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Abstract: Integrated structural and anisotropy of magnetic susceptibility (AMS) analyses were carried out on the Campanian-
Maastrichtian shale-mudstone dominated sedimentary sequences (Haymana Formation) cropping out within the doubly plunging
Haymana Anticline in Central Anatolia (Turkey). In order to understand the relationship between the development of magnetofabrics
and the tectonic processes, six sites from different parts of the anticline were sampled and analyzed. AMS lineations from 634 cylindrical
samples and structural data were collected in the field. The results show very high correlation with the structural trend of the region and
indicate that the maximum susceptibility vector (k,) is almost parallel to the Haymana Anticline fold axis (~E-W) and the trace of the
Derekdy Thrust Fault, which is the basin-bounding fault at the northern margin of the Haymana Basin. In order to assess the relationship
between shortening ratios and obtained AMS vectors, a number of balanced cross-sections are constructed along five traverses almost
perpendicular to the axis of the anticline. Results from both the AMS and the balanced cross-sections yielded similar shortening ratios
(~18%-32%) that decrease towards the eastern closure of the anticline from its culmination. In a regional sense, we related these results
to compressional/transpressional deformation that formed during the Eocene to Early Miocene period. Differential shortening ratios
calculated from AMS and restored balanced cross-sections indicate that the shortening is associated with the transcurrent tectonics,
possibly in relation with rotational convergence of the Pontides and the Taurides and/or the oblique indentation of the Kirsehir Block
into the Pontides during or subsequent to the collision.
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1. Introduction
Anisotropy of magnetic susceptibility (AMS) for a rock
sample is described by the directional variances of induced
magnetization strength properties within a certain
amount of ambient magnetic field (Hrouda, 1982). The
orientation of the magnetic minerals is the main reason
behind the magnetic directional variances within a rock
unit. Technological advancement in the sensitivity of
instruments has led to very sensitive, accurate, inexpensive,
and fast measurements for the investigation of rock fabric
designs. Therefore, the AMS technique as a paleomagnetic
tool has been increasingly used for solving a wide range
of geological problems, such as revealing the deformation
histories of sedimentary basins (Borradaile and Tarling,
1981; Kissel et al., 1986; Hirt et al.,, 1995; Mattei et al,,
1997).

The AMS technique can be applied to almost all types of
rocks and provides nondestructive means for investigating
petrofabrics and determining the mineral orientations in
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a rock volume. Maximum anisotropy direction in well-
deformed petrofabrics/grains is generally related to active
tectonic forces and resultant macro/microstructures such
as folds, faults, foliations, and lineations in rock volumes
(Hrouda and Janak, 1976; Borradaile, 1988; Averbuch
et al., 1992; Robion et al., 2007; Borradaile and Jackson,
2010). A potential area for AMS studies are accretionary
prisms (similar to the geological settings of the Haymana
Basin), which potentially have signs of various deformation
events due to being involved in subduction processes in
convergent systems hosting long-lived deformation events
and/orresulting in them in adjacent regions (Hrouda, 1982;
Housen and van der Pluijm, 1991; Pares et al., 1999; Pares
and van der Pluijm, 2002, 2003; Housen and Kanamatsu,
2003; Hrouda et al., 2009; Ozkaptan et al., 2018).

2.1. Geological setting and aims
Removal of two different branches of the Neo-Tethys Ocean
in Central Anatolia gave way to intersection of three main
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tectonic blocks. These blocks are the Pontides (Eurasia)
in the north, the Tauride Block (TB) of Gondwana in the
south, and a triangular (a = 200 km) tectonic domain in the
center, namely the Kirsehir Block (KB) (also considered
as a part of the Tauride Block), which is bounded by the
Pontides and TB at the north and south, respectively (e.g.,
Ketin, 1966; Gorur et al., 1984). These tectonic blocks
are separated by two main suture zones called the Izmir-
Ankara-Erzincan Suture Zone (IAESZ), between the TB,
Pontides, and KB, and the Intra-Tauride Suture Zone
(ITSZ), between the Kirsehir and Tauride blocks (Figure
la), which is debatable (e.g., Aydemir and Ates, 2006;
Aydemir, 2009). Properly understanding the mechanism
of the convergence between the African and Eurasian
plates in Central Anatolia has been the main concern of
some recent paleomagnetic studies (Bilim and Ates, 2007;
Meijers et al, 2010; Lefebvre et al., 2013; Bilim et al., 2015;
Cinku et al., 2016; Hisarli et al., 2016; Cinku, 2017). One
of them, by Meijers et al. (2010), described the indentation
of the Kirsehir Block into the Pontides along the IAESZ
and the vertical block rotations on the Pontides caused
by the indentation. Lefebvre et al. (2013) presented new
evidence favoring the existence of the debatable ITSZ by
paleomagnetic analysis of the Central Anatolian intrusions
and found the original positions of them to be parallel to
the proposed lineament of the ITSZ. Additionally and
more importantly, they defined a new structural zone,
the Hirfanlar-Hacibektas Fault Zone that dissects the
KB into two sectors and gave way to today’s geometric
configuration of the Central Anatolian intrusions and
Central Anatolia. This outcome is important for this study
because Giilyiiz (2015) also suggested that the structural
zone described by Lefebvre et al. (2013) must extend into
the Pontides by following the trace of the Derekdy Thrust
Fault, which bounds the Haymana Basin in the north. A
paleomagnetic study directly conducted on the basin infill
of the Haymana Basin (Ozkaptan, 2016) explained the
vertical block rotations of the region and also gave a time
constraint for them as Late Eocene to Early Miocene. These
paleomagnetic studies mainly focused on the vertical
block rotations in the region and shed some light on the
convergence mechanism; however, no AMS study has
been applied in Central Anatolia comparing local/regional
strain changes with the regional tectonic scenarios.

