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massif has Laurentia affinity.
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Abstract

We calculate the depth to magnetic basement and the average crustal magnetic suscepti-
bility, which is sensitive to the presence of iron-rich minerals, to interpret the present structure
and the tecto-magmatic evolution in the Central Tethyan belt. Our results demonstrate excep-
tional variability of crustal magnetization with smooth, small-amplitude anomalies in the
Gondwana realm and short-wavelength high-amplitude variations in the Laurentia realm.
Poor correlation between known ophiolites and magnetization anomalies indicates that
Tethyan ophiolites are relatively poorly magnetized, which we explain by demagnetization
during recent magmatism. We analyze regional magnetic characteristics for mapping previ-
ously unknown oceanic fragments and mafic intrusions, hidden beneath sedimentary
sequences or overprinted by tectono-magmatic events. By the style of crustal magnetization,
we distinguish three types of basins and demonstrate that many small-size basins host large
volumes of magmatic rocks within or below the sedimentary cover. We map the width of
magmatic arcs to estimate paleo-subduction dip angle and find no systematic variation be-
tween the Neo-Tethys and Paleo-Tethys subduction systems, while the Pontides magmatic
arc has shallow (~15°) dip in the east and steep (~50-55°) dip in the west. We recognize an
unknown, buried 450 km-long magmatic arc along the western margin of the Kirsehir massif
formed above steep (55°) subduction. We propose that lithosphere fragmentation associated
with Neo-Tethys subduction systems may explain high-amplitude, high-gradient crustal mag-
netization in the Caucasus Large Igneous Province. Our results challenge conventional
regional geological models, such as Neo-Tethyan subduction below the Greater Caucasus,

and call for reevaluation of the regional paleotectonics.
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1. Introduction

The complex geodynamic evolution of Anatolia and the Caucasus region included the
assembly of a mosaic of terranes of different tectonic origin during several pulses of colli-
sional events associated with the closure of the Tethys oceans (Sengor and Yilmaz, 1981;
Okay et al., 2001) and the Eurasia-Arabia collision. To date, evolutionary tectonic models for
the region, largely based on geological and paleomagnetic data on outcrops of magmatic rocks
and ophiolites (Figure 1), remain highly controversial (e.g. Ketin, 1966; Juteau, 1980; Sengor
and Natal'in, 1996; Dilek et al., 1999; Stampfli, 2000; Bozkurt and Mittwede, 2001; Moix et
al., 2008; Bozkurt, 2010; Robertson et al., 2013; Moghadam and Stern, 2015; Okay and Ni-
kishin, 2015; Jolivet et al., 2016; Sengor et al., 2019). Geological field mapping cannot
identify sutures and magmatic belts covered by sedimentary sequences or complicated by
overprinted magmatic activity. The distribution of magmatic rocks buried within and below
the sedimentary layer, and therefore unavailable for geological sampling, is crucial for under-

standing the regional paleotectonics, but is yet largely unknown.

Magnetic mapping provides an efficient tool for mapping hidden and buried magmatic
structures and sutures (Blakely, 1995; Talwani and Kessinger, 2003; Lyngsie et al., 2006;
Hinze et al., 2013). Here we use magnetic data, sensitive to the presence of iron-rich rocks at
temperatures below the Curie point, to map at depth the distribution of unknown ophiolites

and basaltic rocks associated with paleo-subduction systems and intraplate magmatism. Iron-
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rich rocks of ophiolite complexes and magmatic arcs are usually highly magnetized (Hunt et
al., 1995), thus allowing identification and determination of their subsurface extent by mag-
netic methods, such as was done for the Cascadia forearc (Blakely et al., 2005), the Mesozoic
volcanic arc in the South China Sea (Li et al., 2018), mafic-ultramafic complexes below the
Gobi Desert sediments (Ge et al., 2020), and the Oman ophiolite where geometry and off-

shore extent are unknown (Ali et al., 2020).

A strong magnetic susceptibility contrast between weakly magnetized sedimentary rocks
and magnetized crystalline basement (Hunt et al., 1995) allows for calculating the depth to
magnetic basement, which may be compared to the true basement depth determined from
seismic or borehole data. In case the overlying sedimentary rocks do not include interbedded
magnetic bodies (e.g. basaltic intrusions), the approach provides a proxy for the thickness of
sedimentary sequences (Talwani and Kessinger, 2003) and is useful in regions with poor
knowledge of the thickness of the sedimentary cover, such as in West Africa (Abdullahi et
al., 2019) and Iran (Teknik and Ghods, 2017). The assumption that magnetic iron-rich bodies
are absent within the sedimentary cover is not expected to be satisfied in most of Anatolia. In
cases where the depths to magnetic and seismic basement disagree, certain conclusions can
be made on the depth distributions of magnetized mafic and ultramafic rocks in the sedimen-
tary cover and the upper crust. For example thick sedimentary sequences are identified both
below and above a 3 km-thick layer of ~250 My old basalts of the Siberian traps (Cherepanova

etal., 2013).

As our first result, we calculate the depth to magnetic basement, which we use for map-
ping the geometry and depth extent of sedimentary basins in Anatolia and surrounding
regions. By comparing the depth to magnetic basement with seismic data on the depth to
crystalline basement, we identify basins with interbedded magnetic bodies (mafic intrusions).

As our second result, we calculate the average crustal magnetic susceptibility (magnetization)
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and use this new regional magnetization model (i) to refine the geometry of geologically
known magmatic arcs and ophiolites and (ii) to identify unknown, hidden and buried mag-
matic bodies. While magnetic data constrains the geodynamic origin of such magnetized
bodies only indirectly through their geometry and depth extent, a comparison of magnetic
models with other geophysical observations allows for testing geological interpretations
against geophysical models. We apply this approach in our final result, where we propose a

new model of tectono-magnetic regionalization.

Our study region in the west-central Tethyan Belt comprises, from west to east, the Ae-
gean extensional region, the Central Anatolian microplates, the East Anatolian Plateau, the
Lesser and Greater Caucasus, and the NW Iranian plateau. It also includes the SE Mediterra-
nean Sea in the south and the Black Sea in the north. We start with a brief overview of major
tectonic structures (Section 2) to provide an overview of basic geological information, im-

portant for our tectonic interpretations.

We next introduce basic concepts related to magnetic properties of lithospheric rocks
(Section 3) and spectral analysis of magnetic data (Section 4). Section 5 presents our mag-
netic modeling results, which we use for mapping magmatic arcs, ophiolite belts and
sedimentary basins, some of them previously unknown. Finally, we discuss the results in re-
lation to regional tectonics (Section 6) in order to refine geologically-based models of the
tectono-magmatic evolution of Anatolia and surrounding regions. We conclude that some of
the magnetic anomalies identified at depth: (i) indicate previously unknown large-scale struc-
tures, possibly related to yet unknown paleosubductions, (ii) some may rule out geologically-
inferred subductions, (iii) some do not comply with local/regional geological models and do
not follow tectonic features known from geological field mapping, (iv) some suggest different
origin of sedimentary basins than inferred from exposed stratigraphic sequences, and (v) some

question the Gondwana affinity of certain Anatolian blocks.
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2. Geological setting

We summarize major tectonic and geodynamic features of the study region which had a
very complex and debated tectonic evolution. This summary is intended to provide a general
background for the discussion of our modeling results, and we intentionally omit some of the
most disputed and controversial questions of its paleo-tectonics. These debates can be fol-
lowed elsewhere (e.g. Sengor and Natal'in, 1996; Okay and Tiiysiiz, 1999; Stampfli, 2000;

Moix et al., 2008; Bozkurt, 2010; Okay and Nikishin, 2015; Sengor et al., 2019).

2.1. Tethyan oceans, Eurasia and Gondwana terranes

The study region is part of the Alpine-Himalayan orogenic belt and includes Anatolia,
Caucasus and the NW Iranian plateau as well as the adjacent Black Sea and NE Mediterranean
Sea. Geological, paleomagnetic, and paleobiological data have been used to determine the
affinities of different tectonic units of the region by their position with respect to the Eurasian
plate (Laurasia), the Arabian plate (Gondwanaland), and the Tethyan oceans (Stampfli, 2000).
The Eurasian (North Tethyan) units include the Scythian platform, the Greater and Lesser
Caucasus, the Transcaucasus region between the two Caucasian ranges, the Pontides, and
northern Anatolia north of approximately 40 °N (Sengor and Yilmaz, 1981). Other terranes
of Anatolia, the southern Lesser Caucasus and Iran are probably of Gondwanan (South

Tethyan) affinity (Stampfli et al., 2001; Adamia et al., 2011).

The Mesozoic closure of Paleo-Tethys led to the formation of arcs and back-arc structures
at the southern margin of Eurasia, while the opening of Neo-Tethyan oceans provided a tec-
tonic push from the south. Subsequent closure of the Neo-Tethys ocean, which began in the
Jurassic, led to subduction-obduction of Neo-Tethys and accretion of a series of Gondwana-

derived (Africa-Arabia) micro-plates to Eurasia (Khain, 1975; Sengor and Natal 'in, 1996;
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Stampfli, 2000; Bozkurt, 2010; Mosar et al., 2010; Hassig et al., 2013; Sosson et al., 2016)
and, finally, ended with the Eurasia—Arabia continental collision. Several continental and oce-
anic fragments were assembled during the Late Cretaceous—Early Tertiary closure of the

different branches of the Tethyan oceans (Zakariadze et al., 2007; Sosson et al., 2016).

This evolution is now marked by complex suture zones (Sengor and Yilmaz, 1981; Okay
and Tuysuz, 1999; Moix et al., 2008; Sengor et al., 2019) (Figure 1) and a strongly hetero-
geneous structure of the crust and upper mantle (Piromallo and Morelli, 2003; Aydin et al.,
2005; Mutlu and Karabulut, 2011; Salaun et al., 2012; Vanacore et al., 2013; Frederiksen et
al., 2015; Topuz et al., 2017; McNab et al., 2018; Artemieva and Shulgin, 2019) with many
controversial results. They are best explained by lithosphere thermo-compositional heteroge-
neity (Artemieva and Shulgin, 2019), such as associated with the Hellenic slab deformation,
break-off and trench retreat in the west (Jolivet et al., 2012; Schildgen et al., 2014; McNab et
al., 2018; Portner et al., 2018), fragmentation, tearing and detachment of Tethyan slabs in the
north-east (Lei and Zhao, 2007; Zor, 2008; Eyuboglu, 2010; Govers and Fichtner, 2016), and
lithosphere deformation in the Arabia-Eurasia collision zone in the south-east (Pearce et al.,
1990; Turkoglu et al., 2008) and in the Caucasus region (Forte et al., 2014; Ismail-Zadeh et

al., 2020).

2.2. Major terranes and tectonic units

Geologically, the region can be divided into a number of tectonic units and terranes (Fig-
ure 1) (Ketin, 1966; Sengor and Yilmaz, 1981; Gorir et al., 1984; Okay and Tuysuz,
1999;Moix et al., 2008; Adamia et al., 2011; Sosson et al., 2016; Sengér et al., 2019). Below

we briefly review the major ones from the north-east to the south and the west.
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Greater and Lesser Caucasus

The Arabia-Eurasia continent-continent collision has led to the formation of the Greater
and Lesser Caucasus orogens in the Mesozoic-Cenozoic with lithosphere deformation con-
trolled by tectonic stresses from the northern edge of the Arabian plate at the Bitlis-Zagros
suture. The age of the Tethyan closure and the onset of the collisional phase in the Greater
Caucasus is highly debated and ranges from the Late Cretaceous to the Pliocene (cf. Adamia
et al., 2011; Sosson et al., 2010, 2016; Forte et al., 2014; Cowgill et al., 2016; Ismail-Zadeh
et al., 2020). Several phases of extension and compression are recognized during the opening
and subsequent northward closure of various branches of the Tethyan oceans (e.g. Sengor and
Natal'in, 1996; Rolland et al., 2010; Adamia et al., 2011; Okay and Nikishin, 2015; Sosson
et al., 2016). The final closure of the oceans, leading to the collision between the Lesser Cau-
casus and the Scythian platform and the formation of the Greater Caucasus fold-and-thrust
belt, is possibly as young as ca. 5 Ma (Leonov, 2007; Vincent et al., 2018; Cavazza et al.,
2019). This collision also formed the Terek-Caspian flexural foreland basin (Figure 1) along

the southern margin of the Scythian platform to the north of the Greater Caucasus.

Rioni-Kura Basins in the Transcaucasus region

Lithosphere deformation in the Caucasus region caused by the Eurasia-Arabia collision
formed the Rioni-Kura sedimentary basins between the Greater and Lesser Caucasus moun-
tain belts. These basins, connected to the Black Sea and South Caspian Sea basins, may have
developed as foreland basins by flexural subsidence in the Tertiary as a response to orogenic
processes in the Caucasus (Leonov, 2007; Mosar et al., 2010). The basins are very deep (10-
20 km) (cf. Mangino and Preistley, 1998, Krasnopevtseva, 1984; Artemieva and Thybo,
2013) and are filled with Oligocene—Quaternary sediments from the Greater and the Lesser

Caucasus (e.g. Ershov et al., 1999; Alizade and Khain, 2000; Brunet et al., 2003).
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Black Sea basin

The Black Sea is often considered a back-arc basin formed in response to northward
Neo-Tethys subduction in the Cretaceous Stephenson and Schellart, 2010). This process also
led to the formation of the Pontides magmatic arc along the southern coast of the Black sea.
The Black Sea consists of the Western and Eastern Black Sea Basins separated by the Mid-
Black Sea High (the Andrusov Ridge) (Figure 1). Some studies suggest that the Eastern Black
Sea may be a remnant of a Cretaceous oceanic basin (cf. Ismail-Zadeh et al., 2020), while
strong lithosphere extension in the central Black Sea created a highly rifted continental crust
in a coastal 100-200 km wide zone with possible presence of oceanic crust in the central parts
of both the Western and Eastern Black Sea Basins (Nikishin et al., 2015b; Sosson et al., 2016).
However, this interpretation remains speculative in the absence of crustal-scale seismic re-

fraction data from the Western and Eastern Black Sea Basins.

