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Abstract A paleomagnetic study of Cretaceous arc type
rocks in the Central-Eastern Pontides and in the South-
eastern Taurides investigates the tectonic and paleolatitu-
dinal evolution of three volcanic belts in Anatolia, namely
the Northern and Southern Volcanic Belts in the Pontides
and the SE Taurides volcanic belt. The paleomagnetic data
indicate that magnetizations were acquired prior to fold-
ing at most sampling localities/sites, except for those in
the Erzincan area in the Eastern Pontides. The Southern
Volcanic Belt was magnetized at a paleolatitude between
23.8"72°N and 20.2*|7°N. Hisarh (J Geodyn 52:114-128,
2011) reported a more northerly paleolatitude (26.6:51%
°N) for the Northern Volcanic Belt. The comparison of the
new paleomagnetic results with previous ones in Anatolia
allows to conclude that the Southern Volcanic Belt in the
Central-Eastern Pontides was emplaced after the Northern
Volcanic Belt as a result of slab-roll back of the Northern
Neotethys ocean in the Late Cretaceous. In the Southeast
Taurides, Upper Cretaceous arc-related sandstones were
at a paleolatitude of 16.8*}2. The Late Cretaceous paleo-
magnetic rotations in the Central Pontides exhibit a coun-
terclockwise rotation of R + AR = —37.1° + 5.8° (Group 1;
Cankuri, Yaylacay: Formation) while Maastrichtian arc type
rocks in the Yozgat area (Group 2) show clockwise rota-
tions R+AR=33.7°+8.4° and R+AR=29.3°+6.0°. In
the SE Taurides counterclockwise and clockwise rotations
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of R+ AR=—-48.6°+52° and R+ AR =+34.1°+15.1°
are obtained (Group 4; Elazi§ Magmatic Complex). The
Late Cretaceous paleomagnetic rotations in the Pontides
follow a general trend in concordance with the shape of the
suture zone after the collision between the Pontides and the
Kirgehir block. The affect of the westwards excursion of
the Anatolian plate and the associated fault bounded block
rotations in Miocene are observed in the east of the study
area and the SE Taurides.

Key words Paleomagnetic - Upper Cretaceous -
Pontides - Taurides - Neotethys Suture Zone

Introduction

The Anatolian plate, which forms part of the southern Eur-
asian margin, is composed of a series of microcontinents or
terranes (Fig. 1) that are separated by suture zones (Sengor
and Yilmaz 1981; Robertson and Dixon 1984; Yilmaz
et al. 1997a, b). The Pontide (P) terranes rifted off Gond-
wana in the Ordovician (Okay et al. 2008), whereas the
Anatolide—Taurides (A-T) rifted off Gondwana during the
Early Mesozoic (Sengor and Yilmaz 1981). The A-T and
P microcontinents are separated by branches of the Neo-
tethys ocean (Robertson et al. 2013, 2014). The northern
branch of the Neotethys ocean, was closed during the Early
Eocene as a result of the collision between the Kirsehir
Block and the Pontides (Sengor and Yilmaz 1981; Yilmaz
et al. 1997a, b; Rice et al. 2006; Kaymaker et al. 2009). A
large Andean-type volcanic arc formed along the Central
to Eastern Pontides as a result of northward subduction
below Eurasia, which we refer to as the Northern Volcanic
Belt (NVB). The NVB runs parallel to the Black Sea and
extends from Samsun to Hopa (Fig. 1). To the south of the
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Fig. 1 Main tectonic units of 32°
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NVB, a second volcanic zone, the E-W trending South-
ern Volcanic Belt (SVB) traces the North Anatolian Fault
(Rice et al. 2006, 2009), and is delimited to its south by
the omega-shaped northern tip of the Kirsehir Block. The
rocks emplaced in the SVB are ophiolites and overlying arc
volcanic rocks that are the easterly extension of the central
Pontides (Fig. 1; Yilmaz et al. 1997a, b).

The southern Neotethys, which separated the Arabian
Platform in the south from the Anatolide-Tauride Plat-
form in the north, opened in the Late Triassic and closed
in the Early Miocene as a result of collision between Ara-
bia and Eurasia (Sengor and Yilmaz 1981; Yilmaz et al.
1997a, b; Robertson et al. 2007a, b; Gans et al. 2009; Okay
et al. 2010). Alternative age data were reported as Late
Cretaceous (Karig and Kozlu 1990, 1997; Beyarslan and
Bingol 2000); or Late Eocene (Boulton et al. 2006; Boul-
ton 2009). An E-W trending ophiolitic belt was emplaced
along the collision front and is known as the Bitlis-Zagros-
Suture Zone (Sengdr 1984; Yilmaz 1993; Stampfli et al.
2000; Robertson et al. 2007a, b, 2009; Parlak et al. 2009).
Plutonic, volcanic, subvolcanic and pyroclastic rocks are
exposed in the Elazig Magmatic Complex, which was
formed as a result of arc magmatism. Ophiolites were tec-
tonically emplaced beneath the Tauride platform and cross-
cut by I-type calc-alkaline arc granites (Rizaoglu et al.
2009) mainly during the Late Cretaceous. The arc-related
rocks were generated as a result of regional plate conver-
gence on the top of the supra subduction zone-type crust
between 83 and 75 Ma (Karaoglan et al. 2013).

