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ABSTRACT
The Mersin ophiolite of southern Turkey is a well-exposed, Late Cretaceous, Neo-Tethyan supra-
subduction zone ophiolite. It is underlain by metamorphic sole rocks inferred to have formed at the 
top of a down-going plate during subduction. These have a well-developed foliation and lineation 
observable in the field (defined by the preferred orientations of hornblende and plagioclase crystals). 
Here we present the first magnetic fabric data reported from the Mersin ophiolite with such settings. 
Anisotropy of low field magnetic susceptibility ellipsoids in sampled amphibolites have clustered, 
NW-plunging minimum principal axes representing poles to a SE-dipping magnetic foliation that 
aligns with the macroscopic metamorphic foliation plane seen in the field. Maximum AMS principal 
axes define a SE-plunging magnetic lineation that is parallel to the macroscopic metamorphic 
lineation. Oblate magnetic fabrics at specimen-level and an overall triaxial fabric at locality-
level in these rocks are consistent with the development of the dominant metamorphic fabric by 
a combination of pure shear flattening and simple shearing during the formation and exhumation 
of the Mersin sole rocks. These observations are compatible with a recent tectonic model for the 
evolution of the ophiolite based on paleomagnetic data that invokes flattening and exhumation of the 
down-going slab in an incipient subduction zone during supra-subduction zone spreading.
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1. Introduction

Magnetic fabric analysis has proved to be a valuable 
tool in understanding the structural evolution of rocks 
in a wide variety of geological settings (Tarling and 
Hrouda, 1993; Martín Hernández et al., 2004; Parés, 
2015). Anisotropy of magnetic susceptibility (AMS) 
reflects the shape- or crystallographic-preferred 
orientations of minerals and grains in rock (Tarling 
and Hrouda, 1993; Borradaile and Jackson, 2004), 
or the distribution anisotropy of ferromagnetic grains 
(Stephenson, 1994), providing quantitative constraints 
on petrofabric development even in weakly deformed 

rocks. Described by a second-order tensor, AMS is 
represented by a susceptibility ellipsoid specified by 
the magnitude and orientation of its principal axes 
(kmax, kint and kmin, corresponding to its maximum, 
intermediate, and minimum susceptibility axes, 
respectively). AMS in a rock results from contributions 
from all its constituent minerals but is usually 
dominated by the signal from ferromagnetic phases 
when present because of their high susceptibilities. 

Much attention has been given to using AMS to 
understand the development of fabrics in sedimentary 
and igneous rocks, and such studies have therefore 

1

Bull. Min. Res. Exp. (2022) 170: 1-14

Citation Info: Çavdar, B., Morris, A., Anderson, M., Menegon, L., Parlak, O. 2023. Magnetic anisotropy of a sub-ophiolitic metamorphic 
sole (Mersin ophiolite, Türkiye). Bulletin of the Mineral Research and Exploration 170, 1-14. https://doi.org/10.19111/
bulletinofmre.1081170

*Corresponding author: Buğra ÇAVDAR, bugra.cavdar@mta.gov.tr

Keywords:
Magnetic Anisotropy, 
Rock Magnetism, 
Amphibolites, Ophiolite, 
Metamorphic Sole.

Received Date: 12.07.2021
Accepted Date: 29.12.2021

ABSTRACT
The Mersin ophiolite of southern Turkey is a well-exposed, Late Cretaceous, Neo-Tethyan supra-
subduction zone ophiolite. It is underlain by metamorphic sole rocks inferred to have formed at the 
top of a down-going plate during subduction. These have a well-developed foliation and lineation 
observable in the field (defined by the preferred orientations of hornblende and plagioclase crystals). 
Here we present the first magnetic fabric data reported from the Mersin ophiolite with such settings. 
Anisotropy of low field magnetic susceptibility ellipsoids in sampled amphibolites have clustered, 
NW-plunging minimum principal axes representing poles to a SE-dipping magnetic foliation that 
aligns with the macroscopic metamorphic foliation plane seen in the field. Maximum AMS principal 
axes define a SE-plunging magnetic lineation that is parallel to the macroscopic metamorphic 
lineation. Oblate magnetic fabrics at specimen-level and an overall triaxial fabric at locality-
level in these rocks are consistent with the development of the dominant metamorphic fabric by 
a combination of pure shear flattening and simple shearing during the formation and exhumation 
of the Mersin sole rocks. These observations are compatible with a recent tectonic model for the 
evolution of the ophiolite based on paleomagnetic data that invokes flattening and exhumation of the 
down-going slab in an incipient subduction zone during supra-subduction zone spreading.