Pontides

The Pontides fold-and-thrust belt along the present southern coast of the Black Sea in-
cludes the Western (Istanbul Terrane), Central and Eastern Pontides (Figure 1b). This
orogenic system formed by southward dipping Paleo-Tethys subduction during Permo-Trias-
sic time (e.g. Stampfli and Borel, 2002; Moix et al., 2008; Sengor et al., 2019) which also
formed widespread accretionary complexes from the Marmara Sea to the Central Pontides.
The Jurassic-Cretaceous arc volcanism and the presence of accreted rocks and forearc basins
suggest the existence of a second subduction zone along the southern Pontides margin across
the entire northern Anatolia (Topuz et al., 2014). During the Jurassic-Cretaceous, northward
dipping subduction systems associated with closure of the Neo-Tethyan ocean created the
Pontides volcanic arcs along the present southern coast of the Black Sea (Eyuboglu, 2010).
During the late Mesozoic to middle Cenozoic these magmatic arcs were folded and thrusted

toward the Black Sea (Okay and Nikishin, 2015).
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Alborz mountains

The Pontides mountains continue in the east into the Lesser Caucasus and the Alborz
orogenic belt south of the Caspian Sea (Moix et al., 2008; Sengor et al., 2019). Similar to the
Pontides, the Alborz orogen in N Iran also experienced various collisional events related to
the closure of the Tethyan oceans. During the late Paleozoic to early Mesozoic, the Central
Iranian platform separated from Gondwanaland and collided with the Eurasian plate (Zanchi
etal., 2009). However, the presence of Mesozoic-Cenozoic ophiolites of the Lake Van — Lake
Urmia region near the Khoy-Van suture (Figure 1b) suggest that the Central Iranian platform
was separated at that time from the North Anatolian platform by an ocean or a back-arc basin

(Zonenshain and Pichon, 1986; Moghadam and Stern, 2015).

Zagros orogen and NW Iran

The Bitlis-Zagros suture marks the boundary between the Arabian Platform and Ana-
tolia (Sengdr and Yilmaz, 1981; Okay and Tuysuz, 1999). The Zagros fold-thrust orogenic
system formed at the flank of the Arabian platform in the Late Cretaceous-Early Miocene as
a result of the long-lasting Arabia-Eurasia convergence, which may have possibly included
Neo-Tethys subduction/obduction followed by recent collisional processes (Moghadam and
Stern, 2015; Teknik et al., 2019). In the east, the Main Zagros Thrust, marked by ophiolite
fragments, separates the Zagros orogen from two magmatic arcs in NW Iran (the Sanandaj—
Sirjan Zone in the west and the Urmia (Urumieh)-Dokhtar magmatic arc in the east) (Figure
1b). These arcs, trending parallel to the Zagros, formed by NE-ward Neo-Tethys subduction
(Aogard et al., 2011), and the Urmia-Dokhtar magmatic arc formed by the mid-Cenozoic colli-
sion of the Gondwana-derived Sanandaj-Sirjan Zone with the Eurasian continent

(Hassanzadeh and Wernicke, 2016).
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Central Anatolian Kirsehir massif (microplate)

The Kirsehir massif, a main tectonic unit of the Central Anatolian Plateau, is in parts
surrounded by ophiolites (mostly in the north and south-east, Figure 1b). The massif drifted
away from Gondwana during the Triassic (Sengor et al., 2019). Its collision with the Eurasian
lithosphere at the Pontides was associated with northward subduction in the latest Cretaceous
to Paleogene (Kaymakeci, 2000). The collision is marked by the approximately E-W trending
Izmir-Ankara-Erzincan suture zone which runs across most of the northern Turkey (Figure

1a) (Sengor and Yilmaz, 1981).

Anatolides and Taurides

The Anatolides and Taurides form the fold-and-thrust belt along the southern margin of
the Central Anatolian Plateau. These terranes separated from Gondwanaland in the Jurassic
and were later accreted to the Pontides (Stampfli and Borel, 2002; Moix et al., 2008). The
Anatolides-Taurides orogenic belt, formed by thrusting in Late Cretaceous to Eocene, hosts
widespread Tethyan (~95-90 Ma) ophiolites, which originated in a possible intra-oceanic Neo-
Tethys subduction zone (Gurer et al., 2016; Robertson et al., 2009). The evolution of the An-
atolides may further have been affected by the debated Cyprus subduction (Kinnaird and

Robertson, 2013).

Menderes Massif
The geodynamic evolution of western Anatolia, including the Menderes Massif, is dom-
inated by distributed north-south extension marked by a series of subparallel graben structures.
Lithosphere deformation is possibly associated with the active Hellenic subduction and prob-
able slab rollback (Jolivet et al., 2013; Schildgen et al., 2014; Portner et al., 2018). The massif

also hosts Late Precambrian gneisses, outcropping in the southern part (Robertson et al., 2013).
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Sedimentary basins

Multiple series of subduction and continental convergence events formed different
types of sedimentary basins in Anatolia since the Paleozoic (Robertson and Dixon, 1984; Sen-
gor et al., 1984; Taymaz et al., 2007). Several sporadic, possibly interconnected, Late
Cretaceous and the Eocene Anatolian basins with different dimensions can be categorized into
fore-arc, intra-arc, and foreland basins. Remnants of Neo-Tethys oceanic crust may be pre-
served as ophiolites beneath the sedimentary cover of some of these basins (Gorur et al., 1984,
1998; Rolland et al., 2010; Nairn et al., 2013; Gurer et al., 2016). However, in most of the
Anatolian basins the structure and thickness of the sedimentary cover is still poorly constrained
in the absence of conventional deep seismic reflection/refraction profiles. Notable exceptions
are the Buyuk Menderes Graben in the west (Cifci et al., 2011), the Cankir1 Basin in the central
part (Kaymakeci ., 2000), and the Adana Basin in the south-east (Burton-Ferguson et al., 2005),
but even in these basins depth conversion of seismic reflection profiles is uncertain in the

absence of deep boreholes.

3. Magnetic anomalies

3.1. Sources of magnetic anomalies

Magnetic methods have notably contributed to our knowledge of the lithosphere structure.
Medium- and short-wavelength anomalies in the magnetic field are caused by variations in
the magnetization of rocks that are at temperatures below the Curie point. At long-wave-
lengths, magnetic signal of the lithosphere may overlap with the magnetic field from the core
(Meyer et al., 1985; Maus, 2008), and such long-wavelength anomalies are of no importance
for the present study. The magnetization of the lithosphere rocks is the sum of remanent and

induced magnetization. The former exists only in ferromagnetic minerals (e.g. in magnetite
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and titanomagnetite, minerals of major importance to crustal magnetism) and it is poorly con-
strained for the continental lithosphere. Therefore, practical modeling of magnetic data
usually assumes that the continental magnetic field is dominated by induced magnetism
caused by the present magnetic field of the Earth’s core (Langel and Hinze, 1998; Fox Maule

et al., 2005).

Induced magnetization depends primarily on (i) the magnetic susceptibility of rocks, (ii)
the thickness of the magnetic layer, and (iii) the depth to its top (termed “depth to magnetic
basement”). All three parameters are important for our analysis, and we briefly introduce

them here.

3.2. Magnetic susceptibility

The magnetic susceptibility of rocks (measured in dimensionless Sl units) is an intrinsic
material property, which specifies the magnetic response of a rock to an external magnetic
field. In particular, the average crustal magnetic susceptibility (ACMS, discussed in Section
5.2) is the ratio of induced rock magnetization (vertically averaged over the crustal column)
to the intensity of the Earth’s magnetic field. Depending on rock type, magnetic susceptibility
varies across 4 orders of magnitude (Figure 2b) and its values are typically inversely corre-
lated with the rock silica content (Figure 2a) (Clark and Emerson, 1991;Hunt et al., 1995).
Besides, the magnetite content in rocks controls their magnetic susceptibility (Figure 2b)
with the empirically determined rule: [susceptibility] ~ C x [volume fraction of magnetite],
with C between 2.5 (Shive et al., 1992) and 4.0, with an average C ~3.2 (Toft et al., 1990).
Metamorphic reactions may also significantly change the magnetic susceptibility of rocks: in
mantle peridotites magnetization increases with the degree of serpentinization (Oufi et al.,

2002) (Figure 2d).
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Igneous rocks have the largest magnetic susceptibility (0.10-0.20 SI) with the highest val-
ues measured in basalt, andesite, diabase, and peridotite. Susceptibility reduces to ca. 0.03-
0.05 Sl in felsic rocks and to near-zero values in most metamorphic and sedimentary rocks
(Hunt et al., 1995) (Figure 2a). Due to the generally large contrast in magnetic susceptibility
between sediments, granitic and metamorphic basement, and iron-rich mafic rocks, magnetic
data provide an efficient tool for mapping sedimentary basins, buried magmatic arcs, igneous
intrusions and ophiolite belts (which produce high average crustal magnetic susceptibility,

see Section 5.2).

3.3. Curie depth point and thickness of the magnetic layer

Average crustal magnetization is proportional to the average crustal magnetic susceptibil-
ity (ACMS) and the thickness of the magnetic layer. The top of the magnetic layer is discussed
below in section 3.4. The base of the magnetic layer is usually assumed to correspond to the
Curie depth point, below which average magnetization tends to be zero. Thus the thickness
of the magnetic layer is controlled by lithosphere composition and temperature, since the

lithosphere geotherm defines the Curie depth point.

Rocks in the lithosphere have a broad range of Curie temperatures (strictly speaking, in
ferrimagnetic material it is called the Néel temperature) which are controlled by composition,
grain size and crystal structure of rock-forming minerals (Hunt et al., 1995). In titanomagnet-
ites (FesxTixO4), which are the main magnetic minerals of igneous rocks, Curie temperature
is strongly dependent on the amount and type of Fe- and Ti- oxides (Figure 2c, for detailed
review of other factors see Jackson and Bowles, 2014). It increases almost linearly with de-
creasing proportion between Fe and Ti (0<x<1) and is 100-400 °C in most titanomagnetites
and ca. 580 °C in magnetite (x=0), a common mineral in basaltic rocks (Hunt et al., 1995). In

particular, ocean floor gabbros from a 1.2 Ma oceanic crust have Curie temperatures of 550-
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600 °C; but volcanics and dikes from the same area have Curie temperatures of 100-300 °C
due to differences in magnetic mineralogy (Varga et al., 2004). Differences in magnetic min-
eralogy also lead to significant variations in Curie temperatures of Variscan granites (Cruz et
al., 2020) and rhyolites, andesites, and dacites from young volcanoes (Jackson and Bowles,

2014) (Figure 2c).

There is therefore a significant ambiguity in the choice of the critical temperature value
representative of the lithospheric rocks, and the Curie temperature of 580 °C typical for mag-
netite is commonly adopted, because magnetite is the most abundant magnetic mineral in the
crust, has the highest magnetization, and has the highest Curie temperature (Artemieva,
2011). In our discussion we adopt a Curie temperature of 580 °C for the Anatolian lithosphere;
our choice is supported by an overall agreement between regional magnetic modeling of the
Curie depth point (Aydin et al., 2005) and geothermal constraints on the depth to 580 °C
isotherm, which ranges from 8-18 km in Western Anatolia to 20-32 km in Eastern Anatolia

(Artemieva and Shulgin, 2019).

3.4. Depth to magnetic basement

The depth to magnetic basement (DMB, discussed in Section 5.1) refers to the top of the
magnetic layer. DMB may be regarded as a proxy for the thickness of sedimentary rocks if
the underlying basement has magnetic minerals (Talwani and Kessinger, 2003). The ap-
proach, important in regions without seismic or borehole data on the thickness of sedimentary
cover, assumes that highly magnetized rocks lie immediately below the sedimentary cover
that does not host iron-rich rocks (Figure 3a, cases 3-4). However, in many cases DMB may
significantly differ from the depth to the true crystalline basement (termed hereafter “depth
to seismic basement”, DSB) determined by drilling or seismic surveys. Below we compare

the calculated DMB with seismic data on the depth to the crystalline basement to infer the
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presence or absence of magmatic intrusions and ophiolites buried below sediments (Section

5.1).

In very deep (>10-15 km) basins with a hot lithospheric geotherm and a very shallow
Curie depth point (CDP), the presence of iron-rich magmatic intrusions (basalts) within the
upper part of a sedimentary sequence leads to shallower magnetic than seismic basement
(Figure 3a, case 1). DMB can also be shallower than DSB if iron-rich rocks are all below the
CDP and the sedimentary rocks are non-magnetic (i.e. DMB is close to zero, case 2). The
opposite situation with magnetic basement deeper than seismic basement exists when the up-
per part of the crystalline crust does not contain magnetic sources, both in the case of a thick
sedimentary basin (Figure 3a, case 5) and in the case when sedimentary cover is thin or ab-
sent (Figure 3a, case 6). DMB may also be deeper than DSB in regions with cold geotherm
and CDP within the mafic lower crust (or below the Moho), so that lower crustal (and upper

mantle) rocks preserve their magnetization (Figure 3a, case 7).

4. Method

4.1. Spectral analysis of magnetic data

The geodynamic evolution of Anatolia and adjacent regions is characterized by tectonic
accretion of a series of Gondwana-derived and other terranes to Eurasia during closure of the
Tethyan oceans, followed by neotectonic evolution in relation to the Eurasia-Arabia collision
and dominated by lithosphere deformation by orogenesis associated with strike-slip faulting,
wide-spread mafic magmatism, and extensional tectonics in the western domain, possibly
related to slab roll-back around the Aegean Sea. We contribute to the analysis of the regional

paleotectonic evolution by identifying outcropping and buried magmatic structures (basaltic
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intrusions, magmatic arcs, oceanic fragments, ophiolites) and the geometry of known and

unknown sedimentary basins by analyzing crustal magnetic susceptibility anomalies.

For the same rock magnetization, the magnitude and shape of magnetic anomalies depend
on the depth (and geometry) of magnetized iron-rich bodies (Figure 3b): shallow magnetic
bodies generally produce short-wavelength, high-amplitude magnetic anomalies, while deep
bodies produce long-wavelength magnetic anomalies with smaller amplitude. The depend-
ence of the wavelength of magnetic anomalies on the depth to the magnetic source forms the
basis for a broad application of spectral techniques in analysis of the magnetic field, in par-
ticular for determining the depth to magnetic bodies, their geometry, and magnetization
contrast. However, wide shallow magnetic bodies with smooth surface can also lead to long-
wavelength anomalies, such that they will appear to originate from the deep crust. The anal-
ysis is described as “the most difficult in potential field inversion” (Blakely, 1995) because
contributions from the bottom of magnetic bodies are, at all wavelengths, dominated by con-
tributions from the top of these bodies, and therefore the bottom of magnetic bodies is hard

to constrain (e.g. Spector and Grant, 1970; Blakely, 1988; Langel and Hinze, 1998).

