Lebedev et al. (2010)
Aladag 08–113 Andesite K-Ar (wr) 14.9 ± 0.3 Lebedev et al. (2010)

NE Anatolia (N)
Erzurum 15TK54 Andesite U-Pb (zc) 5.6 ± 0.3 This study
Erzurum 15TK55 Andesite U-Pb (zc) 6.0 ± 0.3 This study
Uzundere 15TK56 Dacite U-Pb (zc) 8.5 ± 0.3 This study
Uzundere 15TK57 Dacite U-Pb (zc) 8.2 ± 0.3 This study
Kars 15TK83 Dacite U-Pb (zc) 8.0 ± 0.3 This study
Goderdzi 13GE04–5 Trachyte U-Pb (zc) 7.6 ± 0.5 This study
Goderdzi 13GE05–2 Rhyolite U-Pb (zc) 7.4 ± 0.3 This study
Goderdzi 13GE06 Dacite U-Pb (zc) 7.5 ± 0.2 This study
Goderdzi 13GE08 Trachyte U-Pb (zc) 7.5 ± 0.3 This study
Goderdzi YuG-164 trachydacite K-Ar (gm) 7.8 ± 0.2 Lebedev et al. (2012)

Transition zone between N and Sw-Se
Cat AG211 Dacite K-Ar (gm) 8.3 ± 0.1 Innocenti et al. (1982)
Cat AG204 Dacite K-Ar (gm) 7.8 ± 0.2 Innocenti et al. (1982)
Kotek MK138 Basaltic andesite K-Ar (wr) 9.9 ± 0.4 Keskin et al. (1998)
Kotek K144 Basalt K-Ar (wr) 11.1 ± 0.5 Keskin et al. (1998)
Kosedag KO1 Dacite K-Ar (wr) 11.4 ± 0.9 Ercan et al. (1990)
Karatepe KA1 Dacite K-Ar (wr) 11.2 ± 1.5 Ercan et al. (1990)
Karatepe AG5 Dacite K-Ar (bi) 13.1 ± 0.3 Innocenti et al. (1976)

NW Iran
Saray 08–64 Leucite basanite Ar-Ar (gm) 11.0 ± 0.1 Pang et al. (2013)
Saray 08–75 Leucite tephrite Ar-Ar (gm) 10.7 ± 0.2 Pang et al. (2013)
Saray 110 Phonolite U-Pb (zc) 10.6 ± 0.2 Lechmann et al. (2018)
Saray 113 Tuff U-Pb (zc) 10.7 ± 0.3 Lechmann et al. (2018)
Khoy 60 Trachydacite U-Pb (zc) 11.3 ± 0.2 Lechmann et al. (2018)
Khoy 169 Andesite U-Pb (zc) 13.6 ± 0.3 Lechmann et al. (2018)
Takab 188 Dacite U-Pb (zc) 10.6 ± 0.2 Lechmann et al. (2018)
Ghorveh PGV-2 Rhyolite Ar-Ar (gm) 10.6 ± 0.2 Azizi et al. (2014)
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from the Yamadag field in Zone Sw (Table 1). This sample and a few ba-
saltic andesites also reported from the Yamadag volcanic field (Kürüm
et al. (2008) display similar incompatible trace element patterns with
the associated basic rocks (Fig. 7) Hence, these are regarded as a more
evolved member of the basic group. All the samples studied here can
be classified as medium-K to high-K calc-alkaline suites (Fig. 6b).

Trace element characteristics are presented using rare earth element
(REE) patterns and primitive mantle-normalized incompatible element
diagrams, or spidergrams (Fig. 7). The basic rocks from Zone A (Fig. 7a)
are characterized by enrichment of light REE and slight or insignificant
depletion in high field strength elements (Nb and Ta), similar to other
OIB-type intraplate basalts from the Arabian foreland (Lustrino et al.,
2010; Pearce et al., 1990; Shaw et al., 2003). In comparison, although
the basic rocks from Zones Sw and Se have similar REE and spidergram
patterns, they are also relatively depleted in Nb and Ta (Fig. 7b and c).
All silicic rocks from Zones Sw, Se and N are characterized by significant



Fig. 5. Spatial and temporal variations observed in the CIA volcanic province. Our new data are plotted using colored symbols (refer to Fig. 6) and literature data in gray diamonds for basic
rocks and circles for silicic rocks (Arger et al., 2000; Ercan et al., 1990; Keskin et al., 1998; Kürüm et al., 2008; Lebedev et al., 2010; Lustrino et al., 2010). The rapid uplift of the Bitlis thrust
zone in 18–13 Ma is given by the apatite fission-track ages (Okay et al., 2010).

7Y.-C. Lin et al. / Lithos 356–357 (2020) 105394
depletion in high field strength elements, coupled with enrichments in
large-ion lithophile elements (Cs, Rb, Ba, K, Sr) and Pb (Fig. 7). Overall,
rocks from the latter three zones have geochemical characteristics re-
sembling those of Cretaceous to Paleogene magmatic rocks in the
peri-Arabian region, and indicate the involvement of Tethyan
subduction-metasomatized lithospheric mantle and associated crustal
processes in their petrogenesis (Dilek et al., 2010; Keskin et al., 1998;
Pearce et al., 1990).

All silicic rocks are LREE-enriched (Fig. 7), with no or moderately
negative Eu anomalies (Eu/Eu* = 0.8–1.0). They contain a generally
similar abundance range in LREE but highly variable in heavy REE.
More specifically, samples from Zone Se have the highest HREE (N10×
chondrite) and those from Zone N have the lowest (b10× chondrite),
implying that in Zone N specific minerals like garnet and/or amphibole
may have played a role in magma generation (Castillo, 2012; Keskin
et al., 1998). An exception is one rhyolite sample from Zone Sw
(14TK37–1, Fig. 7b), which has the highest SiO2 (70.7 wt%), and a U-
shape REE pattern - indicative of amphibole fractionation, and a positive
εNd value of +3.3 (Fig. 8).