Based on geologic data from the two volcanic belts in
the Pontides, we cannot distinguish whether the NVB and
SVB resulted from subduction of the same oceanic crust.
The paleolatitudinal position of the NVB and SVB during
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their emplacement, may enable us to knowledge of assess
whether the arcs formed above the same subduction zone.
Previous paleomagnetic studies from the NVB indicate
a paleolatitude of ~26°N (Channell et al. 1996; Meijers
et al. 2010; Hisarli 2011) during the Late Cretaceous.
Limited paleomagnetic results from Maastrichtian vol-
canic and volcanoclastic rocks from the SVB suggest that
the SVB was situated farther south, with a paleolatitude
of 20.0°N +2.5°, of the NVB (Cinku et al. 2010), provid-
ing support for a model in which two different subduc-
tion zones were responsible for the formation of the NVB
and SVB. The absence of paleomagnetic data from Upper
Cretaceous arc-type rocks from the southeastern Taurides
prevents us to determine the paleolatitude position of the
volcanic belt in the South Taurides.

When considering previous paleomagnetic declina-
tions in the Pontides a general trend in counterclockwise
sense could be detected in the Central Pontides during
the Late Cretaceous. The evidence of an oroclinal bend-
ing has been proposed from the earlier study of Meijers
et al. (2010) in the Central Pontides. The authors showed
evidence of counterclockwise rotation in the western part
of the Central Pontides, while only four reliable sites was
the evidence of clockwise rotation in the eastern part of
the Central Pontides. Instead, Cinku et al. (2011, 2015)
reported on the oroclinal bending on the IZEZS between
the collision of the Pontides and the Nigde-Kirsehir Mas-
sif during the Late Cretaceous and Middle Eocene. In the
study of Cengiz Cinku et al. (2016) the different senses
of rotations in the central, SE Taurides, and the Nigde-
Kirsehir Massif during the Late Cretaceous-Middle
Eocene are interpreted as two-phase oroclinal bending
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after the emplacement of the ophiolitic slices, first in the
SE Taurides and later in the central Taurides.

To contribute to a solution of the Anatolian paleo-
geographic puzzle, a total of 42 paleomagnetic sites were
established in Upper Cretaceous arc type volcanic rocks
and their associated sedimentary rocks in the Central-East-
ern Pontides and the Southeastern Taurides. The new data
provide insight on the approximate position of the subduc-
tion zones active in the Anatolian Tethyan realm during the
Late Mesozoic.

Regional geology

The study area includes major continental fragments of the
Central and Eastern Pontides.(Fig. 1). The Izmir-Ankara-
Erzincan Suture Zone (IAESZ; northern Neotethys)
extends along these fragments in an E-W direction. Farther
south, the study area comprises the Taurides, which are
limited to south by the southern Neotethys Suture Zone and
the Inner-Tauride Suture Zone to the N (Fig. 1).

The Central Pontides are situated between the Kirsehir
Block to the south and the Black Sea to the north (Fig. 1).
The basement rocks consist of the Permo-Carboniferous
granitoids (Okay et al. 2015) and Triassic-Early Juras-
sic Kiire Complex (Ustadmer and Robertson 1993, 1994).
The Kiire Complex was intruded by Mid-Jurassic grani-
toids and deformed by thrusting and folding in the Late
Jurassic. An Upper Jurassic-Lower Cretaceous sedimen-
tary succession lies unconformably on the deformed Kiire
Complex, similar to the Istanbul Zone in northwest Turkey.
An Aptian-Albian flyschoidal sequence with olistoliths of
Upper Jurassic-Lower Cretaceous limestone blocks overlies
Middle Jurassic shallow level intrusions and records crustal
extension and basin formation (Tekeli 1981; Tiiysiiz 1990;
Goriir and Tiiysiiz 1997; Ustadmer and Robertson 1997).
This flysch succession is interpreted to comprise syn-rift
sediments related to the opening of Western Black Sea
Basin. The Late Cretaceous to Lower Cenozoic succes-
sion lies unconformably on the Lower Cretaceous syn-rift
sedimentary rocks and is represented by pink pelagic lime-
stones, marls and volcanic rocks (Goriir and Tiiysiiz 1997,
Tiiysiiz 1999; Tiiysiiz et al. 2012). South of the Kiire com-
plex, “°Ar/*Ar dating on phengites yields an age of about
112-106 Ma for the metamorphism of Lower Creatceous
turbidites (Okay et al. 2013), while farther south, ages
of 90 Ma were obtained from the Kdsdag volcanic rocks
(Aygiil et al. 2015).

The Eastern Pontides are represented by a metamor-
phic complex that belongs to the Hercynian basement of
the Eastern Pontides orogenic belt, e.g. the Pulur massif
(Yilmaz et al. 1993, 1997a, b) in the southernmost part
(Fig. 1). The Late Cretaceous Eastern Pontides magmatic

arc rocks in the NVB constitute magmatic and granitic
rocks and change laterally southward into volcanogenic
flysch sequences [e.g., the Beldag group (Yilmaz et al.
1997a, b)]. Farther South in the SVB, ultramafic rocks
and Late Cretaceous ophiolitic rocks are widespread.