Here we calculate two new regional magnetic models: the depth to magnetic basement
(DMB) and vertically averaged crustal magnetic susceptibility (ACMS). We use a regional
subset of a global Earth magnetic anomaly field EMAG2 (Figure 4), compiled from satellite,
airborne and marine magnetic measurements (Maus et al., 2009; www.geomag.org/mod-
els/femag2.html). Over land, the resolution of the magnetic data is 1 arc-min at a height of 4
km above the geoid and is based on country-wide grids derived from airborne surveys. Off-
shore data sources include airborne and ship-track data with dense coverage in the Mediter-
ranean and Black seas. The long-wavelength field was adjusted by the CHAMP satellite

magnetic field (Maus et al., 2009; Khorhonen et al. (2007)). The overall nominal 2 arc-min

This article is protected by copyright. All rights reserved.

95U90 |7 SUOWIWIOD dA I 3|t [dde 8} Aq pausenof afe saile YO ‘38N JO S3|NJ 40y AigaU1UO AB]IAA UO (SUONIPUOI-PUB-SULBIALICD" A3 | 1M A1 1pU1UO//SANY) SUORIPLOD PUe SIS 13U 39S *[€202/T0/L2] UO AReig1auluo A3[IM ‘UesdQ Jo a1ued Z)oyweH HYINOID 49H Ad 282200012202/620T 0T/I0p/wiod’ A3 Arelq 1 putjuo'sandnBe//sdny wo.j pepeojumod ‘el ‘v6T6r6T



resolution of the magnetic data (i.e. 2-3 km lateral resolution) is well suited for crustal scale

studies.

4.2. Calculation of depth to magnetic basement

To estimate the depth to magnetic basement (DMB) and vertically averaged crustal mag-
netic susceptibility (ACMS), we apply the radially averaged power spectrum method to the
magnetic data. This method is widely used for estimating the Curie depth point (e.g. Blakely,
1988; Bouligand et al., 2009; Maus et al., 1997; Ross et al., 2006), and it was extended to
calculating DMB and ACMS (e.g. Bouligand et al., 2009; Teknik et al., 2020; Teknik and

Ghods, 2017). The solution is independent of a priori geological information.

The depth to magnetic basement is sensitive to the wavelength of the radially averaged
power spectrum of the magnetic anomaly field (Maus et al., 1997; Teknik and Ghods, 2017,
Zhou and Thybo, 1998). The spatial resolution is defined by the size of the averaging window
and the overlap between adjacent windows (120 km x 120 km with 80% overlap between
windows). This window size is based on the average wavelength of magnetic anomalies in
typical basins of the region (Figure 4a). A smaller window size may not catch the whole
wavelength of anomalies that contribute to the relief of magnetic basement, and a larger win-
dow size may mix the magnetic spectrum of adjacent anomalies. Sensitivity tests show that
the lateral resolution of the DMB model is ca. 1/5 of the size of the averaging window (Teknik
and Ghods, 2017), i.e. ca. 24 km in our regional DMB model. It means that local small-size
magnetic anomalies are smoothed and their geometry may not be correctly resolved by the
DMB model. Possible presence of non-vertical magnetic boundaries further may complicate
interpretations (Gee and Kent, 2007). The uncertainty in the calculated depth to the top of the
magnetic layer increases with depth, and for the chosen size of the averaging window it is

less than 1 km if the top of the magnetic body is at a 5-10 km depth (Teknik and Ghods,
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2017), allowing for high resolution of the DMB values in large-size magnetic anomalies. The
choice of a smaller averaging window size increases the DMB uncertainty, which for a win-

dow size of 60 km x 60 km is ca. 3 km for a 10 km deep basin.

4.3. Calculation of crustal magnetization

ACMS represents the vertically averaged magnetic susceptibility from the surface to the
Curie depth point, where temperature becomes sufficiently high to reduce the susceptibility
of magnetized rocks to zero. ACMS depends on the amplitude of the radially averaged power
spectrum curve (Teknik et al., 2020) and its spatial resolution is also defined by the averaging
window size. The chosen window size is smaller than for DMB (60 km x 60 km with 80%
overlap between adjacent windows), resulting in a lateral resolution of ca. 12 km for the
ACMS model, which makes it possible to identify relatively short-wavelength magnetic
anomalies from magmatic intrusions and ophiolites. Note that the calculated ACMS may not
be representative of the true susceptibility if rocks have strong remanent magnetization (see

Section 3.1).

Table 1. Abbreviations for Late Cretaceous to Paleogene basins and major magmatic arcs as

labelled in Figures 4-8

AB Adana Basin VL Van Lake Basin

B Bijar Basin CLIP Caucasus Large Igneous Province
CB Cankir1 Basin CSz Cyprus subduction zone

HB Haymana Basin TCFD | Terek Caspian foredeep

KB Keban Basin CPMA | Central Pontides magnetic anomaly
KrB Kura Basin DMA Dardanelle magnetic anomaly

MB Mianeh Basin EPMA | Eastern Pontides magnetic anomaly
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RB Rioni Basin NAMA | North Arabian/Cyprus magnetic anomaly
SB Sivas Basin NBMA | North Black Sea magnetic anomaly

B Tuzg6li Basin NCMA | North Caucasus magnetic anomaly

ThB Thrace Basin UDMA | Urmia-Dokhtar magnetic anomaly

uB Ulukisla Basin WKMA | Western Kirsehir magnetic anomaly

UL Urmia Lake Basin WPMA | Western Pontides magnetic anomaly

5. Results: DMB and ACMS anomalies

5.1. Depth to magnetic basement (DMB)

How to interpret DMB anomalies?

A very heterogeneous pattern of DMB anomalies reflects a complex mosaic of crustal

blocks of different tectonic origin, Paleo- and Neo-Tethyan sutures, paleo-subduction systems

of various ages, ophiolite belts, and magmatic provinces. DMB anomalies show the depth to

the top of magnetized bodies and may be interpreted in different scenarios, depending on the

assumptions (see Section 3 and Figure 3 for explanations).

In the simplest interpretation, DMB provides a proxy for the total thickness of sedimen-

tary sequence, assuming no magnetized rocks are present within the sediments. In this case,

the overall regional pattern of the DMB distribution suggests that most of Anatolia has a thin

sedimentary cover (typically 2-4 km) (Figure 5a). An alternative interpretation implies that

a thick sedimentary cover of Anatolia includes a significant amount of magnetized basaltic

rocks, associated with former wide-spread regional magmatic activity and presently covered

by 2-4 km of sediments.
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To discriminate between these two end-member options, we compare the depth to mag-
netic basement (DMB) with the depth to seismic (crystalline) basement (DSB) constrained
by seismic and borehole data (Figure 5b). Note that DSB represents the true thickness of the
sedimentary sequence (except for some ultra-deep basins with very high seismic velocity in
the metamorphosed lower part of the basin), whereas DMB is not the true thickness, e.qg. if
magnetized rocks are present within the sedimentary sequence. In such cases DMB constrains
the thickness of sediments above magnetized rocks (e.g. mafic intrusions, magmatic arcs, and
ophiolite sequences at temperatures below the Curie point). Thickness of sediments is not
well known from seismic studies for most of Anatolia and surrounding regions, in particular
in western and central Anatolia where sparse data indicate a thin (<2 km) layer of sediments.
Our compilation of sedimentary thickness (Artemieva and Shulgin, 2019) is based on the
following data sources: the offshore domain is derived from the NOAA database (with un-
known uncertainty of data) updated for the Black Sea where a high-resolution model of
sedimentary thickness is based on a dense coverage of seismic reflection profiles (Nikishin et
al., 2015a); the on-shore domain is derived from the EUNAseis seismic model based on a
compilation of classical seismic refraction/reflection profiles (with, in general, sparse cover-
age in Anatolia; Artemieva and Thybo, 2013) and updated by other seismic studies for Turkey
(Frederiksen et al., 2015; Gurbiz and Evans, 1991), compilation of various data for the Ara-
bian plate (Stern and Johnson, 2010), and by borehole data for several Anatolian basins (cf.

Gorur et al., 1984; Nairn et al., 2013; Okay et al., 2001; Sosson et al., 2010).

With few exceptions, most of the Anatolian basins lack seismic studies of the crustal
structure and thickness of sediments. In some basins (e.g. the Adana and the Cankir1 basins),
depth to the seismic basement is constrained by conventional seismic reflection sections, but
with a highly uncertain depth conversion of seismic sections due to insufficient borehole in-

formation (Kaymakci ., 2000; Burton-Ferguson et al. 2005). For some basins, the depth to the
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crystalline basement was derived from gravity data, which cannot provide unique constraints
(Kaymakci ., 2000). Indirect constraints of sediment thickness based on exposed geological
and stratigraphic sections, such as in the Ayhan-Biiyiikkisla basin where “all cross-sections
are solely based on interpretations of the surface geology* (Advokaat et al., 2014, p. 1826)
are unreliable for meaningful comparison with geophysical data. We do not include such
speculative results to our DSB model due to their local character and usually unconstrained

total depth to the crystalline basement.

Keeping in mind essential limitations of the DSB model, the results of comparison of the
DMB and DSB models (i.e. the difference between the depth to the top of magnetized material
and the seismically constrained depth to the crystalline basement) are presented in Figure 6.

Various scenarios for tectonic interpretations are summarized in Table 2, and Figure 3 pro-

vides further details.

Table 2. Comparison of depths to magnetic (DMB) and seismic basement (DSB)

DSB > DMB DSB = DMB DSB < DMB
Physical ex- | Magnetized mag- Sedimentary cover Sedimentary cover without
planation matic (basaltic) without magmatic ma- | magmatic material, under-
(Figure 3) material within terial, underlain by lain by basement rocks with
sedimentary cover | magnetized basement low magnetization - either
(at low temperature | rocks (e.g. magmatic | due to felsic, iron-poor com-
below the Curie rocks atop the base- position or due to very high
point) ment, or felsic crust (close to the Curie point)
with minor iron-rich | crustal temperature. An end-
material at low temper- | member scenario includes a
ature, or oceanic crust) | very thin sedimentary cover
Regional e \olcanic prov- e Most orogens (the e Some orogens (the Ana-
examples ince of S. Pontides, E. Greater tolides, W. Greater
(Figures Kirsehir massif; Caucasus, parts of the Caucasus);
5b, 6a, 7a). | e Intra-orogenic Taurides); e Massifs (Menderes, Rhod-
basins (Rioni and | eVolcanic provinces ope, most of the Kirsehir
Kura); and high plateaux (E. massif);
Anatolia, Lesser Cau-
casus, NW lIran);

This article is protected by copyright. All rights reserved.

95U90 |7 SUOWIWIOD dA I 3|t [dde 8} Aq pausenof afe saile YO ‘38N JO S3|NJ 40y AigaU1UO AB]IAA UO (SUONIPUOI-PUB-SULBIALICD" A3 | 1M A1 1pU1UO//SANY) SUORIPLOD PUe SIS 13U 39S *[€202/T0/L2] UO AReig1auluo A3[IM ‘UesdQ Jo a1ued Z)oyweH HYINOID 49H Ad 282200012202/620T 0T/I0p/wiod’ A3 Arelq 1 putjuo'sandnBe//sdny wo.j pepeojumod ‘el ‘v6T6r6T



e Sanandaj-Sirjan e N. Arabian platform; | eSmall, often circular, ba-
Zone; Bitlis-Za- | eParts of the Black sins of western-central
gros and Khoy- Sea; Cyprus Anatolia;
Van suture zones; e Terek-Caspian foredeep

e Central deep ba- basin;
sins of the Black e Some off-shore areas (E.
Sea Black Sea; NE Mediterra-

nean)
Regions with small DMB

In on-shore regions, the smallest DMB (<3 km) is typical for orogens and high plateaux
(NW lIran, the Pontides, Eastern Anatolia, the Lesser and the Greater Caucasus) (Figure 5a).
A near-zero DMB anomaly at the Troodos ophiolite in Cyprus (Figure 5a) is caused by out-

cropping iron-rich rocks, which also cause a high crustal magnetic susceptibility (Figure 7a).

The Greater Caucasus is not associated with any clear magnetic anomaly, despite substan-
tial volcano-magmatic activity of various ages in the collisional zone around Caucasus
(Adamiaetal., 2011), with predominantly calc-alkaline, subalkaline andesite-basalt, andesite-
dacite rhyolite composition of the major post-collisional volcanoes of the Greater Caucasus
(Tutberidze, 2004). Magnetic signature may also be expected for island arcs, back-arc basins,
and intra-arc rifts accreted in the Greater Caucasus area with the closing of the Tethys Ocean.
However, the Greater Caucasus has a shallow magnetic basement (about 2 km deep) which
may reflect a thin sedimentary cover. We speculate that volcanic rocks of various ages may
have lost their magnetization at high lithosphere temperature (Alexidze et al., 1993; Ershov
et al., 2003), possibly associated with lithosphere delamination and the presence of hot as-
thenospheric material just below the crust (Koulakov et al., 2012). A small volume of

magnetized rocks, as indicated by low average crustal susceptibility (Figure 7a) may be the
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cause of near-zero DSB around the Elbrus stratovolcano, the highest mountain in the Cauca-

sus and in Europe, dominated by dacites, andesites and rhyolites.

In the young volcanic provinces of Eastern Anatolia and along the southern boundary of
the Kirsehir massif, small DMB <2 km (Figure 5a) is likely to indicate the presence of mag-
netized volcanic material within the sedimentary cover as illustrated by large positive values
of [DSB-DMB] and very high crustal susceptibility (Table 2, Figures 6a, 7a). In contrast,
the southern part of the Kirgehir massif with a linear belt of the Neogene mafic volcanoes and
near-zero DMB (Figure 5a) does not show strong crustal magnetization. We explain this style
by demagnetization at high crustal temperatures, as supported by the shallow depth to the
Curie point (Aydin et al., 2005) (Figure 6b). This interpretation is consistent with seismic
receiver function studies (Vinnik et al., 2014) and thermal modeling (Artemieva and Shulgin,
2019) which both indicate a 50-70 km thick lithosphere and therefore a high crustal temper-

ature, which may explain the lack of magnetization of mafic rocks.