The Haymana Basin is located between the Tauride
Block and the Pontides and has an almost 7-km-thick Late
Cretaceous to Eocene basin infill (Figure 1). It is considered
as a forearc to foreland basin (e.g., Kogyigit, 1991; Goriir
et al., 1998; Giilyiiz, 2015), which initially evolved on an
accretionary prism under the control of subduction during
the Late Cretaceous to Paleocene and was later affected
by continental collision events that occurred between
TB-Pontides-KB and postcollisional further convergence
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in the region until the Late Miocene (Kaymakcr et al.,
2009; Giilyiiz, 2015; Ozkaptan, 2016). Although there
is no direct contact between the Kirsehir Block and the
Haymana Basin, the Derekdy Thrust Fault, one of the main
basin-controlling faults, is considered as a structure that
brought the indentation-related deformation (KB into the
Pontides) into the basin. However, this scenario has not
been supported by any quantitative results except from
some slickenlines on the ~1-km-wide Derekdy Fault Zone
indicating a left lateral sense (Giilyiiz, 2015).

In the scope of the regional geological setting, this
study focuses on the traces of these complex deformation
events by obtaining both AMS and kinematic data in order
to test the effects of the regional tectonic events on a local
scale structure, the Haymana Anticline. The Haymana
Anticline, in the core of which the Upper Cretaceous
Haymana Formation is exposed, was selected because
the formation, the oldest one in the basin, should have
recorded total strain related to the cumulative tectonic
load applied on the basin, and, being the most eroded fold
in the region, the anticline is the most suitable locality that
allows to take AMS samples from the core of the anticline
(only cores of anticlines record the contraction-related
deformation).

In addition to the testing of regional scale tectonic
scenarios, this study also aims to understand the
relationships between AMS and development of an
anticline by comparing AMS results with restorations of
balanced sections. Although the main outcome of an AMS
study conducted on sedimentary sequences is generally
considered to be an understanding of the deformation
styles of the units by finding out the geometries of the
strain ellipsoids of magnetic grains that are thought to
be shaped under the control of post- or syndepositional
deformation, another important but poorly documented
outcome of such studies is the AMS-strain correlation,
which is based on the finite strain calculations of
magnetofabric structures by determining clustering levels
in different anisotropy principle axes (Borradaile, 1991b;
Passier et al., 2001; Evans et al., 2003; Hrouda et al., 2009;
Tripathy, 2009). It basically allows to make interpretations
about the shortening that occurred in the sedimentary
sequences. Here, it was aimed to reach both outcomes
of AMS. In addition, it is aimed to compare AMS-based
shortening ratio calculations with those calculated from
balanced cross-sections.

In this study, we present the first results of low
magnetic field AMS analysis of the Haymana Formation
in Central Anatolia, Turkey (Figure 1), and a case study
comparing AMS-based and balanced cross-section-based
shortening ratio calculations. Moreover, our magnetofabric
deformation results and other independent structural data
shed some light on the tectonic settings of the region in
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Figure 1. a) Major tectonic divisions of Anatolia modified from Goriir et al. (1984); b) generalized geological map of the Haymana
Basin, Central Anatolia (modified from 1/500,000 geological map of Turkey, MTA, 2002). The red dashed rectangle shows the
boundary of detailed geological map of the study area in Figure 2.

105



OZKAPTAN and GULYUZ / Turkish J Earth Sci

association with the closure of the Neo-Tethys Ocean in
Central Anatolia since the late Cretaceous.

2.1.1. Characteristics of the Haymana Formation

The Campanian-Maastrichtian Haymana Formation is
the oldest turbiditic succession of the Haymana forearc to
foreland basin and unconformably overlies Upper Jurassic—
Lower Cretaceous pelagic limestones of the Pontides,
which constitutes the core of the Haymana Anticline
(Yiiksel, 1970; Unalan et al., 1976; Sengor and Yilmaz,
1981; Kogyigit, 1991; Nairn et al., 2013; Rojay, 2013; Okay
and Altiner, 2016) (Figure 1). While the total thickness of
the basin is greater than 7 km by both field observation
and geophysical data (Aydemir and Ates, 2006; Aydemir,
2011), the Haymana Formation, which represents the
base of the forearc deposition in the basin, is 1.8 km in
thickness (Unalan et al., 1976; Uygun, 1981; Kogyigit,
1991; Gorir et al., 1998). At the bottom, the formation is
mainly composed of dark greenish to yellowish-brownish
color, well-consolidated, fine-grained, thin-bedded shale-
mudstone intercalations with frequent lens conglomerate,
whereas at the upper levels of the succession, mudstone
grades into shale-sandstone alternation and rare

conglomeratic successions are observed, both of which
indicate a coarsening upwards trend for the formation
(Figure 2).

The sampling locations in the Haymana Anticline,
suitable for the aims of this study, were drilled only in one
lithology that is composed of fine-grained mudstone-shale
alternation. At two sites (SEC3 and SEC4), the samples
were initially collected for magnetostratigraphic aging
purposes. This allowed us to select the most suitable
samples for AMS measurements since we knew the
demagnetization characteristics of the specimens prior
to AMS analyses. Knowing the approximate ages of the
sampling locations for the two sampling sites together
with the spatially distributed four sites made it possible to
control strain changes by AMS in a spatiotemporal sense
for the Haymana Anticline.