The Sr\\Nd isotopic data are listed in Table A3, with calculated εNd
values versus SiO2 contents plotted in Fig. 8. In Zone A, basalt sample
(13TK-71) has a positive εNd value (+2.8) that is consistent with isoto-
pic compositions of associated (albeit younger) intraplate basalts from
nearby regions (Lustrino et al., 2010). Rocks from Zone Sw are charac-
terized by more heterogeneous isotopic compositions, with basic sam-
ples having high, positive εNd values (+5.6 to +2.9, n = 3) and silicic
samples varying from positive to negative εNd values (+3.3 of sample
14TK37–1 and − 2.2 to −4.7, n = 3). The silicic rocks from Zone Se
have exclusively negative εNd values (−3.3 and − 5.0, n = 2), in con-
trast to those from Zone N that have only positive εNd values, true for
both the Erzurum field (+1.7) or the Kars field (+3.1 to +4.1, n = 3).

6. Discussion

6.1. Diachronous initiation of the CIA volcanic province

Our new age results, combinedwith selected age data from the liter-
ature (Figs. 4 and 5), suggest a diachronous initiation of the post-
collisional volcanism in the CIA province. As depicted in Fig. 5, the volca-
nism began at ~17 Ma in both Zones Se and A, and are broadly coevally
(~16.3 Ma) in Zone Sw. Such an age distribution does not support a
southward magmatic migration from the Erzincan-Kars Suture to the
Bitlis-Zagros Suture, as suggested by some studies (Keskin, 2003;
Schleiffarth et al., 2018). Instead, the volcanism appears to have mi-
grated northward from SE Anatolia to NE Anatolia, or more specifically,
from the southern volcanic fields (Zones Sw and Se) in the Tauride
block, to the northern volcanic field (Zone N) in the Pontides block-
South Armenian block (Fig. 4). Eruptions in the north started from
~9 Ma and resulted in the second stage of initial volcanic rocks during
9–5 Ma when post-collisional volcanism in the southern province be-
came less active or dormant (Fig. 5).

6.2. Significance of the bimodal volcanic suite

The compositional bimodality identified by this study lends support
to a popular interpretation that associates the post-collisional
magmatism within the CIA province with an extensional tectonic set-
ting (Keskin, 2003; Pearce et al., 1990). Similar scenarios that involve
post-collisional extension responsible for collision zone magmatism
have been proposed not only along the Tethyan orogenic belt (Chung
et al., 2005; Jolivet and Faccenna, 2000; Şengör, 1984) but worldwide
(Li and Li, 2007; Thompson and Connolly, 1995; Zhu et al., 2012). In
the CIA province, post-collisional extension may also have facilitated
the initiation of strike-slip movement along with the Anatolian fault
system, which accounts for regional and continental extrusion
(Fig. 1b), and began in the middle Miocene (cf. Şengör et al., 2008;
and refs. therein).

Moreover, the bimodal suite indicates different origins and source
regions for the basic and silicic magmas. Under an extensional setting,
the magmatic system was driven primarily by mantle-derived melts.
To fingerprint the characteristics of the mantle sources, a Th/Yb-Nb/Yb
projection is used after Pearce (2008). Enrichment of Th relative to the
equally-incompatible element Nb forms a MORB-OIB array. However,
enrichment of Th is relatively higher than Nb in a supra-subduction
zone setting so that the associated rocks plot above the MORB-OIB
array. Basic samples from Zone A plot subparallel to the MORB-OIB
array with slightly higher Th/Yb ratios (Fig. 9b). These Th/Yb ratios, as
well as Nb/Yb ratios, are positively correlatedwith their La/Yb ratios, in-
dicating that the variation of these elements is affected by degrees of
partial melting instead of fractional crystallization and/or crustal assim-
ilation. These rocks are thus attributed to a dominant asthenospheric
and/or Arabian lithospheric mantle source with a subordinate addition
of continental crust or subduction-related components (Lustrino et al.,
2010; Pearce et al., 1990; Shaw et al., 2003). The basic rocks from

Image of Fig. 5


Fig. 6. Plots of (a) total alkalis versus silica (Le Maitre et al., 2005) and (b) SiO2 versus K2O (Peccerillo and Taylor, 1976). The sample abundance is shown by a histogram at the bottom.
Symbols of samples: diamonds for basic rocks; squares and circles for silicic rocks with negative and positive εNd values, respectively. For comparison, volcanic rocks of the younger stage
(b6.5 Ma) are plotted as black squares (Lin et al., 2020; Pearce et al., 1990).
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Zones Sw and Se both have lower Nb/Yb and higher Th/Yb ratios
(Fig. 9a), which we ascribe to an enriched Tauride lithospheric mantle
source, previously metasomatized during the Tethyan subduction-
related processes (Dilek et al., 2010; Pearce et al., 1990). All of the silicic
rocks plot well above the array except for rhyolite sample 14TK37–1
from Zone Sw (Fig. 9a). Although some silicic rocks can be derived
from fractional crystallization of coeval basic rocks, the significantly
higher Th/Yb and Nb/Yb ratios are interpreted as indicative of partial
melts from the lower part of the continental crust that was heated
from below by mantle-derived basaltic magmas.

6.3. Two crustal components in the magma genesis

The εNd vs SiO2 plot (Fig. 8) allows us to differentiate two types of
crustal components in the CIA province that could be introduced
through either crustalmelting orminor crustal assimilation (AFC), in ac-
cord with the Pb\\O isotopic variations in Keskin et al. (2006). The first
crustal component is derived from a juvenile crust, such as the silicic
rocks from Zone N, and rhyolite sample 14TK37–1, all with positive
εNd values. The second component is an older crust component, with
lower, negative εNd values, such as the silicic rocks from Zones Sw
and Se in the southern province. We note that a similar isotopic distinc-
tion is also recorded in earlier arc magmas from the respective geologic
units, as illustrated by those of the late Cretaceous Elazig arc (Lin et al.,
2019) from the Tauride block and the Paleogene Armenian arc (Lin
et al., 2020) from the South Armenian block (Fig. 8).