Transcaucasus

On-shore, the largest DMB (~8 km) is observed in the Kura foreland basin, where seismic
data indicate the presence of a >15 km thick sedimentary sequence (Artemieva and Thybo,
2013) (Figure 5b). We interpret the inconsistency between the DMB and DSB values as an
indicator for the presence of magnetized magmatic rocks within the lower portion of the sed-
imentary column. This interpretation is supported by the relatively strong crustal
susceptibility in the Kura Basin (Figure 7a) which also suggests the presence of highly mag-
netized mafic volcanic rocks and/or ultramafic material (ophiolites) beneath or within the
sedimentary cover. Our interpretation is consistent with regional geological data on intensive
Late Jurassic, mainly basaltic, andesitic, dacitic and rhyolitic magmatism in the Kura Basin,
followed by Late Cretaceous basalt-andesite and trachybasalt magmatism in the Kura Basin

and parts of the Greater Caucasus (Lordkipanidze et al., 1989; Mederer et al., 2013). The
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Saatli Superdeep Borehole drilled near the Kura River uncovered the thickest section of the
island-arc volcanic series (dacites, andesites, basaltic andesites and basalts) at depths from
3540 m to the bottom of the borehole at 8324 m depth (Alizade and Khain, 2000), confirming

our conclusions.

Basins of Central and Eastern Anatolian Plateau

DMB is around 5-6 km in most of the sedimentary basins in Central Anatolia (Figure 5a).
These values are consistent with sediment thickness measurements in several boreholes
(Nairn et al., 2013; Okay et al., 2001; Sosson et al., 2010), e.g. in the Tuzgolu basin where
the DMB ~7 km is in agreement with a 6-7 km thick sedimentary sequence which includes
turbiditic deposits, sandstones, siltstones, limestones, and no magmatic rocks (cf. Gorir et al.,

1984).

The Lake Van basin stands out as a DMB anomaly of ca. 4 km in a region with near-zero
DMB values. The area includes chains of recent volcanoes and outcrops of post-collisional
(with respect to the Late Cenozoic Eurasia-Arabia collision) magmatic rocks, responsible for
very high crustal susceptibility (Figure 7a). Together with a large DMB, it indicates the pres-
ence of a significant volume of magnetized magmatic material in the sedimentary fill of the

Lake Van basin (Figure 6a).

Black Sea

A dense coverage of the Black Sea by seismic reflection profiles (Nikishin et al., 2015b)
allows comparison of the calculated depth to magnetic basement (Figure 5a) with depth to
seismic basement (Figure 5b) which locally is deeper than 15 km. In the central part of the
Eastern Black Sea, the DMB of 6-10 km is comparable to basement topography as interpreted
from seismic data (5-10 km). Likewise, the seismic and magnetic models agree along the

southern Black Sea coast and predict a basement depth of 4-6 km; in the western part of the
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southern Black Sea DMB is smaller than DSB, but this region is at the edge of the resolved

magnetic model.

The largest discrepancy between the seismic and magnetic depth to the basement occurs
in the central deep basins of the Western and Eastern Black Sea, where the DMB is <6-8 km,
while the seismic basement is at 10-17 km depth (Figure 5ab). We explain this discrepancy
by the presence of magnetized basaltic rocks within the sedimentary column, possibly below
the Miocene sequences as the DMB values suggest. This interpretation is in accord with in-
terpretation of isometric highs on seismic reflection profiles in the Western Black Sea Basin
as submarine (possibly Cretaceous) volcanic structures buried below the Eocene-Paleocene
sedimentary sequence (Nikishin et al., 2015b). The transition from the on-shore to the off-
shore regions, both in the Black Sea and NE Mediterranean, is generally marked by a sharp

increase in DMB values from 3-5 km on-shore to 8-10 km off-shore.

Arabian plate and Scythian platform

Remarkably, a sharp step-like 3-5 km DMB deepening is observed along the northern
edge of the Arabian plate and at the southern edge of the Scythian platform. Whereas the
Anatolian DMB is shallow (typically <4 km), both the N Arabian plate and the S Scythian
platform have DMB >6-10 km, locally exceeding 12 km (Figure 5a). The NE Arabian and
Scythian plates, within our study region, do not have massive outcrops of magmatic rocks
(Figure 1b) and therefore DMB s likely to constrain the true thickness of the nonmagnetic
sedimentary cover. In the region of young volcanism in the NW part of the Arabian plate, the
difference between the DSB and DMB values (with DSB being 1-4 km shallower than DMB)
may be explained by the presence of weakly magnetized material below the thick sediments

(Figure 3a, case 5), as also supported by low crustal susceptibility (Figure 3b).
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In the southern part of the Scythian Platform, sparse seismic studies constrain the depth
to the basement of ca. 6-8 km (Artemieva and Thybo, 2013) in general agreement with the
DMB values of 6-10 km (Figure 5a). The anomaly centered around 44 °N, 44 °E with
DSB>DMB (DMB ~6 km, Figure 6a) suggests the presence of weakly magnetized rocks in
the lower portion of a >10 km thick sedimentary cover, if the sparse and old seismic data on
the depth to the basement is correct. However, near-zero values of ACMS in this region ques-
tion the reliability of old seismic interpretations (Neprochnov et al., 1975; Krasnopevtseva,

1984), so that the DMB values suggest that the sedimentary sequence is only ca. 6 km thick.

5.2. Average crustal magnetic susceptibility (ACMS)

Major features

We remind that crustal magnetization accounts only for the crustal column at temperatures
below the Curie point (Figure 6b), and not necessarily down to the Moho. Average crustal
magnetic susceptibility shows a complicated, patchy pattern of crustal magnetization with
many short-wavelength anomalies (Figure 7a). High-amplitude short-wavelength ACMS
anomalies require the presence of highly magnetized rocks at shallow depth (Figure 3b),
while low-amplitude broad ACMS anomalies most likely are caused by deep magnetic bod-
ies. Combined with the DMB model, average crustal magnetization allows to discriminate
between various possible scenarios for the emplacement of mafic and ultramafic material into

the shallow crust (Figure 3a).

Overall, low ACMS values are characteristic for regions south of ca. 40 °N, including the
NE Mediterranean Sea, the Menderes Massif, the Taurides, the N Arabian plate, the Zagros
orogen, and the Sanandaj-Sirjan zone in NW Iran. Most of this area has Gondwana affinity

(originate from the South Tethyan) (Stampfli et al., 2001; Adamia et al., 2011).
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Extremely low susceptibility in the tectonically active Menderes Massif cannot be ex-
plained by the primarily felsic composition of the igneous rocks, which are mostly basalts
(Aldanmaz et al., 2006; Ersoy et al., 2010) (Figure 7b). Therefore, low crustal magnetization
apparently reflects high crustal temperatures with the Curie depth locally expected at 10 km
or less (Aydin et al., 2005; Artemieva and Shulgin, 2019) (Figure 6b). A local anomaly with
high susceptibility in the Menderes Massif (38 °N, 28-29 °E, Figure 7a) is spatially related
to known Precambrian basement rocks (Robertson et al., 2013), where the lithosphere is lo-
cally thickened to ca. 90 km (Artemieva and Shulgin, 2019) and crustal geotherms are

sufficiently cold to preserve crustal magnetization.

The northern part of the study area (mostly within the Laurentia realm (Sengor and Yil-
maz, 1981) has, in general, high susceptibility with short wavelength variations. This includes
the Kirsehir massif, the Pontides, the Lesser Caucasus, the S margin of the Scythian platform,
and the N and S Black Sea margins. The latter also have deep magnetic basement (Figures
5a and 7a), and we interpret them as magmatic arcs along the Black Sea coasts which we

discuss in the next section.

In contrast, the central part of the Black Sea (both the Eastern and Western Black Sea
Basins) has low crustal magnetization, separated by a zone with high ACMS values approxi-
mately at around the Middle-Black Sea High (the Andrusov Ridge). This pattern does not
mimic neither the depth to magnetic basement nor the seismically constrained sediment thick-
ness (Figure 5), although a thick sedimentary cover clearly contributes to low ACSM values

(Figure 3b).

Except for two well-known magmatic arcs (the Pontides in the north and the Urmia-Dokh-
tar in the east), most of the high susceptibility anomalies do not follow known tectonic

structures. In particular, the strong Western Kirsehir Magnetic Anomaly, identified in this
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study along the SW margin of the Kirsehir massif, has no correlation with any known mag-
matic outcrops (Figure 7b). However, as expected, many known magmatic outcrops are

associated with high ACMS values.

Susceptibility gradient

To overcome problems with direct tectonic interpretation of the highly heterogeneous and
complicated pattern of crustal magnetization anomalies, we calculate the gradient of the av-
erage crustal magnetic susceptibility (Figure 8a). A low susceptibility gradient is
characteristic for regions with nearly uniform ACMS values, as in the southern part of the
study area. In contrast, the Pontides and the Urmia-Dokhtar magmatic arcs, the Western
Kirsehir Magnetic Anomaly, and the Caucasus Large Igneous Province have a strong suscep-
tibility gradient and strong short-wavelength ACMS heterogeneity, which we interpret to be
associated with voluminous basaltic magmatism in shallow bodies with rough shapes. Many
sedimentary basins are also marked by high gradient anomalies. Importantly, some of the
anomalies do not follow the known tectonic boundaries, such that the results provide new

insights into regional geodynamic evolution.

6. Discussion: Regional pattern of magnetic anomalies

6.1. Styles of crustal magnetization

A major conclusion of our study is an extraordinary complexity of the regional pattern of
crustal magnetization in Anatolia, especially in its central and eastern parts (Figures 7a, 8a).
The results are in sharp contrast with a similar study for the Tethyan belt in Iran (Teknik et

al., 2020), where a simple pattern of magnetic susceptibility variations is correlates with the
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regional geology from surface observations, and therefore allows for straightforward tectonic

interpretation.

To reduce the Anatolian susceptibility complexity to the level where tectonic interpreta-
tions are possible, we produced a simplified tectono-magmatic map (Figure 8b, 8c) which
defines the main characteristic areas based on joint interpretation of susceptibility gradient
(Figure 8a) and average crustal susceptibility (Figure 7a). Therefore, the map (which pre-
sents the main conclusion of our study) takes into consideration both the amplitude of

magnetization anomalies and their spatial variation (Table 3).

Table 3. Major parameters controlling magnetic susceptibility and susceptibility gradient

Parameter

Amplitude of average magnetic
susceptibility (Figure 7a)

Susceptibility gradient (Figure 8a)

Rock magnetic

Strong magnetization in iron-

Depends on amplitude variation and

zero at high temperatures close
to the Curie point

composition rich mafic and ultramafic rocks | wavelength of rock magnetic suscep-
tibility which is controlled by
magnetic mineralogy
Temperature Magnetization decreases to near- | Depends on amplitude of rock mag-

netic susceptibility which is
controlled by temperature

Depth to magnet-

Shallow rocks produce anoma-

Shallow rocks produce stronger

ized rocks lies with a stronger amplitude
and with a shorter wavelength

than deep rocks

gradient anomalies with a shorter
wavelength than deep rocks

For basic information on the interpretation of magnetization anomalies we refer to Section
3 and Figures 2 and 3. Importantly, the magnitude of magnetic anomalies depends not only
on the magnetic susceptibility of the rocks, but also on their depth: shallow magnetized bodies
(intrusions) lead to stronger anomalies with shorter wavelengths than deep intrusions for the
same rock magnetization (composition) (Figures 3b, 9). Temperature also affects suscepti-

bility, such that the magnetization significantly decreases with temperature, and magmatic
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rocks lose their magnetization when the temperature is close to the Curie point. A highly
variable Curie temperature for rocks of different magnetic composition (Figure 2c¢) provides
an additional complication for interpretation of ACMS and DMB in regions with high geo-
thermal gradient and hot lithospheric geotherms, where rocks with magnetite as the major
magnetic mineral may still preserve their magnetization, while rocks with a low-temperature
Curie point may be demagnetized. Metamorphic reactions, such as serpentinization, and min-
eral alteration due to circulation of hydrothermal fluids also contribute to susceptibility
variations (Figure 2d). We identify three major styles of the crustal magnetic susceptibility

signal in the Anatolia-Caucasus region (Figure 8b):

H: regions with high-amplitude, short-wavelength variations in magnetic susceptibility.
H-style is a characteristic of magmatic arcs and young magmatic provinces with a large vol-

ume of strongly magnetized rocks at shallow depths and at low temperatures.

M: regions with moderate susceptibility amplitude and relatively smooth regional varia-
tions. M-style indicates the presence of either deep highly magnetized rocks or shallow
weakly magnetized rocks; the wavelength of magnetization anomalies helps to distinguish

the two cases. M-style is observed primarily in the Kirsehir Massif and the Greater Caucasus.

L: low-intensity or non-magnetic regions with uniform, nearly-constant susceptibility val-
ues. L-style is typical for the Gondwana terranes in the western-southern Anatolia, Arabia,

and the central Black Sea.

In the following section we discuss these magnetization styles in detail. Our results (Fig-
ure 8b) provide new structural information on major known tectonic units in the Anatolia-
Caucasus region, and additionally we identify several hitherto unknown magnetization anom-

alies, which we associate with unknown sedimentary basins (Figure 8c), collisional structures
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associated with the closure of the Tethys oceans, and pulses of magmatic activity in the re-

gion.

6.2. Deep basins (H- and L-magnetization)

Magnetic classification of deep basins

Many, but not all, Anatolian basins have strong crustal magnetization (H-style, pink col-
ors in Figure 8b; Type 3, light green colors in Figure 8c), which is surprising because
sedimentary basins are generally expected to have the lowest values of average crustal sus-
ceptibility (Figure 2a) and deep magnetic basement (DMB). This is, indeed, the case when
no magmatic intrusions are present within the sedimentary cover (Figure 3), and in such
cases, DMB generally correlates with sedimentary thickness known from seismic models or
drilling. However, in some Anatolian basins the DMB is shallower than the base of the sedi-
mentary sequences (warm colors in Figures 6a, c), suggesting the presence of iron-rich rocks
within the sedimentary column (Table 2). In other locations, the DMB is deeper than the
depth to the basement rocks (cold colors in Figures 6a,c) due to the presence of magnetized
rocks with high susceptibility in the felsic upper crust, but not in the sediments (Table 2,

Figure 3a).