The ophiolitic rocks transected by the North Ana-
tolian Fault (Fig. 1) are squeezed between the Pontides
and the Kirsehir Block and are interpreted to be a part of
the Izmir-Ankara-Erzincan Suture Zone. On the Kirsehir
Block, MORB and supra-subduction zone ophiolitic frag-
ments are intruded by granites (Floyd et al. 1998; Boztug
2000; Yaliniz et al. 2000; Robertson and Dixon 1984;
Gonciioglu et al. 1991; Ilbeyli et al. 2004; Kadioglu et al.
2006; Robertson et al. 2009). Radiometric data based on
207pp—29ph zircon evaporation ages show that the gran-
ites were emplaced between 94.6 +3.4 and 74.9 +3.8 Ma
(Boztug et al. 2007). During the collision between the
Pontides and the Kirsehir Block in the Latest Cretaceous
(Nairn 2011; Nairn et al. 2012; Lefebvre et al. 2013) or
Early Eocene (Yilmaz et al. 1997a, b) ophiolitic rocks
were emplaced along the Cankirt basin. The Cankiri
Basin in the northern part of the Kirsehir Block separates
the Pontides and the Kirsehir continental fragments from
each other. The basin is surrounded by the North Anato-
lian Ophiolitic Belt. Thrusts and faults which developed
during collision between the Kirsehir Block and the Pon-
tides define the western and northern rims of the Cankir1
basin (Kaymake1 et al. 2003). In the South of the Cankir1
basin, ophiolitic rocks are thrust over Late Cretaceous-
Early Cenozoic granitic rocks (Ilbeyli et al. 2004; Boztug
and Jonckheere 2007) or are defined as epi-ophiolitic
cover and related arc-type rocks (Yaliniz et al. 2000).

In the northern part of the Kirsehir Block, Campa-
nian—Maastrichtian arc volcanic rocks and volcaniclas-
tic sandstones of the Yaylacayr Formation are exposed
(Yoldas 1982). A Late Cretaceous cover sequence defined
by sedimentary rocks of the Yaprakli Formation with a
thickness of 500 m rests unconformably on the arc type
rock sequences (Birgili et al. 1974). The North Ana-
tolian Ophiolite Belt continues farther east along the
Eastern Pontides, where it consists mostly of ophiolitic
rocks and arc volcanic rocks. These Upper Cretacaeous
rocks are thrust southwards onto Mesozoic sedimentary
rocks (Rice et al. 2006). Farther North, the NVB that
formed on the Late Cretaceous continental margin above
a northward-subducting oceanic lithosphere is exposed
(e.g. Sengdr and Yilmaz 1981; Yilmaz et al. 1997a, b;
Okay and Sahintiirk 1997). This belt, which is described
as the NVB, is the eastern extension of the volcanic arc
in the Central Pontides. The Tokat massif in the south of
the Eastern Pontides is composed of range of metamor-
phic and ophiolitic rocks (Yilmaz et al. 1997a, b). The
ophiolitic rocks belong to the IAESZ and are named
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of Yesilirmak Group (Ozcan et al. 1980; Yilmaz et al.
1997a, b).

The southern margin of Southeast Anatolia is repre-
sented by part of the regional Tauride Platform (Sengor
and Yilmaz 1981; Ozgiil and Tursucu 1984). Although
the basement of the Western Pontides (Istanbul Zone) is
Eurasia-derived (Sengor 1979; Okay et al. 1996; Yigitbas
et al. 1999; Bozkurt et al. 2008), the basement rocks of
the Tauride Platform have similar stratigraphy and age as
the Gondwanan Arabian plate (Sengdr and Yilmaz 1981;
Kroner and Sengér 1990; Yilmaz 1993; Robertson et al.
2009). The Tauride Platform consists of a stack of thrust
sheets, containing Palaeozoic to lower Cenozoic carbon-
ate platform successions and associated sedimentary rocks.
Ophiolitic rocks and associated arc type rocks derived from
the Southern Neotethys ocean were emplaced on top of the
Tauride platform (Robertson et al. 2007a, b; Parlak et al.
2009; Rizaoglu et al. 2009; Karaoglan et al. 2013). The
arc-type rocks are unconformably overlain by volcanic and
sedimentary rocks of the Eocene Maden complex (Perin-
cek 1979; Aktas and Robertson 1984; Yigitbas and Yilmaz
1996; Robertson et al. 2006), which is widely distributed
in the Southeast Taurides. The volcanic—sedimentary

lithologies are dated as Late Campanian—Early Maastrich-
tian, based on planktic Foraminifera assemblages (Michard
et al. 1984; Yazgan and Chessex 1991).