It is beyond the scope of this paper to cast detailed discussion on
how to form these two crustal components, which we relate simply to
regional geologic history. The juvenile crust may have resulted mostly
from recurrent underplating of basaltic magmas owing to complex sub-
duction, accretion and collision processes that formed the Turkic-type
orogen here (Şengör et al., 2008), and other accretionary orogens else-
where (Cawood et al., 2009). Relative to this juvenile crust that prevails
in the northern province, the older crust in the south is correlated to the
Cadomian basements (Fig. 1a) and associated micro-continents or con-
tinental ribbons (Şengör, 1984). The presence of Cadomian rocks, which
have negative present-day εNd values of −5 to −10 (Beyarslan et al.,
2016; Shafaii Moghadam et al., 2015; Ustaömer et al., 2009), supports
the argument that the eastern Anatolian plateau is underlain by a conti-
nental basement (Topuz et al., 2017), rather than a young accretionary

Image of Fig. 6


Table 2
Whole-rock major and trace elements, and Sr\\Nd isotopic data.

A (basic) Sw (basic) Sw (silicic)

Area Yavuzeli Inle Adamkiran Yamadag Inle Adamkiran

Sample no. 13TK71 13TK72–1 13TK72–2 13TK73 13TK74 14TK45 14TK68 13TK30–1 14TK34 14TK36 14TK38 13TK05 14TK46 14TK47 14TK48 14TK49 14TK50 14TK51 14TK52 14TK53 14TK54 14TK63 14TK65–1 14TK66
Latitude (N) 37.4104 37.3986 37.3986 37.3576 37.2671 39.0118 38.7181 39.0316 39.0137 39.0137 39.1948 38.8407 38.9826 38.9826 38.9921 38.9921 38.9921 39.0351 39.0351 39.0351 38.9641 38.3458 38.3454 38.3577
Longitude
(E)

37.6176 37.5727 37.5727 37.5425 37.5481 38.9334 37.3096 38.4732 38.4856 38.4856 38.2110 39.2519 38.9969 38.9969 39.0439 39.0439 39.0439 39.0465 39.0465 39.0465 39.1976 37.6716 37.6551 37.6119