We categorize deep basins into three types (Table 4, Figure 8c). Two of them have H-
magnetization and one has L-magnetization style. Our categorization is based solely on mag-
netic susceptibility patterns and not on geological data, which may be potentially biased by

limited exposed sections and outcrops, e.g. along roads and margins of basins.

Table 4. Types of deep basins by magnetic susceptibility patterns. See Figure 8c for locations.

Type 1 basins Type 2 basins Type 3 basins
Typical tectonic | Basins in collisional | Large platform basins | Small, often circular,
setting orogens and off-shore basins basins
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Typical geody-
namic mechanism

Lithosphere faulting
and folding

Lithosphere flexure

Thermal relaxation

Examples

Basins of Transcau-

casus and Caucasus

region (Kura, Rioni,
Terek-Caspian
foredeep basin)

Basins of N Arabian
plate and SW Scythian
platform, Sivas Basin
of C. Anatolia, Central
Black Sea, NE Medi-
terranean Sea

Basins of C. Anatolia
(Haymana, Tuzgoli,
Keban, Adana), E.
Anatolia (Van Lake),
NW Iran (Bijar, Mi-
aneh, Urmia Lake)

Depth to mag-
netic basement
DMB (Figure 5a)

Deep (5-15 km)

Deep (5-15 km)

Moderate (4-8 km)

Geometry of sus-
ceptibility
anomalies

Long (>200 km) lin-
ear belts

No specific shape,
cover large areas

Small, circular

Average crustal
magnetic suscep-
tibility ACMS
(Figure 7)

Very high (>0.05 SI)

Typically very low
(<0.02 SI) with local
highs (<0.05 SI)

Very high (>0.05 SI)

Susceptibility
gradient (Figure
8a)

Very high, strong
ACMS heterogeneity

Typically uniform
ACMS values

Very high, strong
ACMS heterogeneity

Magnetization
style (Figure 8b)

H-magnetization

L-magnetization

H-magnetization

Proposed cause of
magnetic suscep-
tibility anomalies

Iron-rich rocks em-
placed within a thick
sedimentary cover
along zones of
paleo-collisions

Deep basins filled
with non-magnetic
rocks: either (1) sedi-
ments without
mafic/ultramafic bod-
ies, or (2) sediments
with iron-rich bodies
at temperatures above
the Curie point

Iron-rich rocks em-
placed locally within
or below sedimentary

cover in volcanic
provinces (presently at
temperatures below
the Curie point)

Geological tec-
tono-magmatic
features

Often associated
with known mag-
matic arcs and paleo-
volcanoes

Typically not associ-
ated with known
magmatic outcrops

Magmatic provinces
with basaltic-type vol-
canism

Type I: Deep basins in collisional settings (H-magnetization)

The Kura Basin in the Transcaucasus has a very deep magnetic basement and extremely

high average susceptibility (Table 3, Figure 7). This combination can be explained by the
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presence of magmatic intrusions or trapped ophiolites below and within the lower parts of the
>10 km thick sedimentary cover. These highly magnetized rocks are unknown in outcrops
(Figure 7b), but in support of our interpretation a ca. 5 km thick sequence of magmatic rocks
is uncovered below ca. 3.5 km depth in the Saatli Superdeep Borehole near the Kura River

(Alizade and Khain, 2000).

Our results support a paleo-tectonic interpretation of the region in terms of northward-
subduction (and obduction) of the Neo-Tethyan ocean which emplaced ophiolites and formed
magmatic arc and back-arc structures at different times along the southern active Eurasian
margin (e.g. Hissig et al., 2013; Sengor et al., 2019). However, the geometry and kinematics
of the proposed, possibly several, subduction systems beneath the Kura Basin and the Eastern
Pontides remain highly controversial (Avdeev and Niemi, 2011; Forte et al., 2014; Skol-
beltsyn et al., 2014; Ismail-Zadeh et al., 2020) and we further discuss this in Section 6.5 on

the Greater Caucasus.

In contrast to the Kura Basin, the Rioni Basin has a notably weaker average susceptibility,
although still high on average. The wavelength of strong small-scale heterogeneity can be
explained by the presence of isolated, 50-100 km across, magmatic bodies within the sedi-

mentary cover.

The Terek-Caspian Basin on the north-eastern side of the Greater Caucasus is traditionally
interpreted as a foredeep basin (Ismail-Zadeh et al., 2020) associated with the Eurasia-Arabia
collision. Our results suggest that the geodynamic mechanism of the basin subsidence may
be more complicated, since a very high average crustal magnetic susceptibility (up to 0.20 SI)
indicates the presence of, previously unknown, large volumes of a highly magnetized, iron-

rich material in the basin fill (Figure 7a).
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Type Il: Large platform and ocean basins (L-magnetization)

The northern part of the Arabian plate and the SW Scythian platform have deep (6-12 km)
magnetic basement (Figure 5a) with low average susceptibility (Figure 7a) suggesting that
magmatic material and ophiolites are not dominant within and beneath the sedimentary cover.
The thick sedimentary sequences in these large areas were deposited in hon-magmatic envi-
ronments associated e.g. with lithosphere flexure and/or extension in platform basins. Deep
magnetic basement may also, in part, explain weak crustal magnetization (Figure 9), as an
alternative to the lack of major mafic volcanism (the Arabian plate) and high crustal temper-

atures (the ocean domains).

Deep magnetic basement and low crustal magnetization are typical of the NE Mediterra-
nean and Central Black Sea basins (blue colors in Figure 8b). The evolution of the NE
Mediterranean Sea is consistent with thermal subsidence in oceanic basins, accompanied by
voluminous marine sediment deposition enhanced by erosion of the adjacent continental re-
gions. The Central Black Sea, where the presence of oceanic crust was proposed in some
studies (e.g. Nikishin et al., 2015b), is clearly marked by a sharp decrease in the amplitude of
average crustal susceptibility (Figure 7a) in sharp contrast with the magmatic arcs along the
Black Sea coasts. We infer possible presence of oceanic crust in the West-Central (around 33
°E, 43 °N) and East-Central (around 37 °E, 43 °N) Black Sea by strong similarity between the
style of magnetic susceptibility anomalies in these areas and the NE Mediterranean Sea ba-

sins.

The Sivas Basin at the SE margin of the Kirsehir Massif at the junction with the Pontides
is the only Central Anatolian basin that belongs to type Il (Table 4, blue colors in Figure 8b).
The basin has low (<0.01 SI) average susceptibility (Figure 7a), and its shallow (~2 km)
magnetic basement (Figure 5a) is similar to the known thickness of the sedimentary cover

(Figure 6a). The geodynamic origin of the basin remains highly speculative, with geological
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interpretations ranging from a remnant intra-oceanic basin (Yilmaz et al., 1997) to an exten-
sional intracontinental (Dirik et al., 1999) or post-collisional foreland basin (Gorur et al.,
1998). These tectonic models do not suggest voluminous magmatic activity during basin evo-
lution, in agreement with our results. We favor the same geodynamic interpretation for the
origin of the Sivas Basin as for the basins in the N Arabian plate and the SW Scythian plat-
form: sedimentation in non-magmatic environments caused by lithosphere deformation,

possibly enhanced by the Arabia-Eurasia collision (Darin et al., 2018).

Type lll: Small circular basins (H-magnetization)

We identify several isolated circular-shaped, high susceptibility anomalies (Figure 7a)
which coincide with large DMB anomalies (Figure 5a, Figure 10), indicative of deep sedi-
mentary basins (Table 4). Most of these basins are located away from the present plate
boundaries (pink colors in Figure 8ba Type 3 light green colors in Figure 8c). In intraplate
settings magma intrusion and its consequent cooling may create characteristic circular-
shaped sedimentary basins (Kaminski and Jaupart, 2000) with high average magnetic suscep-
tibility (Figure 10). A similar mechanism was also proposed as cause of a deep sedimentary
basin above a series of large magmatic intrusions in the North Sea area (Sandrin and Thybo,
2008). By analogy with the latter model, we suggest that the subsidence of some of these
isolated small Anatolian basins was caused by negative buoyancy from solidification and
cooling of mafic intrusions in the crust. The thermal relaxation subsidence may, in places, be

controlled by faults above a basement formed as an ophiolite mélange (Dirik et al., 1999).

Basins of Eastern Anatolia and NW Iran: Surprisingly, some of circular-shaped, high sus-
ceptibility basins with ca. 6 km depth to magnetic basement (e.g. the Van Lake, Keban, Bijar
and Urmia Lake Basins) are located within the area of Miocene-Quaternary (in parts, still
active) basaltic volcanism (Figure 8b,c). Preserved high crustal magnetization despite young

volcanism, with magnetized rocks below 6 km depth, suggests that shallow (0-6 km deep)
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magma chambers are present only locally around volcanoes, with major magma sources being
deeper, below the Curie depth point at 15-20 km depth (Figure 6b). This conclusion is sup-
ported by relatively high Sn seismic velocities (Toksoz et al., 2008) and large lithosphere
thermal thickness (ca. 100 km), which both suggest a cold regional geotherm with local ther-

mal anomalies at the volcanic centers (Artemieva and Shulgin, 2019).

Given the recent magmatic activity, thermal subsidence or subsidence due to metamorphic
reactions in the lower crust seem unlikely. Sufficient cooling of intrusions to produce basin
subsidence probably cannot yet have taken place, unless basin subsidence was an isostatic
response to past (>50 Ma) magmatic events (Bond and Kominz, 1991; Kaminski and Jaupart,
2000). In these basins, the subsidence may possibly originate from the presence of a thick
high-density ophiolite layer beneath the sedimentary cover in paleo-forearc and intra-arc set-

tings as proposed earlier for some Central Anatolian basins (e.g. Gorur et al., 1998).

An alternative geological interpretation is based on the observation that the Van Lake,
Keban, and Adana basins in S. Anatolia and the Bijar, Mianeh, and Urmia Lake basins in NW
Iran form a chain located at almost constant distance of 100-120 km to the north and east of
the Bitlis-Zagros suture zone. Geological inferences suggest that, at least some, of these ba-
sins may have formed in a forearc tectonic setting related to Neo-Tethys subduction
(Robertson et al., 2013). However, typically forearcs have no magmatism, with the Izu-Bo-
nin-Marianna forearc with boninitic iron-rich magmatic rocks being a notable exception
(Macpherson and Hall, 2001). Our results indicate that these rounded basins are typically 100-
200 km across with ca. 6 km deep magnetic basement, and they have high average crustal
susceptibility, which requires the presence of highly magnetized rocks with the top at a ca 6
km depth. Therefore, our results do not support a forearc origin of these basins with a strongly

magnetized crust.
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Kirsehir massif (microplate) basins: Along the western and northern boundaries of the
Kirsehir massif in central Anatolia, areas with deep magnetic basement (5-8 km) and an ex-
tremely high magnetization correlate with known basins, while outside these basins the depth
to magnetic basement in the Kirsehir massif is 1-4 km. We interpret deep DMB combined
with a high average susceptibility in the Kirsehir massif basins by the presence of a highly
magnetic basement below a thick non-magnetic sedimentary sequence (Figure 7a and Figure
10). Borehole information in the Tuzg6ll basin constrains a 6-7 km thick sequence of sedi-
mentary rocks with no magmatic intrusions (cf. Gorur et al., 1984; Sosson et al., 2010) which
provides support to this interpretation. Our interpretation suggests the presence of a signifi-
cant amount of basaltic intrusives in the crust which may have caused subsidence of the

basins.

Our results only partially support geological inferences that many of these basins (includ-
ing the Haymana, Tuzg6lii and Cankiri basins) may have been a part of a larger basin system
(Okay et al., 2001; Nairn et al., 2013)(Figure 10). The Haymana, Tuzgdlii and Ulukisla Ba-
sins clearly appear to be associated with our newly identified Western Kirsehir magmatic arc
(see next section) of a, yet unknown, subduction system with an unknown polarity. Since the
basins are associated with strong magnetic anomalies, it is unlikely that they formed as forearc
basins. Thus we argue that they may have formed as back-arc basins behind an eastward-
dipping subduction beneath the Kirsehir microplate, given that they are located east of the
Western Kirsehir magmatic arc (Figure 11). In this regard, these basins should be a part of a
larger system of back-arc basins. However, the Cankir1 Basin in the north-central Kirsehir
massif clearly stands out as an isolated anomaly with a strong crustal magnetization, suggest-
ing that the geodynamic evolution of the Cankir1 Basin was different from the basins along

the western flank of the Kirsehir massif (Figure 11).
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6.3. Magmatic arcs (H-magnetization)

Dip angle of paleosubductions

Subduction systems are associated with (usually curved) magmatic arcs, formed by vol-
canism on the overriding plate and caused by magma generation primarily in the underlying
mantle wedge. The composition of magmatic arcs reflects differences in composition of both
the subducted material and the overriding plate (Pearce and Peate, 1995). These
compositional differences lead to variations in magnetic mineralogy (Figure 2) and therefore
should be reflected in patterns of crustal magnetization. In contrast to intermediate/felsic
rocks typical of continental arcs, iron-rich basaltic/gabbroic rocks of oceanic arcs have high
magnetic susceptibility. We therefore interpret long (>400-500 km), 50-200 km-wide belts
with high magnetic susceptibility as (primarily) oceanic magmatic arcs associated with the
closure of the Tethyan oceans (Figure 7). Zones of high susceptibility gradients, coinciding
with zones of high susceptibility values, allow for recognizing contours of these magmatic

arcs (pink colors in Figure 8b).

Known magmatic arcs associated with major collisional belts include the Pontides mag-
matic arc along the southern Black Sea coast, the East Anatolian magmatic arc associated
with the Taurides, and the Urmia-Dokhtar magmatic arc in NW Iran associated with the Zag-
ros orogen. Additionally, we recognize the previously unknown linear, ca. 450 km long,
Western Kirsehir magmatic arc (WKMA in Figure 8) along the western margin of the
Kirsehir massif. Notably, the Anatolides orogenic belt has no elongated magnetic anomaly

which could be interpreted as a magnetic signature of a magmatic arc.