Magnetic anisotropy of a sub-ophiolitic metamorphic sole (Mersin ophiolite, Türkiye)
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 Evaporate salt exploration by two dimensional (2D) seismic reflection method: Ankara-Polatlı region, Türkiye ...........................................161
Recep GÜNEY, Zeynep Rezzan ÖZERK, Erdener IZLADI, Salih ERDEN, Esra AK, Erdi APATAY, Erdoğan ERYILMAZ, 
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dominated the literature on magnetic fabrics. For 
example, kmax axes are a reliable proxy for extension 
directions in weakly deformed sedimentary rocks 
that lack macroscopic strain markers (Borradaile 
and Hamilton, 2004; Mattei et al., 2004) and for 
magmatic flow directions in volcanic (Morris, 2000; 
Cañón Tapia, 2004) and plutonic rocks (Bouchez, 
1997; Staudigel et al., 1999; Morris et al., 2019). In 
contrast, AMS has been relatively underutilised as a 
tool in the analysis of metamorphic rocks, although 
several studies have successfully used magnetic fabric 
analysis to provide new insights into the kinematics 
of fabric development in higher-grade rocks such as 
mylonites (Bascou et al., 2002) and migmatites (Ferré 
et al., 2003, 2004; Kruckenberg et al., 2010).

Here we present the first AMS data reported 
from the metamorphic sole of an ophiolite as part 
of a wider magnetic project on the tectonic history 
of the Mersin ophiolite of southern Türkiye (Omer, 
2014; Morris et al., 2017). These amphibolite-grade 
rocks have well-defined macroscopic fabrics (Parlak 
et al., 1996) that developed during their evolution 
as they have subducted beneath a Neotethyan supra-
subduction zone seafloor spreading system and later 

exhumed and accreted to the base of the overlying 
Mersin ophiolite (Parlak et al., 1995). We show that 
AMS in these rocks provides an accurate proxy for the 
orientation of the macroscopic foliation and lineation 
observed in the field and indicates an important 
flattening component. These new magnetic fabric 
constraints on fabric development are consistent with 
a recent tectonic model for the evolution of the Mersin 
ophiolite (Morris et al., 2017), based on net tectonic 
rotation analysis of paleomagnetic data that predicts 
shearing and flattening of the sole rocks in an incipient 
subduction zone system.

2. The Mersin Ophiolite and its Metamorphic Sole

The Mersin ophiolite outcrops over a 1500 km2 
area in southern Türkiye (Figure 1a) and consists of a 
Late Cretaceous ophiolite underlain by metamorphic 
sole rocks that overlie the Mersin Mélange (Figure 
1b; Parlak and Delaloye, 1996, 1999; Parlak and 
Robertson, 2004; Parlak et al., 2013). The ophiolitic 
suite consists mainly of the mantle and lower crustal 
sequences, including tectonised harzburgites and 
ultramafic and mafic cumulate gabbros (Parlak et al., 
1996). Thin, fine-grained basaltic dykes occasionally 

Figure 1- Summary of the geology of the Mersin ophiolite of southern Türkiye and location of the study near the village of Fındıkpınarı; a) the 
simplified geological map is after Tekin et al. (2016), b) the tectonostratigraphic column is after Parlak et al. (1996).

T ü r k i y e



3

Bull. Min. Res. Exp. (2023) 170: 1-14

3

Bull. Min. Res. Exp. (2022) 170: 1-14

intrude the gabbros at a high angle to the cumulate 
layering. Basalts and associated deep marine sediments 
are structurally isolated from the main ophiolitic body 
(Parlak et al., 1996). 

Key sections through the metamorphic sole and 
mantle sequence are exposed in the Fındıkpınarı 
valley area (Figure 1a). Here, the sole has sharp 
tectonic contact with the overlying mantle sequence 
(Figure 2a). It consists predominantly of amphibolites, 
amphibolitic schists, epidote-amphibolite schists, 
quartz-mica schists, calcschists, and marble. Over a 
thickness of about 50-70 m from top to base, it displays 
a typical inverted metamorphic zonation from upper 
amphibolite (top) to greenschist facies (base) (Parlak 
et al., 1996). The upper part of the Fındıkpınarı 
section is dominated by amphibolites, with phyllitic 
rocks and foliated metabasalts (accompanied by 
subordinate lenses of amphibolite) becoming more 
frequent towards the base. Intense deformation fabrics 
within the metamorphic sole are inferred to have 
formed along with the upper interface of a subducting 
slab. A pervasive SE-dipping metamorphic foliation 
(mean dip direction/dip = 146°/45°; Figure 2b) is 
associated with a mostly NW-SE-trending lineation 
(mean azimuth/plunge= 133°/46°) within the foliation 
plane, defined principally by alignment of elongate 
amphibole crystals.