Age (Ma) 16.9
± 0.4

10.4
± 0.2

15.8
± 0.2

10.7
± 0.2

15.4
± 0.2

15.0
± 0.2

15.7
± 0.2

16.3
± 0.2⁎

Major element (wt%)
SiO2 51.17 51.34 50.07 51.37 51.12 47.76 49.11 54.65 49.90 49.47 49.25 64.54 65.57 60.23 63.20 66.58 65.13 61.05 61.78 62.23 58.25 62.62 62.39 65.20
TiO2 1.37 1.58 1.86 1.70 1.76 1.89 1.54 1.62 1.34 1.70 2.01 0.59 0.55 0.83 0.62 0.38 0.42 0.70 0.69 0.69 0.92 0.72 0.81 0.62
Al2O3 13.96 14.19 13.86 14.88 14.10 14.21 14.91 18.25 16.53 15.78 14.87 17.45 16.12 16.94 17.21 15.96 17.53 16.16 16.45 16.41 16.83 16.17 16.15 15.68
tFe2O3 10.81 12.01 12.07 11.82 11.58 11.56 12.25 8.30 9.86 10.10 11.67 3.10 3.39 4.91 3.94 2.37 2.77 4.29 4.28 4.29 5.44 4.34 4.82 3.77
MnO 0.14 0.15 0.14 0.11 0.14 0.15 0.14 0.11 0.15 0.14 0.14 0.04 0.04 0.04 0.06 0.02 0.05 0.07 0.07 0.07 0.06 0.03 0.06 0.05
MgO 6.58 7.69 6.81 5.57 7.35 9.65 8.68 2.58 6.98 6.71 7.52 1.08 1.65 1.26 1.96 0.55 1.55 2.68 2.72 2.71 2.97 1.67 2.84 2.43
CaO 9.61 7.99 8.82 7.86 8.28 9.22 8.56 6.90 8.49 9.26 8.52 3.57 3.63 4.55 4.33 3.26 3.75 4.73 4.71 4.62 5.94 4.50 4.95 3.64
Na2O 3.38 3.09 3.18 3.19 3.16 2.85 2.75 4.49 3.57 3.26 3.49 4.26 4.33 4.35 4.15 4.20 4.38 4.19 4.33 4.26 4.23 4.08 3.93 3.10
K2O 0.64 0.92 1.14 0.65 0.91 1.15 0.70 1.31 0.87 1.06 1.14 2.72 3.07 2.72 2.45 2.96 2.16 2.83 2.80 2.86 2.56 2.39 2.26 3.49
P2O5 0.16 0.22 0.28 0.20 0.23 0.26 0.21 0.30 0.23 0.38 0.34 0.24 0.19 0.25 0.19 0.13 0.11 0.33 0.33 0.34 0.41 0.17 0.17 0.16
LOI 2.11 0.53 1.45 1.88 0.86 1.03 1.32 0.90 1.89 1.44 0.20 1.52 0.61 1.27 1.72 1.57 1.41 1.18 1.08 1.42 1.87 2.13 1.25 1.91
Total 99.93 99.70 99.69 99.22 99.50 99.72 100.17 99.41 99.81 99.29 99.15 99.10 99.14 97.35 99.83 97.97 99.27 98.21 99.23 99.89 99.47 98.84 99.62 100.05
Trace element (ppm)
Sc 26.9 16.0 26.5 30.5 28.4 10.6 15.8 16.1 18.2 15.3 10.1 16.9 1.7 6.3 2.8 1.0 1.2 2.9 4.1 2.8 11.8 7.6 7.1 6.7
V 141 157 156 150 155 189 153 153 156 195 193 37.8 55.1 79.3 65.3 49.0 34.5 75.6 69.4 79.2 99.6 69.5 86.5 55.4
Cr 246 277 255 234 232 340 314 22 144 307 301 12 36 32 18 46 61 48 48 41 111 46 83 94
Co 44.5 46.9 48.4 34.7 47.5 49.2 50.5 20.7 37.0 38.4 43.0 6.0 8.4 11.9 7.9 6.7 7.8 12.2 11.6 12.1 15.7 7.6 13.8 10.8
Ni 242 226 213 184 220 175 203 21.0 85.8 176 158 8.60 22.9 23.6 11.2 25.5 31.5 29.5 27.0 27.0 75.1 22.6 43.2 41.9
Cu 62.9 69.3 70.7 79.2 70.8 47.2 59.4 40.0 38.1 58.2 58.8 8.17 11.3 19.5 8.71 28.5 72.0 24.7 34.7 17.7 13.3 23.7 26.1 15.7
Zn 117 95.7 108 144 87.6 96.8 129 79.8 67.2 72.2 118 54.8 35.2 203 102 61.8 56.1 128 134 54.1 67.9 – – 47.3
Ga 20.5 20.7 21.2 21.0 20.6 21.0 20.2 19.6 18.0 19.2 22.5 19.9 20.4 22.0 21.7 22.0 28.0 22.5 23.1 21.6 22.0 19.1 18.6 18.8
Rb 17.7 30.6 24.3 7.94 27.1 29.4 15.4 35.6 28.2 23.9 19.4 107 141 111 127 139 40.2 115 108 113 94.7 109 74.1 86.0
Sr 267 263 324 276 305 393 307 398 313 463 472 415 471 515 465 351 391 653 626 637 749 283 264 253
Y 19.6 21.5 21.8 21.8 21.6 19.5 18.6 25.7 24.0 27.4 21.1 9.6 12.6 17.7 15.8 12.7 9.6 16.5 16.3 17.1 16.8 14.1 14.2 14.2
Zr 78.0 105 133 104 114 131 100 172 141 178 154 165 180 218 162 154 166 216 208 219 215 152 153 173
Nb 8.2 11.8 18.7 12.3 15.8 14.7 10.0 12.0 7.8 19.3 17.9 9.8 15.7 17.7 10.9 10.5 10.5 27.4 26.1 27.7 31.1 8.3 8.2 8.8
Cs 0.71 1.16 0.74 0.21 0.79 1.24 2.34 1.18 2.47 0.91 0.36 4.99 12.2 5.03 8.50 8.70 0.46 6.22 6.34 6.52 4.28 5.99 4.80 8.06
Ba 680 157 244 156 172 167 131 199 142 274 249 501 650 594 578 498 555 759 723 748 698 323 293 344
La 7.20 11.2 15.8 10.9 12.4 12.6 11.1 18.0 13.9 29.7 16.2 26.6 36.2 38.5 30.0 32.5 26.5 46.3 45.9 50.2 52.4 21.6 18.2 21.5
Ce 15.7 23.8 32.9 20.4 26.8 27.3 24.0 35.3 29.0 50.9 32.4 49.6 62.3 66.3 54.6 48.4 44.6 81.7 80.5 87.8 91.8 41.0 38.9 43.8
Pr 2.06 3.14 4.03 2.99 3.31 3.46 3.02 4.22 3.38 6.49 4.21 5.45 6.30 7.19 5.90 6.31 4.95 8.50 8.37 8.99 9.54 4.62 4.24 4.79
Nd 9.47 13.1 17.6 13.3 14.6 15.1 13.4 17.6 14.5 26.9 18.6 20.5 21.7 25.8 21.8 22.7 17.6 29.7 29.4 31.2 33.6 17.5 16.5 18.2
Sm 2.80 3.55 4.38 3.65 3.84 3.74 3.38 4.13 3.44 5.54 4.40 3.83 3.60 4.64 3.98 3.97 3.10 4.89 4.79 5.04 5.43 3.48 3.39 3.59
Eu 1.08 1.22 1.45 1.30 1.31 1.29 1.16 1.36 1.14 1.68 1.49 1.03 0.95 1.23 1.02 0.93 0.84 1.27 1.22 1.28 1.42 0.93 0.92 0.91
Gd 3.49 3.98 4.70 4.23 4.30 4.01 3.77 4.47 3.89 5.49 4.64 2.86 2.77 3.70 3.26 3.06 2.32 3.68 3.63 3.81 4.09 3.07 3.21 3.08
Tb 0.58 0.66 0.74 0.69 0.68 0.62 0.59 0.72 0.65 0.83 0.71 0.40 0.40 0.56 0.49 0.44 0.34 0.53 0.53 0.55 0.58 0.46 0.48 0.46
Dy 3.51 3.94 4.18 4.08 4.04 3.62 3.51 4.42 3.98 4.75 4.01 1.98 2.16 3.10 2.72 2.28 1.76 2.87 2.85 2.98 3.02 2.58 2.92 2.68
Ho 0.70 0.78 0.79 0.77 0.76 0.69 0.67 0.92 0.84 0.94 0.74 0.34 0.41 0.60 0.52 0.42 0.33 0.55 0.54 0.57 0.57 0.49 0.56 0.51
Er 1.85 1.98 2.05 2.08 2.04 1.82 1.85 2.63 2.43 2.58 1.95 0.83 1.18 1.69 1.45 1.13 0.89 1.52 1.51 1.57 1.54 1.38 1.58 1.47
Tm 0.25 0.27 0.27 0.28 0.28 0.25 0.25 0.39 0.37 0.36 0.27 0.11 0.18 0.25 0.21 0.16 0.12 0.23 0.22 0.24 0.21 0.20 0.23 0.21
Yb 1.53 1.68 1.60 1.69 1.66 1.50 1.55 2.50 2.30 2.18 1.55 0.64 1.09 1.53 1.34 1.00 0.77 1.43 1.41 1.49 1.34 1.24 1.44 1.36
Lu 0.22 0.25 0.22 0.23 0.24 0.22 0.23 0.37 0.35 0.33 0.22 0.10 0.17 0.23 0.20 0.14 0.12 0.22 0.22 0.22 0.20 0.19 0.22 0.20
Hf 2.18 2.73 3.36 2.78 2.98 3.02 2.42 3.94 3.00 3.82 3.43 4.18 4.24 4.83 4.07 3.73 3.98 4.89 4.65 4.94 4.72 3.62 3.63 4.09
Ta 0.56 0.89 1.14 0.75 0.96 0.92 0.57 0.74 0.50 1.04 1.05 0.71 1.15 1.16 0.80 0.87 0.92 1.69 1.63 1.72 1.66 0.70 0.67 0.78
Pb 2.17 2.52 2.60 3.44 2.62 6.49 2.77 6.33 3.63 4.90 3.47 15.0 19.7 28.3 33.6 25.0 22.7 25.0 18.9 18.3 18.7 27.4 14.1 19.6
Th 1.54 2.02 2.61 2.45 2.65 1.95 1.92 4.14 2.95 4.70 1.93 11.0 16.6 14.7 12.0 14.7 15.8 16.4 16.0 17.4 17.0 10.0 3.99 8.94
U 0.74 0.74 0.66 0.46 0.71 0.90 0.56 1.28 0.88 1.29 0.63 3.41 5.40 4.49 4.11 4.51 2.92 4.66 4.37 4.68 3.62 3.42 3.03 3.71
87Sr/86Sr 0.705708 0.704478 0.704408 0.703708 0.707966 0.706980 0.706403
143Nd/144Nd 0.512782 0.512786 0.512804 0.512923 0.512377 0.512444 0.512504
εNd +2.8 +2.9 +3.2 +5.6 −4.7 −3.4 −2.2