Subduction angle controls the arc width (Tatsumi and Eggins, 1995; Teknik et al., 2020)
which commonly ranges between near-zero and 150-200 km. We use the width of the mag-

matic arcs identified by their magnetic susceptibility anomalies (Figures 7, 8) to estimate the
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dip angle of paleosubduction (Figure 12). An interesting observation is a significant varia-
bility in the dip angle along the Pontides magmatic arc with a shallow (~15°) dip in the east
and a steep (~50-55°) dip in the west. All other magmatic arcs fall within these bounds, with
the largest subduction angle of ~55° in the Urmia-Dokhtar, the Western Kirsehir, and the
Cyprus magmatic arcs. There is no systematic variation in the dip angle between the Neo-

Tethys and Paleo-Tethys subduction systems (Figure 8b).

Urmia-Dokhtar magmatic arc and East Anatolian Plateau

The Urmia-Dokhtar Magnetic Anomaly in NW Iran, parallel to the trend of the Zagros
suture zone, marks the geologically well-studied Urmia-Dokhtar magmatic arc formed as a
result of Neo-Tethys subduction (e.g. Agard et al., 2011). The distinct, strong magnetic anom-
aly of the magmatic arc appears to continue NW-ward towards the East Anatolian Plateau
(Figure 7a) suggesting that the related subduction system may have continued into East An-
atolia, where it may link to the North Black Sea Magnetic Anomaly or the Pontides anomaly.
However, the magnetic anomalies sharply lose amplitude around the northern Lake Van Ba-
sin. Sharp termination of magnetic anomalies may be associated with crustal demagnetization
in the area of active volcanism or it may mark a geological boundary, e.g. a branch of the
Neo-Tethyan suture at the suggested Khoy-Van suture (Topuz et al., 2017) (ca. 38 °N, 46 °E
in Figure 8). The latter interpretation is in line with geological studies of ophiolites of the
Khoy-Van Lake region (around 37-39 °N, 44-45 °E) which suggest that an oceanic or back-
arc basin separated the NW margin of the Iranian platform from the Anatolian platform in

Mesozoic—-Cenozoic time (Dercourt et al., 1986; Ismail-Zadeh et al., 2020).

Pontides and Black Sea margins
Our results indicate a highly variable dip angle of Paleo-Tethys subduction along the Pon-
tides subduction system (Figures 8b, 12n). The high average susceptibility of the Pontides

Magnetic Anomaly (Figure 4, 7) on- and off-shore along the whole southern Black Sea coast
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largely follows the Central and Eastern Pontides orogenic belts (pink colors at PMA in Figure
8b). It is associated with magmatic arcs related to southward dipping Permo-Triassic Paleo-
Tethys subduction (Okay and Tlyslz, 1999). This interpretation is supported by the presence
of a chain of buried submarine Late Cretaceous volcanoes along the entire southern coast of

the Black Sea (Nikishin et al., 2015b), in the area with high magnetic susceptibility.

A “mirrored” part of the Pontides Magnetic Anomaly is present off-shore along the north-
ern coast of the Eastern Black Sea. The anomaly coincides with the Shatsky Ridge (Figure
4b) with a 30 km thick continental crust, which includes 4-8 km of sediments (Yegorova et
al., 2020). The ridge is separated from the coast by a flexural basin (the Tuapse Trough) with
a 10-15 km thick sedimentary sequence (Nikishin et al., 2015a). We therefore infer that a
large volume of strongly magnetized, possibly mafic rocks underlies both the Shatsky Ridge
and the Tuapse Trough, but in the latter the magnetic signature is weakened by a large depth
to a magnetic body (see Figure 3b). A chain of buried Late Cretaceous (possibly Albian)
volcanoes is known within a belt of high-amplitude, heterogeneous magnetic susceptibility
off-shore the north-eastern coast of the Black Sea (NBMA in Figure 8b) (Nikishin et al.,

2015h).

The North Black Sea Magnetic Anomaly is separated from the Pontides magmatic arc by
a low susceptibility region in the Central Black Sea. We speculate that the North Black Sea
and the Pontides Magnetic Anomalies may have been parts of the same magmatic arc, which
separated in the Aptian-Cenomanian during rifting and back-arc basin extension that formed

the Black Sea (Gorr, 1988).

Northward extension of the Pontides Magnetic Anomaly indicates that the magmatic arc
extends off-shore, in particular in its western part at the Istanbul Zone. At the western end of

the Pontides, we identify the Dardanelle Magnetic Anomaly (DMA in Figure 8b) with patchy
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high-amplitude susceptibility variations and 3-4 km deep magnetic basement. We interpret
this magnetic anomaly by the presence of magmatic rocks within or below the sedimentary
sequence. Tighter conclusions are not possible because the thickness of sediments is poorly
constrained by seismic data. This magnetic anomaly may be associated with a Neo-Tethys
subduction system with a highly curved subduction front and dip angle of ca. 30° (Figure

12).

Western Kirsehir Magnetic Anomaly

The eastern margin of the Anatolides includes a prominent magnetic feature: a linear, ca.
450 km long, 50-80 km wide belt with high crustal magnetization along the western margin
of the Kirsehir massif, which we name the Western Kirsehir Magnetic Anomaly (WKMA in
Figure 8b). Neither magmatic outcrops nor ophiolites have yet been mapped at the surface
in this linear belt (Figure 1b). By analogy with other long linear magnetic anomalies, we
interpret this, hithertoe unknown, susceptibility anomaly as a relic magmatic arc (Figure 11)
formed above a steep subduction zone (ca. 55°, Figure 12) or trapped oceanic crust covered
by sediments. Our results suggest an eastward extension of this anomaly below the Haymana
and Tuzgo6li Basins with an almost 6 km deep magnetic basement and very high average

susceptibility (see discussion in Section 6.2).

Cyprus subduction and North Arabian magnetic anomaly

The debated Cyprus subduction system (e.g. Clube and Robertson, 1986; Morris, 1996)
is marked by shallow DMB at the Troodos ophiolite (Figure 5a) and by a belt of increased
average susceptibility which continues ca. 500 km eastward from Cyprus into the north Ara-
bian plate approximately along 37 °N latitude (Figures 7a and 8b). We name this high
susceptibility belt, located ca. 100 km south of the Bitlis Suture along the southern edge of
the western Zagros orogeny, the North Arabian Magnetic Anomaly (NAMA in Figure 8b).

The anomaly, partially observed directly in magnetic data (Figure 4), has a patchy pattern of
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magnetic susceptibility and is clearly marked by a high susceptibility gradient (Figure 8a).
Its eastward extent into the north Arabian plate indicates that that the tectonic processes that
formed Cyprus and the Troodos ophiolite may have extended far eastward over a larger zone
than usually recognized and may have contributed to the geodynamic evolution of the north

Arabian plate during the Eurasia-Arabia collision.

6.4. Caucasus Large Igneous Province (H-magnetization)

Strong magnetic anomalies with short-wavelength fluctuations and strong magnetization
are present over large areas of the Eastern Caucasus, Transcaucasus, and the Lesser Caucasus.
Their pattern is indicative of the presence of large volumes of highly magnetized material at
shallow depths. We name the region between the Black and Caspian Seas with high-ampli-
tude, high-gradient crustal magnetization the Caucasus Large Igneous Province (pink colors
labelled CLIP in Figure 8b). Highly magnetized rocks may be associated with wide-spread
Mesozoic, mainly basaltic and andesitic, magmatism in the Greater and Lesser Caucasus, in
the Kura Basin of the Transcaucasus Massif and in NW Iran (Lordkipanidze et al., 1989;
Mederer et al., 2013). Additionally, or alternatively, high crustal magnetization may be
caused by the presence of oceanic fragments and Mesozoic back-arc domains, known from
geological data (Hassig et al., 2013; Sosson et al., 2016). In particular, the presence of oceanic
crust obducted over accreted Gondwana microplates of the Lesser Caucasus in the early
Paleocene was inferred from geological data (Zonenshain and Pichon, 1986; Adamia et al.,
2011; Okay and Nikishin, 2015; Sosson et al., 2016), and flat subduction of the back-arc basin
between the Eurasia and Pontides arcs was proposed to explain the rapid post-Miocene uplift

of the Greater Caucasus (Avdeev and Niemi, 2011).

There is an apparent contradiction between the presence of highly magnetized rocks (pink

colors in Figure 8b) and young volcanism in the Caucasus LIP. Young LIPs imply hot crust
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and demagnetization of the basaltic material at high temperatures. However, it is not the case
in the Caucasus LIP. Thermal modeling indicates that the present-day lithosphere in this re-
gion is 125-150 km thick with only local thinning to 75-100 km (Artemieva and Shulgin,
2019). Regional P-wave (Bijwaard and Spakman, 2000; Piromallo and Morelli, 2003) and
global S-wave tomography models (Shapiro and Ritzwoller, 2004; Schaeffer and Lebedev,
2013) also indicate that the lithosphere is ca. 150 km thick beneath the East Anatolian Plateau,
the Caucasus, and NW Iran. These results are consistent with a 15-20 km deep Curie point
(Aydin et al., 2005) (Figure 6b). The patchy, disrupted pattern of lithosphere thermal struc-
ture beneath the region may be caused by lithosphere fragmentation associated with Neo-
Tethys subduction systems (Artemieva and Shulgin, 2019). It may favor an overall preserva-
tion of crustal magnetization due to a regionally cold lithosphere geotherm and only local
crustal demagnetization in areas of young volcanoes. Emplacement of large volumes of mag-
netized magmatic material above lithosphere tear zones may explain the patchy, high-gradient

pattern of crustal magnetization.

6.5. Moderately-magnetic regions (M-magnetization)

Greater Caucasus

The Greater Caucasus is characterized by medium-intensity, relatively homogeneous
magnetization (green colors in Figure 8b). This magnetization style may be produced either
by buried highly magnetized rocks, or by weakly magnetized shallow rocks, or by a combi-
nation of both. North-dipping Neo-Tethys subduction beneath the Greater Caucasus is
commonly inferred from geological data (Zonenshain and Pichon, 1986; Guest et al., 2006;
Mosar et al., 2010; Adamia et al., 2011; Sosson et al., 2016). In particular, the presence of a

remnant northeast-dipping subduction at the northern edge of the Kura Basin and extending
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beneath the Greater Caucasus has been proposed based on analysis of a deep earthquake be-
low N Caucasus (Mellors et al., 2012). Neo-Tethys subduction models imply the presence of
a magmatic arc with an associated belt of high-amplitude magnetization at around the Greater

Caucasus.

We do not observe magnetic pattern typical of magmatic arcs along the strike of the
Greater Caucasus and emphasize that neither gravity modeling (Kaban et al., 2018), nor the
seismicity pattern support geodynamic models for subduction beneath the Greater Caucasus
region. The only block with deep, localized, present-day seismicity in the area indicates that
any subduction relic must be local and to the north of the Greater Caucasus at a very steep
angle (Mumladze et al., 2015). We are also unaware of regional processes which may have
caused demagnetization of the entire Greater Caucasus magmatic arc, if it existed. However,
slightly higher crustal susceptibility in the western part of the Greater Caucasus (Figure 7),
west of the Elbrus volcano and other main Cenozoic volcanoes, suggests that crustal magnet-
ization in the eastern Greater Caucasus may have been weakened by Cenozoic and Mesozoic

magmatism (Lordkipanidze et al., 1989; Mederer et al., 2013).

The presence of relatively shallow magnetic basement beneath the Greater Caucasus and
the Alborz orogens with a nearly uniform depth of 1-3 km over a large area (Figure 5a) is
also hard to reconcile with the geological interpretations that the Greater Caucasus may have
formed by tectonic inversion of a Mesozoic continental back-arc basin formed behind Neo-
Tethyan subduction (Zonenshain and Pichon, 1986; Mosar et al., 2010; Adamia et al., 2011;
Avdeev and Niemi, 2011; Sosson et al., 2016). The Greater Caucasus and the Alborz orogens
represent the northern edge of the deformation related to the Eurasia-Arabia collision against
cold rigid lithosphere of the Scythian platform. We therefore suggest that shallow magnetic

basement in the Greater Caucasus reflects folding and buckling of the crust (e.g. Cloetingh
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and Burov, 2011), as also supported by the absence of any significant Bouguer gravity anom-
aly below the 3-5 km high elevation in the Greater Caucasus and the Alborz. Compressional
buckling may have caused uplift of the Greater Caucasus and subsidence around them to

create the deep basins, including the Rioni-Kura Basin.

Kirsehir massif and Taurides

The Kirsehir massif clearly stands out as an M-style magnetization block with a medium-
to-high intensity of magnetic susceptibility with moderate heterogeneity (Figures 8), except
for its strongly magnetic basins and flanking magmatic arcs (Sections 6.2-6.3). Therefore,
our results support geological interpretations that the massif may represent a separate micro-
plate (Sengor and Yilmaz, 1981). However, crustal magnetization anomalies provide only

partial support to geological models.

In classical interpretations, the Kirsehir massif is considered as part of Gondwanaland,
from which it has drifted away during the Triassic (Stampfli, 2000; Sengor et al., 2019). How-
ever, our results show a sharp contrast in crustal magnetization of Laurentia and
Gondwanaland terranes (high in the former and low in the latter, Figure 8). We therefore
argue that magnetization may be an important discriminator between terranes of Laurentia
and Gondwana origin, and thus by the pattern of crustal magnetization the Kirsehir massif is

closer to Laurentian terranes.

The Taurides of southern Anatolia have, in general, low magnetic susceptibility (0.01-
0.02 SI). Although Tethyan ophiolites are present there, they are not associated with high
magnetization anomalies, possibly because of the proximity of Neogene volcanoes along the
southern margin of the Kirsehir massif. Alternatively, low average crustal magnetic suscep-

tibility may also suggest a small volume of basaltic additions to the crust.
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Thrace Basin of western Anatolia

The triangular-shaped Cenozoic Thrace basin to the north of the Marmara Sea and west
of the Istanbul Zone has a 5-7 km deep magnetic basement and low crustal susceptibility. We
interpret this pattern by the absence of magmatic intrusions both within the thick sedimentary
cover and, possibly, within the upper crust. Therefore, our interpretation supports geological
conclusions on a forearc origin of the basin, which may have formed over metamorphic base-
ment. However, low crustal susceptibility does not support the presence of a wide-spread
ophiolite mélange in the southern part of the basin (Keskin, 1974; Siyako and Huvaz, 2007;

Elmas, 2012).