2.2. AMS-strain quantitative correlation

The strain characteristics related to the tectonic load of
sedimentary rocks are commonly evaluated by clast-based
measurements (X-ray, electron microbeam, etc.), which
basically give information about the clast geometry and
orientations, axial ratios, and the gaps between the clast
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Figure 2. Detailed geological map of the study area modified from MTA (2002) and Unalan et al. (1976).
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center of deformed minerals and grains. A similar analogy
is also followed for rocks including magnetic minerals.
These minerals are stretched and reoriented and they can
also be exposed to syndeformational recrystallization,
which exhibits distinct magnetofabric patterns. All of
these changes can be determined by AMS studies. The
AMS method is generally applied to reveal qualitative
relationships between magnetofabric design and strain
accumulated in the rocks (e.g., Borradaile and Henry,
1997; Pares and van der Pluijm, 2002; Biiyiiksarag et
al., 2005). However, quantitative studies focusing on
establishing empirical formulas to correlate between AMS
and tectonic strain are very rare and poorly documented
for all lithologies (e.g., Hrouda, 1982; Kissel et al., 1986;
Borradaile, 1987, 1988, 1991; Housen and van der Pluijm,
1991; Tarling and Hrouda, 1993; Sagnotti et al.,, 1994;
Housen et al.,, 1995; Aranguren et al., 1996; Pares et al.,
1999; Pares and van der Pluijm, 2003, 2004). In general,
there are two approaches followed for AMS-strain
correlation: 1) a numerical approach using simulations
for magnetofabric development (Owens, 1974; Richter,
1992; Benn, 1994), and b) an empirical approach, first
proposed by Borradaile (1991). Both of these methods
basically focus on the AMS shape parameter T as an
indicator for finite strain calculated from magnetofabric
structures under certain tectonic processes. The basic idea
is to figure out the degree of clustering of the different
anisotropy principal axes (particularly k,) for the low-to-
moderately deformed sedimentary rocks (Housen et al.,
1993; Pares et al.,, 1999). This type of study was applied
on mudstones to determine the degree of shortening
in the Appalachian Orogeny (Pares and van der Pluijm,
2003, 2004). The authors quantitatively proposed a strain-
related exponential formula for the tectonic shortening:
(%) =17 x exp (T) within confidence limits of 10%-25%
up to 40%. If a sample is highly strained (strong cleavage),
the T parameter becomes insignificant because similar
results on principal axes orientations are found on such
conditions. This problem might be overcome by using
Woodcock diagrams representing clusters that have
different distribution values in k  axes (Woodcock, 1977;
Pares et al, 1999; Oliva-Urcia et al., 2010); however,
samples of this study, based on the shape of the AMS
susceptibility ellipsoids/diagrams from six sites (Figure
3), show low to moderate levels of deformation. Therefore,
the formula proposed by Pares and van der Pluijm (2003,
2004) is suitable for our sampled lithology.

3. Methods

3.1. AMS sampling, measurement procedures, and meth-
odology

In total, 634 standard core plugs from 6 different locations
were sampled from the Haymana Formation. Depending

on the suitability of the sampling localities, a minimum of
22 and maximum of 266 oriented rock samples for each
site were collected. Frequently single core lengths were
enough to provide multiple specimens for AMS analyses.

The drilling orientations (plunge and azimuth) and
bedding plane (strike and dip) were measured in the field
with a magnetic compass corrected for secular variations
(4.5°E, 2014). The sample isolation was guaranteed by
sealing them with aluminum foil covers and transporting
them in plastic bags.

The AMS measurements, as well as thermomagnetic
measurements (Curie balance), were carried out at the
Fort Hoofddijk Paleomagnetic Laboratory of Utrecht
University in the Netherlands. Since AMS measurements
are more dependent on the shape parameter than other
paleomagnetic studies, our drilled samples were cut into
the standard paleomagnetic measurement size (2.54 cm in
diameter and 2.1 cm in height) and broken, jointed, and
mixed-color ones were excluded from further analyses.
Optimum height/diameter ratio for cylinders varies
between 0.8 and 0.9 as suggested in previous studies
(Noltimier, 1971; Scriba and Heller, 1978; Collinson,
1983). A total of 256 solid and crack-free specimens were
measured in automatic field variations (low field, 200
A/m) using the Multifunction Kappabridge MFK1-FA
(AGICO, Brno, Czech Republic). The sensitivity of the
measurement is 107 SI, which is critical for measurements
in weak magnetic carriers like sedimentary rocks.
During the measurements, the specimen is subsequently
rotated between three perpendicular plane positions
for the anisotropy and one for the bulk susceptibility as
dictated by the spinning specimen measurement method.
This gives an opportunity for computing the principal
susceptibility axes of an AMS ellipsoid following the
procedure introduced by Jelinek (1977). Between these
steps, the bridge is calibrated to zero before inserting the
specimen into the measuring coil. This allows determining
both the differences between the steps more precisely
and the susceptibility tensor, which can be enhanced by
measurement at the lowest possible sensitive ranges. A
complete susceptibility tensor is calculated by combining
four values.

The AMS susceptibility or deformation ellipsoid is
defined by three principal axes, k, > k, > k, (or k_ >

k = k_ ), namely the maximum, intermediate,m:nd
minimum susceptibility values, respectively. The shape of
the magnetic susceptibility ellipsoid corresponds to these
strain axes. When k, is smaller than k, and k,, the shape of
the AMS ellipsoid becomes oblate. In this case, k, clusters
perpendicular tothebedding plane, whereask andk scatter
parallel to the bedding plane. This pattern is commonly
observed in undeformed fine-grained sedimentary rocks.