Se (basic) Se (silicic)

Area Yamadag Aladag Aladag Erzurum Uzundere Kars Goderdzi

Sample no. 14TK67 14TK41 14TK37–1 14TK13 14TK14 14TK15 14TK16 14TK17–3 14TK18 14TK20 15TK49 15TK51 15TK52 15TK54 15TK55 15TK56 15TK57 15TK83 13GE04–5 13GE05–2 13GE06 13GE07 13GE08 13GE09–2
Latitude (N) 38.7201 39.2231 39.0326 39.1528 39.1442 39.1344 39.3602 39.3602 39.3602 39.3602 40.0884 40.1412 40.1349 40.1571 40.1571 40.5139 40.5070 41.1837 41.4790 41.3784 41.3811 41.3810 41.3577 41.3625
Longitude
(E)

37.3482 38.2704 38.3270 43.5855 43.5707 43.5518 43.5419 43.5419 43.5419 43.5419 41.4282 41.3962 41.3749 41.3643 41.3643 41.5251 41.5145 42.5836 43.2851 43.2832 43.2822 43.2870 43.2529 43.2796

Age (Ma) 9.0
± 0.2

11.6
± 0.2

14.8
± 0.2

14.3
± 0.2

17.2
± 0.2

17.2
± 0.2

17.2
± 0.2

5.6
± 0.3

6.0
± 0.3

8.5
± 0.3

8.2
± 0.3

8.0
± 0.3

7.6 ± 0.5 7.4 ± 0.3 7.5
± 0.2

7.5
± 0.3

Major element (wt%)
SiO2 58.88 68.13 70.69 45.72 62.72 60.05 61.96 61.92 64.96 61.39 58.38 59.87 64.27 61.93 62.91 69.99 70.18 66.50 65.08 70.53 64.22 59.19 63.43 68.07
TiO2 0.88 0.34 0.23 1.51 0.61 0.70 0.69 0.73 0.61 0.62 0.88 0.83 0.60 0.82 0.70 0.29 0.28 0.53 0.56 0.29 0.46 0.82 0.72 0.41
Al2O3 17.28 15.87 15.30 13.98 16.97 15.96 16.08 16.03 16.08 15.97 16.82 16.77 15.88 16.40 16.92 15.95 15.90 16.20 16.24 15.30 16.48 16.04 16.26 15.91
tFe2O3 6.21 2.25 1.64 10.20 4.74 6.24 5.28 5.86 4.92 4.39 5.49 5.62 3.88 4.95 4.46 1.45 1.49 3.29 3.00 1.47 2.87 5.13 3.93 2.48
MnO 0.12 0.05 0.05 0.15 0.05 0.09 0.06 0.06 0.04 0.08 0.09 0.08 0.06 0.05 0.07 0.02 0.03 0.06 0.04 0.04 0.02 0.08 0.12 0.04
MgO 3.85 0.84 0.57 9.97 1.73 2.83 2.34 1.85 1.14 1.90 3.54 2.47 2.27 1.82 2.46 0.48 0.82 1.46 1.18 0.42 0.85 3.10 1.10 0.66
CaO 5.83 3.21 2.97 13.72 4.04 5.79 4.01 4.18 3.55 4.62 6.91 6.36 4.52 4.54 3.82 2.67 3.21 3.61 3.40 1.75 3.26 5.20 3.19 3.22
Na2O 3.61 4.26 3.84 2.85 2.99 2.88 2.85 3.01 3.13 3.13 3.92 4.19 3.70 3.79 3.51 3.75 3.83 4.19 4.43 4.75 3.88 3.59 4.78 4.10
K2O 2.30 1.98 2.01 1.03 2.39 2.59 3.33 3.34 3.72 2.03 1.83 2.02 3.07 2.48 2.50 2.75 2.60 2.57 3.33 3.62 2.90 3.11 3.57 2.97
P2O5 0.32 0.15 0.10 0.43 0.17 0.15 0.19 0.20 0.16 0.16 0.30 0.28 0.24 0.28 0.25 0.09 0.09 0.16 0.32 0.12 0.20 0.39 0.32 0.17
LOI 0.48 1.82 1.33 0.53 2.35 1.84 4.00 1.35 1.48 3.38 1.08 0.81 1.48 1.48 2.22 1.25 1.63 1.35 2.08 1.34 3.88 2.50 0.96 1.49
Total 99.76 98.88 98.70 100.08 98.75 99.14 100.78 98.52 99.81 97.67 99.22 99.30 99.97 98.53 99.82 98.69 100.05 99.92 99.65 99.62 99.00 99.13 98.39 99.50
Trace element (ppm)
Sc 9.6 – 6.7 24.8 22.5 21.1 7.0 7.4 14.4 5.5 21.3 20.0 15.9 21.6 17.7 8.8 14.7 4.0 12.6 – 13.8 6.0 4.4 19.4
V 98.2 23.2 15.1 195 111 145 111 180 148 89.8 103 92 65.5 67.0 46.5 21.9 22.6 35.1 57.7 17.7 44.4 98.4 58.7 42.9
Cr 58 9 12 263 43 57 14 10 13 13 91 65 93 43 80 18 58 51 29 13 23 63 7.0 13
Co 18.7 3.7 2.9 45.3 11.1 16.2 10.8 11.1 8.6 8.7 18.4 17.0 11.1 12.0 13.6 3.6 4.4 8.6 7.0 2.7 6.0 15.1 9.5 5.4
Ni 40.6 5.01 7.05 193 22.1 23.8 5.90 4.75 5.58 4.36 57.9 46.6 46.3 31.0 59.6 8.3 32.0 21.2 22.7 9.25 16.5 50.7 10.8 9.67
Cu 19.7 16.5 13.2 105 14.2 33.0 15.8 7.2 15.2 15.8 34.2 23.8 32.8 26.0 29.3 12.8 12.1 28.4 15.5 6.95 31.4 12.5 13.2 26.0
Zn 39.8 43.7 37.0 74.7 116 63.5 83.1 58.0 53.6 80.9 65.6 69.1 119 66.6 68.7 46.4 45.9 49.4 89.5 39.1 38.4 69.7 63.2 109
Ga 19.5 18.6 15.2 16.7 17.9 17.8 19.4 19.2 19.7 20.4 14.3 15.7 19.0 14.4 16.1 20.3 17.8 24.2 17.9 17.6 18.5 18.2 18.5 18.6