Paleomagnetic sampling and techniques
Paleomagnetic sampling

In this study, 42 sites distributed in four areas were sam-
pled. Three of the selected areas (Groups 1-3) are located
along the TAESZ in arc type volcanic and volcanoclastic
sandstones, and one selected area is located in the south-
ern Taurides arc lavas and volcanoclastic deposits (Group
4; Figs. 2, 3). Sampling sites were collected from (1) north
of Cankir1 on the Campanian—Maastrichtian Yaylacay1
Formation (Yoldag 1982) (six sites, PT 15-20), (2) Maas-
trichtian rocks NE of Yozgat (Erdogan et al. 1996) (seven
sites, PT26-32), and (3) from the Campanian—Maastrich-
tian Karadag Formation (Rice et al. 2006) in Erzincan (ten
sites, PT36-45). Finally, in the southeast Taurides, Campa-
nian—-Maastrichtian arc lavas and volcanic sandstones were
sampled at 19 sites from the Elazi§ magmatic complex
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Fig. 2 Geologic map with numbered sampling site locations for the Pontides and Southeast Taurides (geologic map modified from the 1:500000
MTA 2002 geologic map). A Cankir1 Basin, B Yozgat, C Tokat, D Erzincan, E Malatya and Elaz1g
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Fig. 3 Generalized stratigraphic columnar sections showing the sampling sites in a Cankir1 (Kaymake: et al. 2009; Tiiysiiz et al. 1995), b Yoz-

gat (Erdogan et al. 1996), ¢ Tokat (Yilmaz et al. 1997a, b), d Erzincan

(Peringek 1979; Yilmaz 1993; Yilmaz et al. 1993; Parlak
et al. 2009; Robertson et al. 2007a, b) in the area between
Elazig and Malatya (PT46-64).

Paleomagnetic techniques

A total of 427 samples were cut into standard 2.2-cm long
cylindrical specimens and between 7 and 25 paleomagnetic
specimens from each site were subjected to both stepwise
thermal and alternating field (AF) demagnetization. A
motorized portable core drill was used to collect core sam-
ples. Sample orientation was determined using both mag-
netic and sun compasses. The differences between the mag-
netic and sun compass readings of about 5°.

The rock magnetic analyses performed to determine
the ferromagnetic minerals as a result of hysteresis curves,
thermomagnetic curves, isothermal remanent magneti-
zation curves and three-axis IRM curves. The hysteresis
curves were preformed on 0.5 cm? powdered samples rep-
resentative for each site were measured in fieldsupto 1 T
using a Princeton Measurements Corporation MicroMag
magnetometer (Model 3900) at the Tiibingen University
paleomagnetic laboratory. Thermomagnetic curves, meas-
uring the temperature dependence of the magnetic suscepti-
bility were done in 50 selected samples between 0.465 and
4.6 kHz, heating 3 g of powder sample in air between room
temperature and 700 °C using a MS2 Bartington suscepti-
bility meter at the University of Istanbul Yilmaz Ispir pale-
omagnetic laboratory. Isothermal remanent magnetization
(IRM) acquisition curves were obtained for one specimen

(Rice et al. 2009) and e Elazig-Malatya (Parlak et al. 2009)

per site up to maximum fields of 1 T along the cylindrical
sample Z-axis with an ASC pulse magnetizer. The Lowrie
(1990) test (i.e. thermal demagnetization of a three-axis
IRM, Lowrie 1990) was performed by applying fields of
1 T along the Z-axis (hard component), 0.4 T (medium
component) along the Y-axis and 0.12 T (soft component)
along the sample X-axis. Subsequently, samples were ther-
mally demagnetized to identify the magnetic carriers based
on their coercivity and thermal unblocking behaviour.

The directions and intensities of the natural remanent
magnetization (NRM) were measured with a 2G Enter-
prises 755R three-axes DC-SQUID cryogenic mag-
netometer at the University of Tiibingen, Germany and
a JR-6 spinner magnetometer (AGICO) in the Yilmaz
Ispir Paleomagnetism Laboratory of Istanbul University,
Turkey. Both thermal and alternating field demagnetiza-
tion were applied to isolate the characteristic remanent
magnetizations (ChRM) of steps between 50 and 700 °C
or 2.5-150 mT, respectively, using a Schonstedt MTD-
80/ Magnetic Measurements MTD 80 oven and a 2G600
AF/LDAS AF demagnetizer. Magnetization components
were identified and directions calculated using orthogo-
nal vector projections (Zijderveld 1967). Principal com-
ponent analysis (Kirschvink 1980) was used to calculate
the directions of individual NRM components. Fisher’s
(1953) methods were used to calculate site mean direc-
tions and associated statistics. Paleomagnetic fold test
was applied using the methods of McFadden (1990) and
McElhinny (1964)and Enkin and Watson (1996).
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To determine the angular standard deviation of the

Results

virtual geomagnetic poles for each site, we used the

criteria developed by Deenen et al. (2011). This crite-

ria is statistically expressed by A95 confidence limits

(A95max and A95min), and the number of samples ()

per site.
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Rock magnetism

Thermomagnetic analysis shows mostly similar behaviour

among samples of volcanic and those of sedimentary rocks
(Fig. 4). The main magnetic phase for most sites is titano-
magnetite (Fig. 4al, bl), although there are some samples
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showing Curie temperature which exceed 580 °C, indicat-
ing further oxidation of the maghemite-hematite phases
(Fig. 4cl). Some heating curves of the volcanic rocks show
a small drop around 400°C that is representative for Ti-
rich titanomagnetite or the transformation to maghemite
(Fig. 4al). In most sedimentary and volcanic samples, the
differences between heating and cooling curves indicate
a significant degree of alteration (Fig. 4al, cl), while for
the remaining 30% of the samples a reversible behaviour is
observed (Fig. 4bl). In some sandstone samples, the main
magnetic phase is identified as hematite (Fig. 4d1). The
susceptibility increase upon cooling can be explained by
the growth of new maghemite in the presence of reduced
oxygen partial pressure in the heating chamber at high tem-
perature (Fig. 4d1). A decrease in susceptibility upon cool-
ing (Fig. 4al, cl) is due to decomposition and oxidation
of titanomagnetite to maghemite or hematite (Dunlop and
Ozdemir 1997).