Increase in the deformation range and other dynamic
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Figure 3. Total magnetization versus temperature curves generated with the segmented heating protocol (Mullender et al., 1993) for
representative samples. The final cooling segment is indicated with blues line. See the text for explanation of the thermomagnetic
behavior. The horizontal axis is the temperature scale and shows a change from room temperature to 650 °C. The vertical axis represents
total magnetization depending on magnetic mineral content of specimens.
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effects (i.e. paleocurrent or tectonic) transforms the oblate
shape of the strain ellipsoid to a prolate shape. In such a
case, the k; axis is not perpendicular to the bedding plane;
however, if it is observed as parallel or perpendicular to
the bedding strike, the maximum extension directions
(maximum compressional stress direction) are interpreted
in weakly deformed sedimentary units, respectively.

All measured data, based on the specimens’ coordinates
and geographic and paleogeographic orientations, are first
corrected. This concept is similar to tilting or bedding
correction (also known as tectonic correction - TC)
applied in routine paleomagnetic studies. The results from
both specimen and the site means are analyzed by applying
Jelinek statistics (Jelinek, 1977, 1978) and illustrated with
the AniSoft 4.2 program (Chadima and Jelinek, 2009).

3.2. Thermomagnetic analyses

Thermomagnetic runs are executed to characterize
dominant rock magnetic carriers (Curie temperatures) of
the specimens. Total magnetization versus temperature
runs (K/T curves) are utilized in air using a modified
horizontal translation type Curie balance with a sensitivity
of ~5 x 10° Am? (Mullender et al., 1993). Procedures
described by Huang et al. (2013) were followed in the
study. Approximately 30-90 mg of powdered rock
samples from six different levels of the Hayman Anticline
were put into quartz glass sample holders and their
tops were stoppered by quartz wool. The successive
heating and cooling rates were 10 °C/min in air up to
successively higher temperatures (max. 700 °C), and
the specimens were finally cooled to room temperature.
Stepwise thermomagnetic experiments were carried out
with intermittent cooling between successive heating
steps. Specimens were progressively heated (cooled) by
successive temperature steps at 150 (50), 250 (150), 350
(250), 400 (300), 450 (350), 525 (420), 580 (500), and 700
°C (cooled until room temperature), respectively. Based
on the thermomagnetic curves, Curie temperatures were
determined following Fabian et al. (2013). Different from
conventional thermomagnetic measurements (magnetic
susceptibility), total magnetization measurements were
analyzed and thus it was aimed to determine more detailed
information about possible dominant magnetic mineral(s)
by considering multiple phases rather than a single
temperature curve.

3.3. Cross-section balancing of the Haymana Anticline

To reveal the three-dimensional geometry of the Haymana
Anticline and precisely calculate shortening rates along
with the different traverses, we constructed and restored
five cross-sections. For this purpose, more than 500
bedding attitudes were measured from the study area,
although only ~200 of them were used during cross-section
constructions. Additionally, boundaries of stratigraphic
cycles and a digital elevation model of the study area are

used as base data for constructing cross-sections. The
trends of the sections are determined by considering the
orientations of the fold (~E-W trending-double plunging)
and the locations of the AMS samples calculated in order
to compare shortening ratios of AMS results and those of
cross-section studies. The reason for using the boundaries
of the stratigraphic cycles rather than formation
boundaries is the fact that the change of the locations
of the transitions of lateral facies between the coevally
deposited formations in the subsurface is unpredictable.
The use of the stratigraphic cycle boundaries is therefore
considered as a solution to overcome this problem because
they are thought of as continuous lines tracing the same
time interval in the subsurface. The characteristics and
definitions of the stratigraphic cycles were given by
Giilytiz (2015). These cycles were basically based on the
depositional environment of the basin fill and their lateral/
vertical stratigraphic continuity and were described as a
group of shallow- and deep-marine deposits containing
continental clastic rocks. Although more than 500 bedding
attitudes were systematically collected from the anticline,
during the construction only ~200 bedding measurements
from 2-km-wide buffer zones of the section traces and the
30-m resolution digital elevation model taken from USGS
open sources were used. The academic version of Midland
Valley Move 2015.1 software was used both to constructand
balance the sections. During cross-section constructions,
only surface geological data were used and the geometry
of 1B fold classes (parallel folding) of Ramsay (1967) was
taken into account. This type of fold allows a constant
bed height/thickness between the tops and bottoms of
the strata. Postdepositional deformation occurring in the
basins is generally recorded by 1B type folds (Dahlstrom,
1969) because the deformation in the upper level of the
crust is not ductile and thicknesses of the sedimentary
layers are preserved by layer-parallel flexural slip during
folding procedures unless synsedimentary deformation
does not affect the folding or the folded material does not
flow. Thinning/thickening between strata are generally
observed in metamorphic conditions. During restoration,
a flexural-slip unfolding algorithm was used so that the
area/thickness of the stratigraphic cycles and line length
of the uppermost horizons (base of stratigraphic cycle
1) were preserved (c.f. Dahlstrom, 1969). This method
assumes that internal deformation occurs mostly by layer-
parallel slip and the amount of slip increases away from
hinge lines of the folds, and it may briefly be explained
by rotating the horizons to the horizontal direction by
removing the flexural slip components of the fold. After
the unfolding procedure, horizontal unfolded layers were
used for shortening ratio calculations. The shortening
ratio calculation is based on the formula (UL - DL) x 100/
UL, where UL is the undeformed length of the section and
DL is the deformed length of the section.
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4. Results