Rb 38.5 64.0 61.7 24.1 89.2 93.3 124 129 154 152 38.9 52.0 70.6 68.3 58.0 111 107 71.6 93.0 122 91.4 73.4 97.6 109
Sr 342 299 263 718 345 443 391 508 328 345 621 504 431 442 346 352 382 381 665 382 653 759 666 545
Y 21.7 11.0 6.9 21.4 35.5 29.7 22.5 22.4 23.0 23.8 16.5 15.5 11.4 15.0 13.9 4.2 4.3 12.3 11.5 10.8 9.4 16.6 17.4 6.0
Zr 209 203 122 118 157 136 185 187 178 179 148 165 168 176 181 105 105 159 204 165 168 191 254 147
Nb 22.4 10.4 8.8 13.5 14.3 13.0 25.3 25.0 26.4 19.1 12.2 11.6 11.0 14.6 12.6 4.9 4.8 13.1 15.6 20.0 14.2 16.1 20.2 9.8
Cs 3.87 1.52 2.13 1.22 4.62 3.82 8.04 4.45 5.47 8.97 1.27 1.39 3.50 1.57 0.97 6.32 6.58 1.93 2.85 4.48 3.86 2.26 1.56 4.13
Ba 470 436 615 387 639 602 798 850 659 687 425 413 491 510 531 487 473 574 918 817 738 755 1028 837
La 32.6 26.6 12.6 32.1 33.0 33.8 46.2 65.8 31.4 38.3 30.2 29.5 31.1 42.1 36.5 21.4 19.3 22.2 37.8 35.1 34.7 39.7 44.3 32.5
Ce 62.4 47.5 31.2 62.8 60.9 51.0 83.6 104 61.7 70.9 52.6 52.3 53.6 60.4 56.4 33.8 30.7 38.8 66.2 61.0 57.9 71.1 81.0 53.3
Pr 6.43 4.95 2.68 7.20 6.72 6.34 8.93 11.4 6.92 7.52 5.81 5.57 5.46 7.71 6.62 3.18 2.91 4.15 6.91 6.17 5.90 7.76 8.59 5.38
Nd 24.0 17.3 9.83 28.4 26.5 24.1 32.0 39.2 25.9 27.2 21.7 20.1 19.1 27.0 23.0 10.4 9.51 14.5 23.1 19.0 19.1 26.9 29.1 17.7
Sm 4.62 2.95 1.76 5.20 5.33 4.58 5.67 6.37 4.82 5.02 3.97 3.64 3.24 4.54 3.96 1.67 1.56 2.62 3.53 2.93 2.87 4.50 4.64 2.71
Eu 1.23 0.83 0.52 1.59 1.50 1.16 1.36 1.49 1.14 1.16 1.17 1.09 0.90 1.20 0.96 0.53 0.52 0.80 0.99 0.71 0.83 1.21 1.24 0.78
Gd 4.29 2.35 1.54 4.67 5.95 4.54 4.46 4.99 4.08 4.40 3.49 3.20 2.88 3.66 3.22 1.21 1.14 2.27 3.05 2.56 2.39 3.96 3.95 2.26
Tb 0.68 0.35 0.24 0.70 0.94 0.71 0.69 0.74 0.63 0.69 0.51 0.48 0.37 0.53 0.46 0.16 0.16 0.35 0.35 0.31 0.29 0.50 0.52 0.24
Dy 4.04 1.85 1.38 4.01 5.70 4.27 3.90 4.06 3.67 3.98 2.92 2.73 2.01 2.84 2.52 0.78 0.77 2.04 2.00 1.77 1.55 2.80 2.95 1.11
Ho 0.80 0.34 0.27 0.75 1.19 0.90 0.78 0.79 0.74 0.80 0.56 0.54 0.38 0.53 0.47 0.13 0.14 0.40 0.39 0.36 0.31 0.58 0.61 0.20
Er 2.33 0.96 0.73 2.10 3.40 2.65 2.26 2.23 2.16 2.32 1.59 1.49 1.05 1.41 1.31 0.37 0.36 1.19 1.09 0.99 0.87 1.57 1.69 0.52
Tm 0.35 0.14 0.12 0.29 0.52 0.40 0.35 0.34 0.34 0.35 0.23 0.22 0.15 0.20 0.19 0.05 0.05 0.18 0.16 0.15 0.13 0.23 0.26 0.07
Yb 2.22 0.89 0.75 1.78 3.29 2.49 2.29 2.18 2.24 2.27 1.41 1.40 0.96 1.22 1.19 0.33 0.34 1.25 1.06 1.04 0.87 1.51 1.76 0.45
Lu 0.34 0.14 0.12 0.27 0.50 0.39 0.36 0.33 0.34 0.35 0.21 0.21 0.15 0.17 0.17 0.05 0.05 0.22 0.16 0.16 0.14 0.23 0.28 0.07
Hf 4.57 4.49 2.99 2.68 4.03 3.60 4.64 4.77 4.57 4.56 3.44 3.78 3.89 4.11 4.25 2.69 2.69 3.76 4.42 3.92 3.75 4.09 5.38 3.49
Ta 1.37 0.83 0.80 0.70 1.12 1.04 2.00 1.95 2.14 1.52 0.66 0.66 0.66 0.83 0.78 0.38 0.36 0.89 0.93 1.19 0.86 0.85 1.17 0.75
Pb 13.5 11.5 16.1 6.97 14.5 13.3 15.3 15.8 15.5 16.2 10.0 10.6 16.4 14.5 14.8 18.0 18.2 12.6 15.5 18.0 14.1 11.4 14.6 14.6
Th 8.03 8.33 1.69 6.01 13.8 13.1 19.3 24.0 16.7 15.7 5.80 6.48 8.98 8.82 9.71 8.77 8.15 9.93 10.7 11.9 10.0 8.46 11.1 9.09
U 3.56 2.53 3.27 1.43 3.94 4.51 4.46 6.11 4.97 5.25 1.54 1.46 2.33 2.26 2.28 2.55 2.24 2.93 2.69 2.97 2.17 2.10 2.74 2.31
87Sr/86Sr 0.705401 0.706181 0.707600 0.704729 0.704316
143Nd/144Nd 0.512807 0.512467 0.512381 0.512717 0.512840 0.512798 0.512808
εNd +3.3 −3.3 −5.0 +1.7 +4.1 +3.1 +3.3