IRM acquisition curves show two different types of
behavior as observed with the thermomagnetic curves.
The first type is dominated by low to moderate coerciv-
ity phases with saturation reached by 0.1-0.3 T (Fig. 4a2,
b2, c3). Taking the thermomagnetic evidence into account,
the low-coercivity mineral is likely to be titanomagnetite
in variable oxidation state as can be seen in the three-axis
thermal demagnetization plots (Fig. 4a3, b3, c3). Another
type of IRM is characterized by a minimum increase
of magnetization in low fields (up to 1 T), often without
complete saturation at 1 T (Fig. 4d2). This high-coercivity
phase likely represents (titano-) hematite as it is evident
from the the Néel temperature in Fig. 4d1 and the three-
axis demagnetization plot (Fig. 4d2). In this case, the inter-
mediate coercivity phase as the second strongest compo-
nent of the IRM, may be associated with maghemite.

Magnetic grain sizes were estimated by plotting hystere-
sis properties on a Day plot (Day et al. 1977; Dunlop 2002;
Fig. 5). A saturation remanence versus saturation mag-
netization ratios (Jrs/Js) of about 0.1-0.5, and a coercivity
of remanence versus coercivity ratios (Hcr/Hc) of about
1.7-3.4 place general ensemble of the (titano)magnetite
grains into the pseudo-single-domain (PSD) grain size. A
number of samples fall into the superparamagnetic grain
size, which do not show any paleomagnetic remanence.

Paleomagnetic analysis

The NRM intensity ranges between ~30mAm~" for the vol-
canoclastic rocks and between 100 and 4560 mAm~! for
the volcanic rocks. Most specimens have a viscous compo-
nent with a random direction that is demagnetized below
0-25 mT or 0-250°C (Fig. 6 b, o, r and a, ¢, d-f, h, j, k, m).
The ChRM direction is largely isolated between 450 and
580°C in most samples (n, o, p, 1, s), but high laboratory
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Fig. 5 Hysteresis parameters on the Day plot (Day et al. 1977).
SD single domain, PSD pseudosingle domain, MD multidomain,
SP superparamagnetic dominated regions. Dashed lines refer to the
titano (magnetite) grain size fields as defined by Dunlop (2002)

unblocking temperatures above 600 °C indicate the pres-
ence of a high temperature component in some samples
(Fig. 6b, 1). For all the samples that show well-defined
consistent behaviour during demagnetization, a maximum
angular deviation (MAD) < 5° was obtained for the charac-
teristic remanent magnetization (ChRM).

From a total of 42 sites, 12 sites were rejected due to
(a) a limited number of specimens (N<6) or because the
estimated site mean with large uncertainties (ag5 > 15%
sites PT 18, 30, 35, 39, 61), (b) unstable behaviour during
demagnetization PT 46, 47, 55, 64 or (c) due to insufficient
isolation of the ChRM component (PT 50) (d) sites with a
mean ChRM direction that is very different from those of
other sites from a certain group (PT 43, 44).

Paleomagnetic mean directions
Group 1: Cankirt (Yaylagay: Formation)

Arc type volcaniclastic rocks from the northern segment of
the IAESZ in the Central Pontides (NVB) (N =5 sites) yield
D=312.7°, I=21.0°, ags = 33.7° in in situ coordinates,
and D=311.6°, [=39.5°, ays = 6.6° after tilt correction
from three reverse and two normal polarity sites (Table 1;
Fig. 7a). The precision parameter increases to a value of
ks/kg: 22.2 and critical values at 95%:6.39 and 99%:16.0,
at the 99% confidence level in the McElhinny (1964) fold
test. When applying the progressive fold test of McFadden
(1990) a maximum k value is obtained at 102% unfolding.
The k-ratio and fold test results are interpreted to indicate
that the magnetization was acquired prior to folding.

Group 2: Yozgat

In the Yozgat area, we grouped the volcanic and volcani-
clastic sandstones separately. For the sedimentary rocks
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Fig. 6 Zijderveld (1967) orthogonal demagnetization diagrams
shown in stratigraphic coordinates, of representative samples during
stepwise thermal and alternating field demagnetization (in degrees

(Group 2(S)), group mean directions (N=3) of D=79.4°,
1=12.6° ags = 97.9° and D=18.0°, [=35.6°, ags = 18.2°
are obtained before and after tilt correction, respectively
(Table 1; Fig. 7b). The precision parameter increases to a
value of kg/ks: 17.3 with the critical values of 6.39 at the
95% confidence level and 16.0 at the 99% confidence level
in the McElhinny (1964) fold test. In the McFadden (1990)
fold test the precision parameter reaches a maximum at
116% unfolding. The volcanic rocks [Group 2 (L)] show a
group mean direction (N =3 sites) with D=19.6°, I=40.0°,
Qg5 = 67.9° in in situ coordinates, and D=19.1°, [=36.4°
and ays = 11.4° after tilt correction (Table 1; Fig. 7c). The
k-ratio reaches the significant value ks/kg: 26.9 (critical
values at 95%:6.39 and 99%:16.0). Using the fold test of
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McFadden (1990), the maximum precision parameter is
obtained at 86% unfolding.