4.1. Thermomagnetic behaviors of the Haymana Forma-
tion

Thermomagnetic experiments were carried out for each
site and representative results of them are plotted in
Figures 3a-3h. The thermomagnetic curves from different
levels of the Haymana Formation show that samples have a
heterogeneous mixture of magnetic carriers, which occur
in varying amounts and proportions, in each level, and
only one site (RY1) has rather low total magnetic intensity
(~680 x 10 Am?), probably due to the relatively small
amount of magnetic minerals fraction in the specimen
matrix (Figure 3c). From the total magnetization versus
temperature diagrams, three types of curve are recognized:
1) magnetite is the dominant magnetic mineral since the
major decrease occurs at ~575 °C (determined from the
two-tangent method; Figures 3a, 3c, and 3g); 2) curves
show sharp decreases in magnetization with Curie
temperatures of ~350 °C, which indicates the presence of
Ti-rich titanomagnetite as the magnetic carrier (Figures 3f
and 3h); 3) in the last shape of the curves (Figures 3b, 3d,
and 3e) is the typical example of a greigite dominant matrix
showing a significant increase in intensity during the
heating-cooling cycle at ~420-500 °C and totally removed
after 580 °C (decrease in magnetization with increasing
temperature). Such an abrupt change is probably related
to the conversion of paramagnetic iron sulfide and/or clay
minerals into magnetite iron oxide as a new magnetic
mineral phase. There are no distinguishable differences
and all thermomagnetic curves are reversible in between
heating and cooling phases after 580 up to 700 °C due to
dominance of paramagnetic mineral phases.

Briefly, the magnetic carriers of the specimens sampled
in different stratigraphic levels are interpreted to be
dominated by magnetite, titanomagnetite, and greigite.
Since the samples were taken within at least a 250-m
stratigraphic thickness, sedimentary environmental and/
or source area changes are likely to vary in the dominant
magnetic mineral properties stored in the rock. For
example, presumably the dominance of greigite is related
to more anoxic conditions and the hematite to paleosoils
within the formation.

4.2. Magnetofabric properties of the Haymana Forma-
tion

The related AMS parameters (some explained above) and
distributions of the deformation ellipsoids were computed
for six sites following Jelinek statistics (Jelinek, 1978). The
results and diagrams are reported in the Table. The site
mean magnetic susceptibility (k ) of 6 sedimentary sites
are highly homogeneous and range from 78 x 10° SI to
1300 x 107° SI (with more frequent values in the range of
600-800 x 107 SI), indicating a major contribution of the
paramagnetism to a small percentage of ferromagnetic
minerals of the rock composition to the bulk susceptibility
(Borradaile et al., 1986; Rochette, 1987; Sagnotti et al.,
1998) (Table; Figure 4a). The magnetic susceptibility
magnitudes are relatively variable in each of the
stratigraphic levels of the sedimentary strata. The degree
of the AMS changes is independent of the stratigraphic
positions but the magnitude is controlled by the nature of
the rock matrix. The degree of anisotropy (Pj) values are
relatively low (<1.1) and change in a wide range from 1.1
to 1.025, indicating only initial to moderately developed
magnetic fabric (Table; Figures 4a and 4b).

Table. Anisotropy of magnetic susceptibility results from the Haymana Anticline.

e Geog. coord.(deg) N Bedding k x 107 L . P T b)) D) e . . f
Lat. (N) |Long.(E) e Azi/dip (SD ' ’ 1 ’ T

SEC3 | 39.42022 | 32.51139 |80 131/37 [0919.0 |1.021|1.073 [1.100 {0.541 |087.5/09.5|316.1/75.7 |12.9 |12.6 |10.8 [ 28.10
SEC4 | 39.46639 | 32.45941 |27 [228/49 [0078.6 |1.006|1.017 |1.024 |0.485 |226.8/05.3|119.5/72.6 |26.6 |26.8 |11.5|24.71
RY1 |39.46935 |32.46973 |40 |244/63 [0140.0 |1.012|1.015 |[1.027 [0.107 |251.9/10.1|116.5/76.0 |12.5 |12.6 |08.1 | 18.44
RHI1 [39.41609 |32.61153 |31 125/48 |0487.0 |1.024|1.028 |1.053 |0.077 |284.7/02.1|017.6/54.6 |07.6 |07.1 |07.7 | 18.36
RH2 [39.43985 |32.48446 |19 [229/56 [0614.0 |1.013|1.068 |1.088 |0.666 |266.1/04.3|140.0/82.8|13.6 |13.2|07.2|32.24
R41 [39.45675 |32.51812 |21 249/33 [1300.0 |1.004|1.027 |1.033 |0.767 |279.6/20.2|091.3/69.6 | 44.7 | 44.8 | 16.5 | 28.61

Geographic coordinates are in WGS data; Lat. = latitude, Long. = longitude; N

s = umber of specimens Bedding Azi = azimuth angle

of the bedding, dip = dip angle of the bedding; k_= mean susceptibility; L = magnetic lineation (k /k,); F = magnetic foliation (k,/k,); Pj
= corrected degree of anisotropy (exp\/{z[(n1 -n)*+ (n,- n)*+ (n,- n)?}) (Jelinek, 1981); T = shape parameter (2(n,- n,)/(n, - n,) - 1)
(Jelinek, 1981); e, = semiangle of the 95% confidence ellipses around the principal susceptibility axes (Jelinek, 1981); n = Ink , n, = Ink,
n3 =Ink,, n = (n, + n,+n,)/3; D (declination) and I(inclination) for k, and k, after tectonic correction. f indicates shortening value (%)

of each site.
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Figure 4. a) Plot of site mean corrected anisotropy degree (P.) versus site mean susceptibility (k ). b) Plot of site mean shape factor (T)
versus corrected anisotropy degree (Pj). ¢) Flinn diagram of foliation (F = k,/k,) and lineation (L = k /k,) AMS values for individual
specimens of six sites. Site ellipsoid shapes vary from distinctly oblate to prolate.