⁎ Age of 14TK63 is adoped from 14TK64, a tuff collected from the same outcrop.



Fig. 7. REE and primitive mantle normalized incompatible element diagrams. OIB-type basaltic rocks from Karacadag (Pearce et al., 1990) and Jordan (Shaw et al., 2003) in the Arabian
foreland are plotted for comparison. The OIB and normalizing values are from Sun and McDonough (1989).

11Y.-C. Lin et al. / Lithos 356–357 (2020) 105394

Image of Fig. 7


Fig. 8. Correlation diagram of Nd isotopic ratios and SiO2 contents. The arrows show the fractional crystallization trends with or without crustal assimilation (AFC or FC). Data sources for
samples of the younger stage are the same as Fig. 6. Data of the Armenian arc and the Elazig arc (final stage only) are from Lin et al. (2020) and Lin et al. (2019), respectively.
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complex (Keskin, 2003; Şengör et al., 2008). This argument is further
supported by our inherited zircon data described above, and available
detrital zircon ages (cf. Topuz et al., 2017), both pointing to
Neoproterozoic to early Paleozoic crustal sources.

6.4. Migrating magmatism in the CIA province and beyond

In Fig. 10, we depict the post-collisional magmatic migration that is
observed both in the initial stage and a subsequent, younger stage,
within and beyond the CIA province. Note that, in contrast to the bi-
modal volcanic suite in the initial stage, a broad spectrum of calc-
alkaline and subordinate alkaline rocks from mafic to felsic lithologies
occur in the younger stage (see the age and geochemical dataset com-
piled in supplementary material #4). Below we give a summary of the
magmatic evolution:
Fig. 9. Correlation diagram of Nb/Yb versus Th/Yb (Pearce, 2008). The red arrows highlight
compositions above the MORB-OIB array. Symbols are the same as Fig. 6. The average E-MO
upper crust (UC) and total continental crust (CC) are from Rudnick and Gao (2014). The O
(2010). (For interpretation of the references to colour in this figure legend, the reader is referr
6.4.1. Initiation stage I (southern province)
The bimodal eruptions started at ~17 Ma in the Arabian foreland

(Zone A) and the Yamadag and Van fields (Zones Sw and Se, respec-
tively), SE Anatolia (Fig. 10a). These were followed by small eruptions
at ~11 Ma, forming the Kotek basalts and Kosedag dacites around the
Erzurican-Kars Suture and ultrapotassic rocks in Saray, NW Iran. This
stage of initial volcanism, lastinguntil ~ 9Ma,was confined to the south-
ern province.