6.6. Non-magnetic regions (L-magnetization)

Large non-magnetic basins of the northern Arabian platform and the ocean domains with
low and uniform susceptibility are discussed in Section 6.2. Identification of regions with low
magnetic susceptibility (blue colors in Figure 8b) is as important for understanding the paleo-
tectonic evolution, as identification of magmatic arcs and deep basins with high magnetiza-

tion. The absence of strong magnetic susceptibility anomalies implies:

(1) absence (or minor volume) of basaltic magmatism, whereas felsic magmatism (such as

associated with continental arcs) cannot be ruled out;
(ii) absence (or minor volume) of oceanic material (including ophiolites) at shallow depth,

(iii) a very hot crust, close to the Curie temperature, which may cause demagnetization of

iron-rich basaltic rocks, if present.

Menderes Massif of Western Anatolia
The Menderes Massif in western Anatolia stands out as an anomalous area with near-zero

average crustal magnetic susceptibility (Figure 7a), and with a depth to magnetic basement
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remarkably larger (>4 km) than in eastern Anatolia (typically <2 km) (Figure 5a). Regional
evolution, essentially controlled by the Hellenic subduction with possible slab rollback
(Jolivet et al., 2013), is dominated by strong lithosphere extension, rifting and widespread
Late Miocene to Pleistocene basaltic volcanism. Iron-rich basaltic rocks should be highly

magnetized at low temperatures.

We explain near-zero crustal magnetization in western Anatolia by high geothermal gra-
dient, where high temperatures close to the Curie point have essentially demagnetized any
magmatic rocks. Our conclusion is supported by a very shallow Curie depth in the Menderes
Massif (Aydin et al., 2005) (Figure 6b). The rifted part of the western Menderes Massif has
some of the highest measured heat flux values in Anatolia (>100 mW/m?) and an anomalously

hot lithosphere, possibly thinned to the Moho (Artemieva and Shulgin, 2019).

Similarly, the belt of Tethyan ophiolites along the SE edge of the Menderes Massif (Fig-
ure 1) is not marked by a strong magnetization anomaly as one would expect for iron-rich
oceanic fragments. This observation also requires very high present-day crustal temperatures,
in agreement with both thermal modeling and Curie depth estimates (Aydin et al., 2005; Ar-
temieva and Shulgin, 2019). The near-zero magnetic anomalies in most of the Anatolides also
suggest either the presence of non-magnetic basement or high temperature (Artemieva, 2019;
Artemieva and Shulgin, 2019) which reduces magnetic susceptibility and the thickness of the

magnetized crustal crust.

Zagros orogen and Sanandaj-Sirjan zone

The Gondwana terranes of southern Anatolia and NW lIran typically have low crustal
magnetization. Despite a significantly different tectonic evolution, the Zagros fold-and-thrust
belt and the Sanandaj-Sirjan zone NE of the Bitlis-Zagros suture share similar patterns of

magnetic anomalies. The average crustal magnetization is very small and locally almost zero,
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except for a few locations with high susceptibility anomalies (Figure 4 and 7a). The magnetic
basement is shallow (typically 0-4 km) in both regions, in contrast to the Arabian plate where
it is deep (10 km and more), while average crustal magnetization is also very small. Both the
Zagros fold-and-thrust belt and the Sanandaj-Sirjan zone have, in general, thick and cold lith-
osphere (Artemieva and Shulgin, 2019), so that thermal demagnetization is unlikely. Thus
low crustal magnetization suggests that mafic magmatism, if any, played only a minor role in
the geodynamic evolution. Likewise, our results do not indicate the presence of trapped oce-
anic material in Zagros and the Sanandaj-Sirjan zone, such as associated with Mesozoic or
Cenozoic oceanic subduction. We therefore favor the interpretation that the Zagros fold-and-

thrust belt formed as an accretionary orogen.

7. Summary and Conclusions

We contribute to the analysis of the regional paleotectonic evolution of the Central
Tethyan Belt by calculating the depth to magnetic basement and average magnetic suscepti-
bility of the crust by the radially averaged power spectrum method. We combine these two
new magnetic models with the calculated gradient of crustal magnetization to map tectonic
structures with different amplitudes, wavelengths and depths of origin of crustal magnetiza-
tion anomalies. We also constrain the size and depth of major sedimentary basins in the
region, and present a review of tectonic interpretations of crustal magnetic models. Our results
identify three styles of crustal magnetization typical of specific geodynamic settings, which
we discuss in relation to lithosphere thermo-chemical structure and tectono-magmatic pro-

Cesses.

Interpretation of the new magnetic results, together with regional geological data on mag-
matism and ophiolites and with regional geophysical data on the lithosphere thermal structure,

confirms known and constrains new tectono-magmatic features of the region. We summarize
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our results in a new tectono-magnetic map (cf. Figure 8b,c) and make the following conclu-

sions.

e Magnetic regionalization does not fully match regional geological models:

Poor correlation between known ophiolites and magnetization anomalies indicates a small
volume of presently magnetized material in the Tethyan ophiolites, which we explain by de-
magnetization during recent magmatism. There is no direct correlation between the crustal
magnetization anomalies and known major tectonic boundaries, many constrained by ophio-
litic belts. Exceptions are the Kirsehir massif boundaries and the central Paleo-Tethys suture,
which roughly follows the southern edge of the Pontides Magnetic Anomaly. The major seis-
mogenic zones (the North Anatolian and Eastern Anatolian strike-slip faults) are not reflected

in the magnetic susceptibility anomalies.

e Gondwana and Laurentia terranes have different magnetization styles:

Crustal magnetization may be an important discriminator between terranes of Gond-
wana and Laurentia. The amalgamated terranes of Gondwana affinity in Southern Anatolia,
the northern Arabian plate, and the Zagros exhibit very low and uniform crustal magnetiza-
tion. The transition to the terranes with Laurasia affinity in north-central Anatolia at ca. 40
°N latitude is marked by a notable increase in amplitude of magnetization and an appearance
of short-wavelength magnetization heterogeneity, indicative of the presence of large amounts
of mafic magmatic bodies at shallow depth. By the pattern of crustal magnetization, the Kirse-
hir massif is similar to Laurentia terranes, and not to Gondwana terranes as inferred in earlier

geological interpretations.

¢ Neo-Tethyan and Paleo-Tethyan magmatic arcs are associated with a broad range of

subduction dip angles:
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High-amplitude, high-gradient magnetization anomalies mark known magmatic arcs (the
Urmia-Dokhtar in NW Iran, the Pontides in N Anatolia) associated with Tethyan subduction
systems. The geometry of magnetization anomalies around the Black Sea coast suggests that
the original magmatic arc may have split by rifting of the Central Black Sea into two parts,
now located along the southern (the Pontides) and northern coasts of the Black Sea (the pre-
viously unknown North Black Sea magmatic arc). The debated Cyprus subduction system,
with the pattern of crustal magnetization similar to magmatic arcs, extends ca. 500 km east-
wards of Cyprus into the N. Arabian plate, suggesting that its tectonic extent has been
underestimated, and that the associated tectonic processes may have been important in the

Arabia/Eurasia collision.

The dip angle of paleosubduction systems (between ~15° and ~55°) estimated from the
inverse correlation between arcs width and slab dip shows no systematic variation between
the Neo-Tethys and Paleo-Tethys subduction systems. A significant variability in the dip an-
gle exists along the strike of the Pontides magmatic arc with a shallow (~15°) dip in the east

and a steep (~50-55°) dip in the west.

e Hitherto unknown ~450 km long, Western Kirsehir magmatic arc is buried under 6
km of sediments:

The very strong, ca. 450 km long, magnetic anomaly along the western margin of the
Kirsehir massif is not associated with outcrops of magmatic or ophiolitic rocks. It marks the
presence of a hitherto unknown relic magmatic arc or trapped oceanic relic buried below a
ca. 6 km thick sedimentary strata. We interpret the anomaly as a relic magmatic arc formed

above a steep (ca. 55°) subduction (Figure 11).

e Greater Caucasus and Zagros are not associated with Tethyan subduction:
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The Greater Caucasus does not have magnetization anomalies typical of magmatic arcs
and, therefore, our results do not support geological inferences on north-dipping Neo-Tethys
subduction below the Greater Caucasus. Instead we propose that compressional folding and
buckling of the crust related to the Eurasia-Arabia collision may explain shallow magnetic
basement and medium-intensity, relatively homogeneous magnetization in the Greater Cau-
casus region. Likewise, low, uniform crustal magnetization and cold lithospheric geotherms

in the Zagros fold-and-thrust belt are explained by its formation as an accretionary orogen.

e Lesser Caucasus hosts the Caucasus Large Igneous Province:

We identify the Caucasus LIP by high-amplitude, high-gradient crustal magnetization
associated with wide-spread Mesozoic magmatism, which may be caused by lithosphere frag-
mentation in Neo-Tethys subduction systems. High crustal magnetization preserved in areas
of young volcanoes indicates regionally cold lithosphere geotherms with only local crustal

demagnetization responsible for high-gradient short-wavelength magnetization anomalies.

e Superdeep basins of the Caucasus region host magnetized iron-rich rocks within or
below a thick sedimentary cover:

The Transcaucasus Kura-Rioni basins and the Terek-Caspian foredeep basin have high
crustal magnetization despite a very deep (5-15 km) magnetic basement. We explain their
magnetic style by the presence of highly magnetized mafic volcanics and/or ultramafic mate-
rial (ophiolites) beneath or within the lower part of their thick sedimentary cover. A strong
magnetization anomaly north-east of the Greater Caucuses questions a purely flexural origin
of the Terek-Caspian basin subsidence and suggests that thermo-chemical buoyancy was an

important factor in its evolution.

o Small isolated basins of Central Anatolia and NW Iran all host strongly magnetized

rocks within sedimentary cover:
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We explain the origin of several isolated, 100-200 km wide, circular-shaped sedimentary
basins (Haymana, Tuzgdlii, Cankiri, Keban, Adana, Van Lake, Bijar, Mianeh, Urmia Lake)
by subsidence due to negative buoyancy from solidification and cooling of large mafic intru-
sions in the crust or the presence of oceanic relics, as supported by high crustal magnetization
and 4-8 km deep magnetic basement. The Haymana, Tuzgélii and Ulukisla basins of the
Kirsehir massif may have formed as back-arc basins behind eastward-dipping subduction
marked by the hitherto unknown Western Kirsehir magmatic arc. We explain the preserva-
tion of strong crustal magnetization in the Van Lake, Keban and Urmia Lake Basins located
within the area of young (in parts, still active) basaltic volcanism by deeply-seated major
magma chambers (below the Curie depth point), with only narrow feeding channels below

the volcanoes.

e Crust of Western Anatolia is demagnetized by high temperature:
Exceptionally low susceptibility in the Menderes Massif, in a region of widespread basal-
tic magmatism, is consistent with extremely high crustal temperature, which lead to the loss

of rock magnetization.

e Platform basins of the Arabian and Scythian plates have non-magnetic thick sedi-
mentary sequences:
Basins of the N Arabian and SW Scythian stable platforms have very low average crustal
magnetization and very deep (5-15 km) magnetic basement. This combination indicates a

very minor role of intra-sedimentary magmatic material in the basin subsidence.

o West-Central and East-Central Black Sea basins may have oceanic crust:
Weak, uniform crustal magnetization in the NE Mediterranean Basin is representative of
oceanic crust covered by very thick (ca. 10 km) sedimentary sequences. From strong similar-

ity between the style of magnetic susceptibility anomalies in the NE Mediterranean and the
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Black Sea basins we infer the possible presence of oceanic crust in the West-Central (ca. 33
°E, 43 °N) and East-Central (ca. 37 °E, 43 °N) Black Sea. We also infer the presence of mag-
netized basaltic rocks within the Black Sea sedimentary cover, possibly below the Miocene

sequences at 6-8 km depth.

e Our results challenge many aspects of conventional regional geological models:

Our results are only partially consistent with tectonic models for the Central Tethyan belt,
largely derived from geological mapping of exposed ophiolites and outcropping magmatic
rocks. We demonstrate that a large volume of magmatic bodies associated with relic mag-
matic arcs and trapped oceanic fragments is buried under several kilometers of sediments.
Our results challenge many aspects of conventional regional geological models and call for

reevaluation of the regional paleotectonic evolution.
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Figure captions

Figure 1: (a)Topography of Anatolia and adjacent regions based on ETOPO1 model (Amante
and Eakins, 2009) with superimposed tectonic structures. Major tectonic units are separated by
suture zones (after Okay and Tuysuz, 1999) associated with the closure of the Paleo-Tethys (Per-
mian to Jurassic) and Neo-Tethys (Cretaceous—Cenozoic) oceans (thick white lines - major sutures
(with question marks, where uncertain or debated), thin white lines -minor sutures; interpreted
polarity of paleo-subduction zones is indicated by filled triangles). Black lines - major faults (after
Taymaz et al., 2007): AF - Arax Fault, EAF - East Anatolian Fault, NAF - North Anatolian Fault,
NTF - North Tabriz Fault.

(b) Major tectonic elements (after Okay and Tuys(z, 1999; Topuz etal., 2017; Sengor et al., 2019).
Brown shading - on-shore magmatic zones (both felsic with weakly magnetized rocks and basaltic
with iron-rich rocks, see Figure 2); black shading - ophiolites with iron-rich mafic and ultramafic
rocks. The map is compiled from geological maps of Turkey (MTA, 2001, 1:1 250 000 Scale),
Caucasus (2010, 1:1000 000 scale), Iran (2010, 1:1 00 000 scale), and Irag (2012, 1:1 000 000
scale). Gray lines — coast lines and political boundaries. White lines as in (a). Abbreviations:

TCFD -Terek Caspian foredeep, BMZ — Bitlis metamorphic zone.