The shape of the anisotropy ellipsoids is predominantly
oblate, ranging from neutral (T ~0 and L/F ~1; RY1 and
RH1) and moderately to strongly oblate (T > 0 and F > L;
SEC4, SEC3 to R41, RH2, respectively) (Table; Figure 4b).
Such a variation was described by Borradaile and Henry
(1997) and Pares et al. (1999) as a result of increasing
deformation. Although there is no site mean value showing
a prolate AMS ellipsoid (Figure 4b), results from some
sites (especially RY1 and RH1) have small percentages of
prolate shape (Figure 4c).

The ellipsoids of all six AMS samples are moderate
to well defined and have quite tight groups with small
confidence ellipses (e). Particularly, the magnetic foliation
(F) shows a very clear cluster around the k, axis with
confidence ellipses e3 always lower (lower than ~10°, except
from one site R41 that shows ~15°; Table). The clustering of
magnetic lineation L, similar to the low magnetic foliation
dispersion k, and k, axes, is characterized by relatively
low confidence ellipses el and e2 (lower than ~25°), with
slightly higher values up to ~45° at site R41 (Table).

According to all these parameters explained above and
the distribution of the principal directions calculated from
the six AMS ellipsoids, it is obvious that there is tectonic-
related deformation overprinting the initial sedimentary
depositional fabric. According to the formula given above,
the calculated shortening values vary from a minimum of
18.36% at site RH1 to a maximum of 32.24% at site RH2
(Table).

4.3. Balanced cross-sections

The results of the balanced sections and shortening ratio
calculations are given in Figure 5. The shortening ratio
calculations conducted on five balanced cross-sections
differ between 22.4% and 28.9%. Although the maximum
ratios are found at the center of the Haymana Anticline
(between 25.1% and 28.9%, along sections B and C), the
main trend shows that the shortening ratios decrease
towards the eastern edge of the anticline, being 22.4%
(along section D). Balanced cross-section studies also
allow us to find the erosion amount in the Haymana
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Cross-section orientations are given in Figure 2.
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Anticline, which is greater than 3.5 km, and calculate the
total true thickness of the sedimentary units as at least 4
km.

5. Discussion

5.1. Origin of magnetic susceptibility and AMS-based
shortening calculations

The relationship between the AMS magnetofabric results
and rock magnetics is a subject that has been investigated
for a long time. The main purpose is to define any
correlation between the tectonic deformation and the
magnetofabric design and finally determine an empirical
formula correlating magnetofabrics with the strain
accumulated in deformed sedimentary strata. At the end,
the obtained results allow us to obtain independent datasets
that are comparable with the other structural evidence.
However, due to the nature of the AMS methodology, the
results might be influenced by a combination of many
factors, the best known of which are the shape alignment
of magnetofabric grains, the earth’s gravity and magnetic
fields, hydrodynamic effects, compaction, metamorphism,
and stress-induced anisotropy due to tectonic origin
(syn- and postdepositional) (Hrouda, 1982; Borradaile,
1988; Rochette et al., 1992). In this study, the site mean
susceptibility (k ) in the six sites was found in an interval
varying between ~50 and 1400 x 107 (SI), which implies
an independent distribution of the magnetofabric mineral
content. Also, the AMSlineaments in each site were checked
and gave almost 90° discrepancy from the true magnetic
north-south directions, meaning that the earth’s magnetic
field effect is not worth considering (Figure 6). Since the
sampled lithology represents a turbiditic succession with
fine-grained/nonlaminated sedimentary levels, grain
shape (due to gravitational field) and water current factors
can be considered as low probability effects. Sedimentary
rocks acquire their primary magnetic anisotropy during
depositional diagenetic and sedimentary compaction
(Sagnotti et al.,, 1998, 1999; Pares et al., 1999; Cifelli et
al., 2004, 2005; Soto et al., 2009). In this phase, magnetic
foliation (k,, vertical) is very well defined and parallel to the
sedimentation plane; however, magnetic lineations (k, and
k,) do not cluster but rather disperse within the magnetic
plane. In our results, however, the k3 axis is almost vertical
and k, and k, show moderate to good clustering. Due to
the results of the AMS parameter outcomes, diagrams,
and shapes of the AMS ellipsoids, we consider that the
magnetofabric designs reveal a tectonic load-related
deformation phase overprinting the sedimentary fabrics
to tectonic ones during or after sedimentation (Figure 6).
Depending on the magnetofabric deformation of magnetic
minerals, it is very important to distinguish the tectonic
effect on the samples (during or after sedimentation) from
the compaction effect, which is formed by sedimentation

(Graham, 1966; Kligfield et al., 1981; Hrouda, 1982, 1993;
Borradaile, 1988; Lowrie, 1989; Borradaile and Henry,
1997; Borradaile and Jackson, 2004), so it is possible to
explain the tectonic deformation processes that reigned in
the region.