Group 3: Erzincan (Karadag formation)

Seven normal polarity sites from volcanic rocks and volcan-
oclastic sandstones of the Karadag arc volcanic sequence in
Erzincan show a mean direction (Group 3) in geographic
coodinates of D=347.4°, I=53.9°, aygs = 4.7° and in the
stratigraphic coordinates D=341.3°, [=24.8°, ay5 = 14.0°
(Table 1; Fig. 7d). The palacomagnetic fold test of Mc Fad-
den (1990) indicates that the best grouping occurs at 13%
untilting. The magnetization, therefore, likely is of post-
folding origin.
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Fig. 7 Mean Paleomagnetic group mean directions from the Pontides (a—d) and the Taurides (e—f) before and after tilt correction. The Mc Fad-

den (1990) fold test is given for each group in 7 g and 7 h

Group 4: Elazig-Malatya (Elazig magmatic complex)

In the SE Taurides, the group mean direction (N=38) for
the sedimentary rocks is D=131.1°, I =—43.0°, ay; =
22.3° before, and D=121.5°, I = =32.7° and ay5 = 6.4°
after tilt correction (Table 1, Group 4(S), Fig. 7e). Fol-
lowing the statistical fold test of McElhinny (1964), the
k-ratio ks/kg: 9.6 is higher than the critical values 2.48 at
the 95% and 3.70 at the 99% level. Following the McFad-
den (1990) fold test, the precision parameter reaches
a maximum at 98% of unfolding. The polarity test of
McFadden and McElhinny (1990) shows a positive result
classified with “C”at the 95% probability level (C class)
with an angle between the mean directions y=4.8° <
Yeritic = 14.3°.

The mean direction calculated from the sites in volcanic
rocks (N=4) is D=38.2°, I=50.3°, ags = 129.9° before,
and D=24.5°, [=32.3° and ay; = 19.2° after tilt correction
(Table 1, Group 4 (L), Fig. 7f). The fold test of Mc Elhinny
(1964) is negative at the 99 and 95% probability level.
However, the McFadden test (1990) is positively achieved
at 101% unfolding.

Paleosecular variation (PSV) should be averaged out in
paleomagnetic studies so that the paleomagnetic directions
present only the tectonic movement (Deenen et al. 2011).
Both the lavas and the sedimentary rocks have been sam-
pled at independent and widely spaced sites and are distrib-
uted within the geological formations over time intervals
long enough to average out the geomagnetic secular varia-
tion. The criteria for paleosecular variation of the geomag-
netic field developed by Deenen et al. (2011) depend on
the investigation of the statistical values of paleomagnetic
data sets given by the A95 cone of confidence envelopes
of the VGP populations and on the number of samples (N).
If the A95 value calculated for a mean VGP is between the
lower (Agspmi,) and upper (Agsmay) limits predicted from the
geomagnetic field models, then we can conclude that the
scatter observed in the VGP population is consistent with
and averages of PSV. If A95 values are below or above the
limits, then PSV should be considered unreliable (Deenen
et al. 2011). In our study, the distribution of the A95 lies
between Ay, and Agsg,.c 10 almost all sites (Table 1),
which shows that the PSV is adequately sampled in our
dataset.

@ Springer



2586

Int J Earth Sci (Geol Rundsch) (2017) 106:2575-2592

Discussion
Tectonic rotations

We compare the observed group mean directions with
those derived from the coeval paleomagnetic pole for sta-
ble Eurasia after Torsvik et al. (2012) using R. Enkin’s
(unpublished data, 2004) PMGSC (version 4.2) software
(Table 2).

The results show significant counterclockwise rotations
with respect to stable Eurasia for most groups, while clock-
wise rotations with respect to Eurasia are observed within
groups G2 and G4 (lavas) (Figs. 7, 8). The Upper Creta-
ceous arc type rocks in the Central Pontides (G1) exhibit
a counterclockwise rotation of R+ AR=-37.1°+5.8°
which is greater than the rotation estimated from Upper
Cretaceous arc type rocks in Western Pontides reported
in previous studies (Saribudak et al. 1989; Channell et al.
1996; Fig. 8). Cinku et al. (2015), reported earlier that
the collision between the Pontides and the Kirsehir Block
resulted in large rotations north of the Cankir1 basin along
the rims of the Izmir-Ankara-Erzincan Suture Zone.
Indentation of the Kirsehir Block into the Central Pontides
was also reported based on Middle Eocene paleomagnetic
results from North Central Anatolia (Kaymaker et al. 2003;
Meijers et al. 2010; Cinku et al. 2011; Fig. 8). The signifi-
cant inferred counterclockwise rotations along the NE-SW
directed suture belt are similar to those observed by Cinku
et al. (2015) (sites PT 21-25; Table 1; Fig. 8). When mov-
ing farher east, it can be seen that clockwise rotations of
R+AR =33.7°+8.4° and R+ AR = 29.3°+6.0° of Group

2 is probably associated with the deformation resulting
from the collision between the Kirsehir Block and the Pon-
tides (Table 2).