6.4.2. Initiation stage II (northern province)
The initial volcanism thenmigrated northward to form the Erzurum

and Kars fields (Zone N) in NE Anatolia. This stage was active during
~9–5 Ma and was dominated by silicic eruptions (Fig. 10b). Neverthe-
less, as mentioned above, subordinate amounts of basic eruptions did
occur in the northern province.
the crustal input through the subduction zone (SZ) process or AFC in causing a shift to
RB and OIB values are from Sun and McDonough (1989); The average lower crust (LC),
IB-type basalts of Jordan and Karacadag are from Shaw et al. (2003) and Lustrino et al.
ed to the web version of this article.)

Image of Fig. 8
Image of Fig. 9


Fig. 10. (a)–(d) Time-slice maps showing the distribution and magma types of the post-collisional volcanism in and around the CIA province. Histograms of sample abundance as a
function of silica contents are shown on the right-hand side. Active volcanic fields are filled in colors, while those in gray are either inactive or of age-unknown.
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Fig. 11. Lithospheric cross-sections showing the CIA magmatic evolution: (a) the initial
stage from Karacadag to Kars in the west, and (b) the younger stage from Karacadag to
Lesser Caucasus in the east, considering the eastward migration since ~2 Ma.
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6.4.3. A younger and extensive stage
From ~6.5 Ma, the volcanism became more extensive and formed

widespread volcanic rocks in the CIA province, including the main ba-
saltic flows from Mt. Karacadag and adakitic ignimbrites from Mt.
Sahand, NW Iran (Fig. 10c).Whereas eruptions in the northern province
appear to be a continuation of initial stage II, characterized by bimodal
volcanism with dominantly of basaltic lavas (Keskin et al., 2006),
those in the southern province occurred as a renewal phase after amag-
matic gap of ~3 m.y. (Fig. 5). This renewal is characterized by composi-
tional heterogeneities (Figs. 6), and by positive εNd values in all rock
types (Fig. 8).We attribute this dramatic change,which occurredwithin
~3 my, to “wholesale” delamination of the thickened lithospheric man-
tle (see next section).

6.4.4. East- and southeastward migration
Subsequent volcanic migration took place at ~2 Ma (Fig. 10d),

marked by an eastward migration of erupting centers first reported
by Innocenti et al. (1976). At this time, the volcanic activity in the
west became extinct. Meanwhile, bimodal magmatism started in NW
Iran (Fig. 10d), forming a suite of basaltic and adakitic rocks in and
south of two gigantic volcanoes Mts. Sahand and Sabalan (Lechmann
et al., 2018; Pang, KN et al., unpubl. data). This nascent volcanic activ-
ity then propagated southeastward along the Urumieh-Dokhtar mag-
matic belt (Fig. 1b), to the Quaternary (~0.1 Ma) high-Mg
ultrapotassic volcanic rocks found in SE Iran (Pang et al., 2015). The
propagating onset of post-collisional magmatism in the region is con-
sistent with the notion of an oblique continental collision between
Arabia and Eurasia.

6.5. Geodynamic and broader implications

The post-collisional magmatic evolution in the CIA province is con-
trolled mainly by twomajor geodynamic processes (Fig. 11). To account
for the northward initiation of bimodal magmatism (~17–5 Ma), we
adopt the “double slab breakoff”model by Skobeltsyn et al. (2014) and
argue that two successive breakoff events took place at ~17 Ma in the
south and ~9 Ma in the north (Fig. 11a). Such slab detachments would
allow the hotter convective asthenosphere to rise and partially melt
(Van de Zedde andWortel, 2001), and cause furthermelting in the over-
lying lithospheric mantle, giving rise to the basic magmas in the peri-
Arabia zone. The basic magmas, in turn, would have partially
underplated, and heated the lower part of the continental crust, thus
forming crustal melts. We note that an early slab breakoff at ~17 Ma
along the Bitlis-Zagros Suture is supported by apatite fission-track age
data that suggest rapid exhumation in the Bitlis thrust zone between 18
and 13 Ma (Okay et al., 2010; see Fig. 5). Although no direct uplift ev-
idence exists to constrain the late slab breakoff, the occurrence of late
Miocene-early Pliocene erosion surface in Eastern Anatolia (ErinÇ,
1953) and the increase in exhumation rate in the Lesser Caucasus
from ~5 Ma (Chen et al., 2013) are consistent with multi-phased up-
lift in the CIA province and a later uplift in the north at that time.

In the younger stage (b6.5 Ma), the more extensive and heteroge-
neous volcanism is best explained by “wholesale” lithospheric delami-
nation in the southern province, i.e., removal of the lower part of the
thickened Tauride block (Fig. 11b). This root removal would intensify
mantle and crustal melting (Pearce et al. (1990), and also enhance the
extensional stress that led to regional lithospheric thinning. Conse-
quently, in contrast to the occurrence of adakitic rocks (i.e., those with
low HREE from Zones Sw and N; Fig. 7) observed in the initial stage
and illustrative of melting and/or the presence of a thick crust; younger
stage adakitic rocks are absent (see supplementary material #4) and
thus indicate decreasing crustal thickness. This argument is consistent
with the current Moho depth of 34–46 km associated with a relatively
thinner lithosphere in the southern province, estimated from seismic
tomographic results (Angus et al., 2006; Tezel et al., 2013). A smaller
scale, or “diffused” mode of delamination of a relatively thicker litho-
sphere (Fig. 11b) may have been operating beneath the northern prov-
ince, i.e., the South Armenian block as suggested by Neill et al. (2015),
accounting for the younger stage of magmatism in the northern
province.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105394.
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