According to the implemented experimental studies
and their applications in the field, there are two types
of magnetofabric patterns: 1) in the low deformation
region by a compressional tectonic regime, the magnetic
anisotropy lineations (k,) show a perpendicular tendency
to the shortening directions (k, parallel to the fold axis,
bedding strike and k, axis parallel to shortening direction)
(Sagnotti et al., 1994; Borradaile and Henry, 1997; Kissel et
al., 1997; Mattei et al., 1997; Pares et al., 1999; Soto et al.,
2009); 2) for the rocks under extensional tectonic regimes,
the magnetofabric design is tectonically controlled and
maximum susceptibility vectors align subparallel to the
local bedding dip directions (Mattei et al., 1997, 1999)
or perpendicular to the main normal faults (Cifelli et
al., 2005). In this regard, our results obviously indicate
compressional setting-related deformation because in
this study all k, directions are parallel to the fold axis
and the bedding strikes, and also all k, axes are parallel
to the shortening direction (Figure 7). Since it is known
that the obtained AMS results are largely due to tectonic
deformation, the shortening of this deformation can easily
be calculated by the AMS method. The resulting calculation
parameters have already been tested in a similar lithology
and all samples were taken from the same lithology, so the
reliability of the results is confirmed.

5.2. Correlation between magnetic fabric and geologi-
cally balanced cross-sections of the Haymana Anticline
Although the magnetofabric characteristic of the Haymana
Formation is independent of the position of the sampling
sites within the Haymana Anticline, the maximum
shortening values are relatively higher at the center (up
to 28.1%-32.2%) and the western sides of the anticline
(except site RY 1, which has 18.4%); however, they decrease
gradually down to 18.3% towards the east (Table; Figure 7).
This strain difference within the anticline is also supported
by the restorations of the balanced cross-sections by 28.6%
and 27.4% values calculated at the center and western
edge, respectively, and 22.4% at the east.

The decrease in shortening ratios might be explained
by oblique shortening, which generally occurs in the basins
due to oblique collisions or subsequent transpressional
deformations that mainly result from oblique indentations
(Allen et al., 2003; McClay et al., 2004; Pérez-Céceres et
al., 2016).

The AMS based and restoration-based shortening
ratio results are very similar. This implies that AMS-based
shortening ratio calculations might be used for the folds
for which visible strain markers are not enough to calculate
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Figure 6. Lower hemisphere Schmidt equal area projection of the principal axes (k, k,, and k,) of the six AMS ellipsoids (bedding
corrected) and their mean values (larger symbols) from six samples sites. Measured bedding strikes are shown orange dashes.

shortening ratios. In this study, although we mainly focus
on the Haymana Anticline, we construct an extra balanced
cross-section cutting the anticline and other elements in
the basin. For this cross-section, we made a restoration
and found a 28.9% shortening ratio (Figure 8). This result
is also similar to the results obtained by AMS calculations
and the other results proposed for the entire basin (Giilytiz,
2015). This implies that the AMS-based shortening ratio
calculations are not only effective in local scale; they might
also be useful in regional scale studies.

5.3. Implications for the regional tectonics

Central Anatolia has been shaped under a north-south
contractional regime due to subduction of the Neo-Tethys
Ocean and subsequent collision of intervening continental
blocks during the Late Cretaceous to Late Paleogene, and
the transcurrent tectonic regime has been the dominant
deformation factor since the Late Neogene (Sengér et
al., 1980; Kogyigit, 1991; Okay et al, 1998, 2006, 2008;
Bozkurt, 2001; Dilek, 2006; Kaymakci et al., 2009; Pourteau
etal,, 2010, 2013; Giirer et al., 2016; van Hinsbergen et al.,
2016). The effects of both contractional and transcurrent
tectonic regimes give way to counterclockwise vertical
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block rotations in the Kirsehir Block since the Cretaceous
time (Sanver and Ponat, 1981; McClusky et al., 2000) and
there is geophysical evidence for the same sense rotations
for the Neogene period (Biiyiiksarag, 2007; Aydemir,
2011). The Neogene counterclockwise rotations in Central
Anatolia are solely related to the convergence between the
Arabian and Anatolian plates resulting in westward escape
of the Anatolian plate along the North and East Anatolian
Fault zones (e.g., Biiytiksarag, 2007; Piper et al., 2010).
Additionally, for Central Anatolia, an indentation (south
to north) of the Kirsehir Block into the Pontides during
the Eocene to Miocene was proposed in some recent
studies (Meijers et al., 2010; Lefebvre et al., 2013). Also,
the traces of the indentation in the Haymana Basin are
explained by a model indicating that the Derekdy Thrust
Fault with left-lateral sense defined as a basin bounding
fault is the western extension of the Hirfanlar-Hac1 Bektas
fault zone dissecting the Kirsehir Block into two segments
(Lefebvre et al., 2013), which is proposed as the main
fault controlling the movement of the indenter, and that
itaccommodated the indentation-related deformation and
transferred into the basin after or during the continental
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shortening from measured result.

collision occurring between the Pontides and Tauride
Block (Giilyiiz, 2015; Ozkaptan, 2016).

According to the clustered shape of the susceptibility
vectors and the other output diagrams, the six AMS
ellipsoids are classified as ‘tectonic fabric’ or ‘deformation

, and strong tectonic fabric. d) Plot of shape parameter T versus %

fabric. Therefore, these results must be closely associated
with the effect of deformation that reigned in the region.
The obtained AMS directions with the local bedding
attitudes clearly show a compressive/transpressive origin,
which is in accordance with surface structural evidences.
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Figure 8. a) 3D view of balancing of geological cross-section (E-E’) in Figure 2. b) Structural-stratigraphic restoration of the cross-

section in the Haymana Anticline.