Farther east in the study area, the paleomagnetic results
show a secondary post-folding magnetization of the arc
type rocks in Erzincan (G3), while farther north along the
Eastern Pontide arc, counterclockwise rotations up to 15°
have been suggested based on data obtained in previous
studies (Van der Voo 1968; Channell et al. 1996; Hisarli
2011). The deformation during Miocene time in the Erzin-
can basin, however, shows diverging style and magnitude
of rotations, which has been interpreted to be associated
with strike-slip fault motion (Tatar et al. 2013).

Large counterclockwise rotations of
R + AR = —48.6° + 5.2° are observed in the SE Taurides
for Group 4 (S). However, along a distinct line around
Elaz1g (including Lake Hazar), clockwise rotations of
R+ AR = +34.1° + 15.1° are observed (Table 2). The mag-
nitude of the rotations that occured in the SE Taurides dur-
ing the Late Cretaceous is partly attributed to the closure
of the Southern Neotethys, which are also observed in the
previous study of Cengiz Cinku et al. (2016) (Fig. 8). The
contrasting sence of rotations, however, could be associated
on the effect of displacement along the strands of the North
and Eastern Anatolian transform faults that were active
during the tectonic escape in Miocene.

Paleolatitude

Differences in declinations and similar tilt-corrected incli-
nations suggest that the study area experienced variable

Table 2 Group mean ChRM

G 5 Group
directions (D and I indicate

Site A, 9 (N, E")  DJI, (°)

A5 (°) Aopss Paps Pole (N, E) g5 () REAR()  AC%)

declinations and inclinations Gl 40.83/34.10 313.6/41.3 64  47.9/297.1 6.1  —37.1+£58 23.8+42
after tectonic correction, -38
respectively) G2(S) 40.00/36.50 243/36.6 111 61.4/161.7 99  337+84 202¢13
G2(L) 40.00/36.50 199357 75  63.5/169.5 66 293+60 204+
G4(S) 38.50/38.41 121.5/-32.6 64  35.9/304.7 54 —486+52 162119
GA(L) 38.50/38.41 245/323 192 60.6/165.1 166 341x15.1 16.8+2

-3.8

The reference pole in the Late Cretaceous (4

@rer = 81.3°,188.6°, ags = 7.0°) is obtained after Torsvik

ref>

et al. (2012). Here ays is the statistical parameters after Fisher (1953). R is the angle of vertical axis rota-
tion (positive indicates clockwise rotation) with respect to the direction computed from the stable Eurasia
paleomagnetic pole with 95% confidence limit AR (after Demarest 1983). The paleolatitude (1) is calcu-
lated after Enkin and Watson (1996) for inclination-only data. (G Group, S Sediments, L lavas). Inclination

only applied for sites PT 15-17, 19, 20 in G1: geographic coordinates:24

9+40,8

03 k=6.4; stratigraphic coor-

dinates: 41.4+5.4, k=87.5 [maximum at 100% unfolding after Enkin and Watson (1996)]. Sites PT 26, 29,
32, 34 in G2(s): geographic coordinates: 39.5+5.9, k=90.2; stratigraphic coordinates: 36.3 + 1.9, k=843.7
[maximum at 100% unfolding after Enkin and Watson (1996)]. Sites PT 27, 28, 31, 33 in G2(v): geo-
graphic coordinates: 45.0%3%, k=2.3; stratigraphic coordinates: 36.6+2.1, k=724.9 [maximum at 100%
unfolding after Enkin and Watson (1996)]. Sites PT48, 49, 51, 57,60, 62, 63 in G4(s): geographic coor-
dinates:38.6 +7.8, k=23.2; stratigraphic coordinates:30.1+3.1, k =146.5 [maximum at 100% unfolding
after Enkin and Watson (1996)]. Sites PT52, 53, 54, 56 in G4(v): geographic coordinates:21.9+3%1 k=6.3;

-21.17

stratigraphic coordinates:31.1+6.4, k=77.1 [maximum at 90% unfolding after Enkin and Watson (1996)]
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amounts of vertical-axis rotations. Hence, inclination only
fold test of Enkin and Watson 1996 was applied (Table 2).
The arc type rocks which were sampled in the area
between the Kirsehir Block and the Central Pontides
exhibit a paleolatitude of 1 = 23. 8Jr4 20N (Table 2; G1).
Along the trace of the IAESZ to the east, paleolatitude of
A = 20.2%12°N and 20.47}°N are obtained for Group 2
(Table 2; Flg. 9). This paleolatitude is obtained from the
sedimentary and volcanic rocks of arc type sequences
in the uppermost part of the ophiolitic suite. The results
from the Eastern Pontide arc (Channell et al. 1996; Hisarli
2011) show paleolatitudes between A=25.+4.5°N and
A=26. 6+5 10N respectively (Fig. 9) (Rice et al. 2006). The
dlfference between the NVB and SVB succession/overly-
ing sedimentary rocks in the Central-Eastern Pontides is
approximately 5°, when considering a mean paleolatitude
of ~2°N for the southern zone, and a mean paleolatitude of