Figure 2: (a) Typical maximum values of magnetic susceptibility in various rock types (based on
compilation by Hunt et al., 1995. Vertical axis refers to both panels. Magenta line illustrates the
general trend. (b) Empirical relationship between magnetic susceptibility and volume per cent of
magnetite based on data reviewed by Toft et al. (1990). Black line for C=2.5 (Shive et al., 1992)
marks the lower limit of data reviewed by Toft et al. (1990), who determined C=3.2 for ferromag-
netic rocks. Black line labelled C=4.0 marks the upper limit of reported empirical values. (c) Curie
temperature of titanomagnetites as function of the x-parameter (left) (Hunt et al., 1995); other
magnetic minerals (middle); and young volcanoes in Cascadia, Variscan granites in Portugal, and
rock examples from young oceanic crust (right) (\VVarga et al., 2004; Jackson and Bowles, 2014;
Cruz et al., 2020). Vertical axis refers to all panels. (d) Effect of serpentinization of olivine plus
pyroxene assemblages on magnetic susceptibility and density (based on data from Toft et al.,
1990).
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Figure 3: Possible relation between the seismically determined sediment thickness (depth to seis-
mic basement, DSB), depth to magnetic basement (DMB), and the Curie depth point (CDP) below
which iron-rich rocks lose their magnetization. (a) Lithosphere geotherm controls CDP. Cases 1-
2: DSB can be deeper than DMB if the shallow part of the sedimentary cover hosts magnetized
rocks, or if iron-rich rocks are all located below the CDP (e.g. in regions of active magmatism
with a shallow CDP and with non-magnetic sediments). Cases 3-4: Depth to both seismic and
magnetic basements are similar when magnetized mafic or ultramafic rocks lie immediately below
the sedimentary cover. Cases 5-7: DSB is shallower than DMB when no magnetized iron-rich
rocks are present within the sedimentary cover (e.g. when the sedimentary cover is thin or absent)
but are present below sediments, and/or when lithosphere geotherm is cold so that mafic rocks of

the lower crust preserve magnetization (case 7).

(b) Calculated profile of average crustal magnetic susceptibility (ACMS) (top panel) for various
shapes of magnetic bodies buried at different depths under sedimentary rocks (bottom panel).
Shallow highly magnetized bodies (e.g. basaltic intrusions) produce high-amplitude magnetic
anomalies, usually with short wavelength variation, whereas deep-seated magnetized bodies pro-

duce low-amplitude, long-wavelength anomalies.

Figure 4: (a) Magnetic anomalies in Anatolia and neighboring regions. (b) The same with tec-
tono-magmatic interpretation; magnetic anomalies are dimmed for clarity. The color scales are
the same in (a) and (b). Triangles - Cenozoic volcanoes (http://www.volcano.si.edu/world). See

Table 1 for abbreviations. White lines as in Figure 1a.

Figure 5: (a) Depth to magnetic basement (DMB) from the topographic surface. Generally, the
depth to magnetic basement inversely correlates with hypsometry and is larger in western Anatolia

than in the high elevation regions of Eastern Anatolia and NW Iran.

(b) Thickness of sediments (Artemieva and Shulgin, 2019) compiled for the offshore domain from
NOAA database updated for the Black Sea (Nikishin et al., 2015a) and for the on-shore domain
based on the EUNAseis seismic model (Artemieva and Thybo, 2013) updated for Turkey (Gurbiz
and Evans, 1991; Frederiksen et al., 2015) and the Arabian plate (Stern and Johnson, 2010). The
thickness of sediments is not well constrained for many parts of the region due to a very limited
number of seismic refraction and reflection profiles and borehole data. Color codes in (a) and (b)
are the same. See Table 1 for abbreviations. White lines as in Figure 1a.
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Figure 6: (a) Difference between the seismically determined sediment thickness (DSB, Figure
5b) and depth to magnetic basement (DMB, Figure 5a). Warm colors (DSB>DMB) show regions
with magnetized rocks (e.g. basalts, see Figure 2) in the shallow part of the sedimentary cover
with possible outcrops (compare with Figure 1b). White color - regions with basalts or other
magnetized rocks immediately below the sedimentary cover. Cold colors (DSB<DMB) indicate
the presence of magnetized iron-rich rocks below the sedimentary cover. These regions are mostly
in western Anatolia where scarce data suggests a thin sedimentary cover (i.e. small DSB values,
case 6 in Figure 3), which together with a very shallow Curie depth point (<10-15 km) (Aydin et
al., 2005; Artemieva and Shulgin, 2019) indicates that magnetized rocks are at shallow depth (with
possible outcrops). For summary see Table 2 and for explanations see Figure 3. White lines —
suture zones, cf. Figure 1. This map should be interpreted with caution because the seismic thick-
ness of sediments (depth to seismic basement) is poorly constrained in many parts of the region.
See Table 1 for abbreviations. (b) Curie depth in Anatolia (Aydin et al., 2005). (c) Statistical
distribution of the [DSB - DMB] difference sampled on a 10 km x 10 km grid and plotted with 1

km bin size.

Figure 7: (a) Average crustal magnetic susceptibility (ACMS) with (b) superimposed magmatic
outcrops (both felsic and mafic) and ophiolites. ACMS characterizes only magnetized crustal lay-
ers at temperatures below the Curie point. White lines — suture zones, cf. Figure 1. See Table 1

for abbreviations.

Figure 8: (a) Gradient of average crustal magnetic susceptibility (ACMS). Black lines — outline
of the most pronounced ACMS anomalies. ACMS heterogeneity increases from blue (relatively
homogeneous values) to green (moderate heterogeneity) and to red, which corresponds to strongly
heterogeneous regions with high-amplitude short-wavelength variations in ACMS. White lines -

major suture zones; gray lines —coast and political boundaries.

(b) Characterization of crustal types based on integrated interpretation of susceptibility intensity
(Figure 7a) and intensity gradient (a). H-magnetization (pink color) shows regions with high
ACMS values and strong ACMS heterogeneity, interpreted as associated with magmatic arcs and
voluminous basaltic magmatism. Several of these elongated magnetic anomalies (WKMA,
NCMA, NBMA) have a similar NW-SE trend and NBMA appears to continue to the SE as
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UDMA. PMA may extend to the west towards DMA. Numbers - paleosubduction dip angle esti-
mated from widths of the magmatic arcs (Figure 12). Circular-shaped pink anomalies mark many
of the basins. M-magnetization (green color) — regions with medium ACMS values and moderate
heterogeneity. Hatched green-pink region in the south has characteristics in-between those corre-
sponding to H- and M- anomalies. Its shape suggests that the Cyprus subduction system extends
ca. 500 km eastwards into the N Arabian plate. L-magnetization (blue color) - regions with low,
nearly uniform susceptibility, mostly in the southern (Gondwanian) part of the region. White lines
- major suture zones; triangles show the polarity of paleosubduction systems; black lines —coast
line and political boundaries. Dark blue and violet triangles show locations of Quaternary and

Cretaceous volcanoes, respectively. See Table 1 for abbreviations.

(c) Types of deep basins based on their magnetic susceptibility patterns, cf. Table 4. Pink color
curves indicate H-magnetization areas (cf. Figure 8b) which may be associated with basaltic mag-
matism or trapped oceanic crust fragments in suture zones. The purple and red dashed lines show
locations of the profiles in Figures 10 and 11 with the width of the illustrated corridor marked by

an | at the beginning of the lines.

Figure 9. Sketch illustrating the effects of crustal temperature and depth to magnetic bodies on
amplitude and wavelength of variations in crustal magnetization for the same magnetic mineral-
ogy. Amplitude (intensity) of crustal magnetization is shown in Figure 7a, wavelength of
magnetization anomalies — in Figure 8a, depth — in Figure 5a, and a proxy to crustal temperatures
—in Figure 6b.

Figure 10. Crust-mantle scale section along a NW-SE profile across some basins in Anatolia lo-

cation shown in Figure 8c.

(a) Variation in average crustal magnetic susceptibility (ACMS); highlighted strong anomalies
mainly occur above major known basins. Type of basin (cf. Table 4) is marked above the profile.

(b) Cross section of the uppermost crust showing the depth to magnetic basement. Sedimentary
basins are highlighted with dark green and high ACMS is highlighted by pink area in the base-

ment.

(c) Shear velocity model along the profile (from Kaviani et al., 2020), illustrating also depth to
Moho. Black small circles show location of seismic events (http://www.isc.ac.uk/isc-

ehb/search/catalogue).
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Figure 11. Two SW-NE striking profiles (for location see Figure 8c; left: western profile, right:

eastern profile) across Anatolia between the Mediterranean Sea and the Black Sea.

a,b: Averaged crustal magnetic susceptibility (ACMS) profiles, strong anomalies are highlighted
in pink.
c,d: Depth to magnetic basement (DMB). Major sedimentary basins are highlighted by dark green,

strong ACMS anomalies are highlighted by pink in the basement. Location of major sutures are

marked (cf. Figure 1).

e,f: Crustal and uppermost mantle shear-wave velocity (Kaviani et al., 2020); dashed lines show
Moho depth. Black small circles indicate location of seismic events (http://www.isc.ac.uk/isc-
ehb/search/catalogue). The active Cyprus subduction (blue dashed line) and paleo-subductions

(dark red lines) control the location of magmatic arcs.

g,h: P-wave velocity based on teleseismic tomography (Portner et al., 2018). Low velocity be-
neath WKMA may indicate the source of magmatic activity that led to strong ACMS. High
velocity correlates with the Cyprus slab with a possible slab tearing which creates mantle flow

that may amplify the intensity of magmatism beneath WKMA.

Figure 12. Correlation between subduction angle and magmatic arc width (blue circles and best-
fit line based on Tatsumi and Eggins, 1995) allow for estimating dip angle of the Tethyan subduc-
tion systems (colored rectangles). The width of the vertical rectangles corresponds to the width of
the inferred magmatic arcs and the horizontal rectangles indicate the range of estimated subduc-
tion angles for magmatic arcs in the study region, cf. abbreviations in figure legend.
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Figure 3
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Figure 4

a) Magnetic anomalies

nT
-600 -100 -60 -50 -20 0 20 50 100 170 800

b) Magnetic anomalies with tectono-magmatic interpretation
T P - Eurgyf

A
Menderes
_ Massif . 'R

50

Political Boundaries AQuaternary Volcanoes

26 30 3234 36 38
[TTTT]Tjwkma uoma FHHHPMA 77 JEAMA

This article is protected by copyright. All rights reserved.

85UB0] SUOWILIOD AIERIO 3|01 dde au Aq pauRA0B e SSPILE YO 8N J0 S3INJ 10} AIRIGIT BUIIUO A3 UO (SUO 1 IPUOO-PUB-SLLLBI W00 ™5 | I Aeic]1[BU1UO//SAIL) SUOIIPUOD PUB SWB | 84} 39S *[£202/T0/22] Uo ARiq178UIIUO AB]IM ‘UES00 10 818D ZHOUWRH HYINOZD J9H Ad 282000 12202/620T 0T/10pLICY" &3 | AeJq1puljuo'sandnBe//sdny woJ) pepeojumod ‘ef ‘v6T6rv6T



19449194, ja, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022TC007282 by HGF GEOMAR Helmholtz Centre of Ocean, Wiley Online Library on [27/01/2023]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

3
>
—
A
£ £ o
§2]
=
R
. * =
.
m <
= ~ o~ +—
a < s <
=} o =y
c (7] s
[ = (=] e o
5 @ 3
g @ 2
I @ =
e = =
= T £
Q © Q © Y
=) n Bt
- 14—
© o o
€ » S
& < 0 - @
< E @
Lo &“- o~ -Plv ~N .m
<IN £ m
- A | s
= QL
2 ® 2 _m
LL



Figure 6
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Abreviations (Fig. 6a): legend (Fig. 6b):
AB: Adana Basin
B: Bijar Basin -
GB:  Cankir Basin - Ophiolites
HB: Haymana Basin

KB: Keban Basin
KrB: Kura Basin

MB: Mianeh Basin

RB: Rioni Basin
SB: Sivas Basin

TB: Tuzgélu Basin
ThB: Thrace Basin

UB: Ulukigla Basin
UL: Urmia Lake Basin
VL: Van Lake Basin
CLIP: Caucasus Large Igneous Province
CSZ: Cyprus subduction zone

TCFD: Terek Caspian foredeep
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Figure 7
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Figure 12
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The below mentioned reference is available in the reference section, however it is not
cited in the text.

1. Adamia et al., 1981
Remove it
2. Clark and Emerson, 1991

Add to the 7th line of the first paragraph of the section of 3.2 Magnetic susceptibility. Update to
(Clark and Emerson, 1991; Hunt et al., 1995)

3. Mangino and Preistley, 1998

Add to the line of 6 of the first paragraph of the sub section of “Rioni-Kura Basins in the
Transcaucasus region” from section of “2.2. Major terranes and tectonic units”. Update the citation to
(cf. Mangino and Preistley, 1998, Krasnopevtseva, 1984; Artemieva and Thybo, 2013)

4. Nikishin et al., 2015b

All citation in the text from (Nikishin et al., 2015) to (Nikishin et al., 2015b)

5. Robertson et al., 2009

Add to line 6th of the first paragraph of the sub section of “Anatolides and Taurides” from section of
“2.2. Major terranes and tectonic units”. Update the citation to (GUrer et al., 2016; Robertson et
al., 2009)

6. Teknik etal., 2019

Add to the 5th line of the first paragraph of the sub section of “Zagros orogen and NW Iran” from
section of “2.2. Major terranes and tectonic units”. Update the citation to (Moghadam and Stern,
2015; Teknik et al., 2019).
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The below listed references are cited in the text, however the references are not
provided in the reference section.

1. Cowgill et al., 2016
2. Stephensen and Schellart, 2010

Correct it to (Stephenson and Schellart, 2010)
3. Nikishin et al., 2015
Correct it to Nikishin et al., 2015b

4, Taymaz et al., 2007
5. Kaymakci et al., 2000

Correct it to (Kaymakgi, 2000)

6. Artemieva and Thybo, 2013

(Artemieva and Thybo, 2013). The reference is in the line of the 1259 in the main text
7. Dirik et al., 1999

(Dirik et al., 1999); The reference is exist in the line of the 1322 in the main text
References:

Artemieva, I.M., Thybo, H., 2013. EUNAseis: A seismic model for Moho and crustal structure in Europe,
Greenland, and the North Atlantic region. Tectonophysics 609, 97—-153.
https://doi.org/10.1016/j.tecto.2013.08.004

Cowgill, E., Forte, A.M., Niemi, N., Avdeev, B., Tye, A., Trexler, C., Javakhishvili, Z., Elashvili, M.,
Godoladze, T., 2016. Relict basin closure and crustal shortening budgets during continental collision: An
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