Hence, the minimum susceptibility axis (k,) of all sites is
nearly normal to local bedding planes and the maximum
susceptibility axis (k,) is perpendicular to the direction
of the main shortening axis (~north to south), parallel to
the Haymana Anticline fold axis (E-W) and the Derekéy
Thrust Fault at the northern margin of the Haymana Basin.

Besides our quantitative AMS-based results, the
compressional/transpressional ~ tectonic  setting and
related strain differences in the basin were also checked
by the balanced cross-sections and their restorations. This
allowed to the check the AMS-based results and prove
compressional/transpressional-origin deformation for
the basin. Although our results do not give any constraint
about the timing of the compressional deformation, the
studies of Ozsayin and Dirik (2007, 2011), Kaymaker et al.
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(2009), Giilyiiz (2015), and Ozkaptan (2016) indicated that
a compressional/transpressional setting resulted from the
collision that occurred between the TAB and Pontides or
from the oblique indentation of the KB into the Pontides,
active in the region between the late Eocene to early
Miocene. This time constraint indicates that our AMS
results from the Late Cretaceous Haymana Formation are
related to the postdepositional contractional deformation.
The traces of these deformations are observed in our
results as compressional/transpressional setting-related
AMS patterns and a decrease in shortening ratios towards
the east side of the Haymana Anticline. In this study, we
propose that these local findings are associated with the
collision between the TAB and the Pontides, allowing
compressional deformation, and the syn- or syn- to
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Figure 9. a) Geological map of Central Anatolia showing the elongation of the main structures. Westward extension of the Hirfanlar-
Hacibektas Fault Zone corresponds to the Derekdy Thrust in the Haymana Basin (black rectangle). b) Inputs of ANYS model (tentative)
showing the initial geometries of the latterly deformed modeled rock volume, properties of which are close to claystone and carbonate
rocks (the main components of the deformed layers) and the position of a thrust fault with left-lateral sense (proposing the Derekoy
Fault Plane, as a rigid plane in the model). ¢) The 3D model showing the deformation distribution after the displacement of the proposed
the Derekdy Fault Plane (54,000 mm along Z axis and -54,000 mm along X axis). d) The 2D view of the deformation distribution.
Deformation increases towards the left (or west in the basin); dimensions on the model are in millimeters.
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postcollisional oblique indentation of the KB into the
Pontides (Lefebvre et al., 2013), allowing the activation of
the Derekdy Thrust Fault as a left-lateral transpressional
fault resulting in the differential shortening ratios of the
Haymana Anticline (Figure 9). The reason behind the
oblique indentation might be the segmentation of the
Kirsehir Block along the NW-SE trending faults and
differential movements/rotations of the microblocks, as
discussed by Lefebvre et al. (2013). Our results may have
signs of active transcurrents or wrench tectonics (e.g.,
Biiyiiksarag, 2007; Piper et al., 2010), but we propose
that the effects of the Neogene events are minor in the
Haymana Formation while the dominant factor was the
oblique indentation of the Kirsehir Block. In order to test
the oblique indentation model, a tentative finite element
model that was constructed using the R17.2 version of
ANYS software was used in the study. In this model, the
Derekéy Thrust Fault was defined as a moving (along
two directions, towards west and south) rigid body that
creates deformation (displacement) on a modeled volume
representing a claystone body (Figure 9). The results of the
model clearly show that if the Derekdy Thrust Fault works
as a reverse fault with sinistral sense, shortening ratios in
the basin will decrease towards the west, as indicated in
the AMS- and restoration-based shortening results of the
study.

6. Conclusions
In this study, we conclude that the shapes of the AMS
ellipsoids can be not only correlated in the direction of
their eigenvectors (k , ) butalso utilized as strain markers
to establish a quantitative indicator of the local to regional
deformation history. Based on the results of both the
paleomagnetic (AMS) and the other surface kinematic
data from the Haymana Anticline in the Central Anatolia,
we conclude that:

- Magnetic mineralogy analyses show that although
each stratigraphic site/level has a different type of magnetic
carriers, they all exhibit ferromagnetic characteristics
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that lead to determination of the deformation via
magnetofabrics in each location.

- While the main magnetic susceptibility contribution
from paramagnetism is to small percentage of
ferromagnetic minerals to bulk susceptibility, the
anisotropy degree varies rather than magnetic mineralogy
but is highly related to the amount of deformation affected
in the sampled matrix.

- The Upper Cretaceous shale-mudstone successions
of the sampled Haymana Anticline show well-developed,
low-to-moderately deformed AMS susceptibility ellipsoids
in 6 different levels.

- The maximum susceptibility results of the Haymana
Anticline are clearly consistent with the structural evidence
so k isalmost parallel to the fold axis trending ~E to W.

- As a quantitative deformation indication, we followed
the studies of Pares and van der Pluijm (2003, 2004)
proposed for low-to-moderately deformed mudstone
and we calculated an 18%-32% shortening ratio based on
magnetic fabric in the area.

- Four geologically balanced cross-section results
throughout the Haymana Anticline indicate ~22%-28%
maximum shortening ratio, so the two independent
datasets have a close correlation, indicating the
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- Since there are many factors affecting the correlation
between tectonic strain and AMS deformation fabric,
applying the AMS-based shortening calculation method
for other lithologies (except mudstones) requires detailed
step-wise analyses/experiments.
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