~26°N for the northern zone (Fig. 10a). This could be taken
alternatively as evidence of two different subduction zones
during the Late Cretaceous. Alternatively, we consider
the possibility that the widespreading magmatism in the
Pontides during the Late Cretaceous migrated southwards
after the emplacement of the volcanic arc in the Central-
Eastern Pontides during the Turonian—Campanian (Cinku
et al. 2010). In the Latest Cretaceous, an extensional stress-
regime was active in the East Pontide arc. Thus, the south-
ern margin of the Eastern Pontide arc extended in response
to slab steepening and the volcanism moved to the South,
producing the southern volcanic belt (Fig. 10b).

In the southeastern Taurides (Group 4), where the
southern Neotethys suture zone has been located (Yilmaz
et al. 1997a, b; Robertson et al. 2009) we have obtained
data that imply paleolatitude of A =162 +1.9 —1.8°N
and 16.8 + 4.2 —3.8°N for the arc type sedimentary and
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volcanic rocks, respectively (Table 2; Fig. 9). A system-
atic decrease in Late Cretaceous paleolatitudes from the
Sakarya Zone (TTC-Gl), Kirsehir Block (TTC-G2,3)
through the Eastern Taurides (TTC-G4,5,6) could be also
seen in the study of Cengiz Cinku et al. (2016) (Fig. 9).
On the Anatolide-Tauride Platform, the small difference
in paleolatitude between the Pontide arc (~20°N (Table 2,
G2) and the Tauride arc (Table 2, G4, ~16.5°N) suggests at
this time a small basin existed in the northern branch of the
Neotethys (Fig. 10a).

Comparing the paleolatitudes obtained from the Pon-
tides and the Southeastern Taurides, a small but statisti-
cally significant difference is observed, hinting at the pos-
sibility of, two different subduction zones in the Northern

400N

30°N

Paleolatitude (°)

20°N

10°N

] I I [ I |
110 100 90 80 70 60

Age (M.y)

Fig. 9 Age versus reference palaeolatitude curve with error enve-
lopes derived from the Apparent Polar Wander Path (APWP) paths
of Eurasia and Gondwana for a locality near Pontides (41°N, 36°E)
after Torsvik et al. (2012). Previous paleomagnetic data are taken
from Channell et al. (1996) (purple circle), Cinku et al. (2010 (yellow
circle), 2013 (pink circle), 2016 (green circle)), Hisarl1 (2011) (black
circle) with error bars. The red circles correspond to the results of
this study. Paleomagnetic results from Cengiz Cinku et al. (2016)
correspond to the Sakarya Zone (TTC-G1), Nigde-Kirsehir Massif
(TTC-G2, G3), Eastern Taurides (TTC-G4,G5,G6) and Central Tau-
rides (TTC-G7)
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Neotethys ocean. The first subduction zone in the Northern
Pontides subducted earlier in the Late Cretaceous. It was
suggested that the angle of subduction of the northward
dipping Neotethyan slab increased considerably in Latest
Cretaceous due to slab roll-back process and that the East
Pontide margin extended. This extension is believed to have
led to the opening of a new marginal basin from the East-
ern Black Sea coast to Amasya (Beldag basin, Yilmaz et al.
1997a, b) in the Latest Cretaceous. To the South, another
subduction zone in the SE Taurides closed progressively
towards the end of the Late Cretaceous until the Miocene
(Cengiz Cinku et al. 2016).

Conclusions

The present paleomagnetic study is associated with the fol-
lowing results:

a. All rocks investigated show primary magnetizations
carried by pseudo-single domain magnetite or hema-
tite, except the arc type rocks from the Karadag lavas
in Erzincan (Group 3) which exhibit a secondary post-
folding remanence of the characteristic component

b. The southern magmatic belt in the Pontides devi-
ated from a second spreading centre which points to
a more than 5° southerly paleolatitude with respect
to the northern spreading centre. The mechanism is
interpreted to be due to a slab-roll back process of the
Northern branch of the Neotethys (Rice et al. 2009;
Cinku et al. 2010). An alternative would be the exist-
ence of double subduction zones in Late Cretaceous;
one along the southern edge of the Pontides continen-
tal margin, generating the NVB and the other, an intra-
oceanic subduction zone further S, producing the SVB.

c. The arc type rocks in the SE Taurides deviated from
the Southern Neotethys ocean indicate a paleolatitude
of 16.271°N and 16.8*37 in the Late Cretaceous. This
implies that a small basin between the magmatic belt in
the SE Taurides and the southern belt along the Pon-
tides exist.

d. The Late Cretaceous paleomagnetic rotations in the
Pontides follow a general trend in concordance with
the shape of the suture zone which is formed due to the
collision between the Pontides and the Kirsehir block.
Farther east along the suture zone, counterclockwise
rotations are influenced by both the collision phase and
the westwards excursion of the Anatolian plate during
the Miocene time to present. This kind of deformation
is also observed in the SE Taurides, in the collision
regime with the Arabian platform and the westward
movement of Anatolia.
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