The metamorphic sole and tectonised harzburgite 
are both occasionally cut by undeformed doleritic 
dykes that compositionally resemble evolved island-

arc tholeiites derived from a mantle wedge that 
underwent previous melt extraction and subsequent 
metasomatism (Dilek et al., 1999). Dykes intruding 
the metamorphic sole clearly post-date shearing and 
metamorphism. 40Ar–39Ar age constraints (Dilek et al., 
1999; Parlak and Delaloye, 1996, 1999) indicate that 
cooling of the metamorphic sole through amphibolite 
facies conditions (mean age= 92.7 Ma), intrusion 
of dykes into the mantle sequence (91.0 Ma), and 
intrusion of dykes through the sole (mean age= 89.6 
Ma) were broadly synchronous events. Paleomagnetic 
analysis of the metamorphic sole-hosted dykes, those 
in the mantle sequence, and the overlying lower crustal 
cumulate gabbros reveals that each unit underwent 
large clockwise net tectonic rotations around similar 
NE-trending, shallowly plunging inclined axes. 
However, dykes in the sole experienced only about 
45° rotation compared to about 120-125° rotation 
of the overlying mantle-hosted dykes and cumulate 
gabbros (Morris et al., 2017). These data support 
a model involving rotation of the Mersin oceanic 
crust and related mantle rocks in the footwall of a 
Neotethyan oceanic detachment fault system (Morris 
et al., 2017), with a later phase of footwall rotation 
occurring around the same ridge-parallel axis after 
accretion of the metamorphic sole rocks to the base 
of the footwall.

3. Sampling and Methods

We sampled amphibolites and some mica schists 
of the metamorphic sole of the Mersin ophiolite at 11 

Figure 2- Field photographs of the metamorphic sole of the Mersin ophiolite exposed along the road-cut section near Fındıkpınarı; a) the tectonic 
contact between the metamorphic sole and the overlying mantle sequence of the ophiolite, b) amphibolites of the metamorphic sole 
showing the pronounced SE-dipping metamorphic foliation (hammer for scale).
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sites distributed along a 650 m long road cut section 
near the village of Fındıkpınarı (Figure 1a, Table 1). 
At each site, oriented hand samples were collected 
and then drilled in the laboratory to obtain an average 
of eight standards (11 cm3) cylindrical specimens 
per site for AMS analyses. Sampling was restricted 
to exposures that showed well-developed planar 
foliations. The orientations of foliations and lineations 
were measured to an accuracy of ± 5°.

Table 1- Site locations with the metamorphic sole rocks of the 
Mersin ophiolite.

Site Lithology UTM location

BC02 Amphibolite 36S 619297E, 4083374N

BC03 Amphibolite 36S 619238E, 4083392N

BC04 Amphibolite 36S 619251E, 4083390N

BC07 Amphibolite 36S 619330E, 4083355N

BC08 Amphibolite 36S 619097E, 4083484N

BC09 Amphibolite 36S 618959E, 4083576N

BC10 Amphibolite 36S 618915E, 4083598N

BC11
Micaschist/
Amphibolite 36S 618910E, 4083608N

BC12 Amphibolite 36S 618870E, 4083667N

BC13 Amphibolite 36S 618848E, 4083764N

BC14 Micaschist 36S 618836E, 4083777N

The anisotropy of low-field magnetic susceptibility 
of 96 specimens was measured using an AGICO-
KLY-3S Kappabridge instrument. AMS tensors 
and associated eigenvectors and eigenvalues were 
calculated at specimen-level using AGICO SUSAR 
software. The shape of the AMS ellipsoid is defined by 
the relative magnitude of the principal susceptibility 
axes and can be: 1) isotropic (kmin = kint =kmax) with 
no preferred alignment; 2) oblate (kmin << kint≈kmax) 
defining a planar magnetic fabric (foliation); 3) 
prolate (kmin ≈ kint<< kmax) defining a linear magnetic 
fabric (lineation); or 4) triaxial (kmin < kint < kmax). 
The magnitude of anisotropy is described using the 
corrected anisotropy degree, PJ (Jelínek, 1981), where 
PJ = 1.0 indicates an isotropic fabric and, e.g., PJ = 
1.05 indicates 5% anisotropy. The shape parameter 
(T) describes the shape of the ellipsoid (-1.0<T<1.0), 
with positive/negative values of T indicating oblate/
prolate fabrics, respectively (Jelínek, 1981). Statistical 
analysis of the data at the locality level was achieved 

using the bootstrap method of Constable and Tauxe 
(1990).

Rock magnetic experiments were performed on 
representative powdered samples to investigate the 
nature of the ferromagnetic minerals contributing 
to the AMS. Curie temperatures were determined 
from the high-temperature (20-700°C) variation of 
magnetic susceptibility, measured using an AGICO 
KLY-3S Kappabridge coupled with an AGICO CS-3 
high-temperature furnace apparatus. These data 
were analysed using AGICO Cureval8 software. 
Isothermal remanent magnetisation (IRM) acquisition 
experiments were conducted on representative samples 
using a Molspin pulse magnetiser to apply peak fields 
up to 800 mT with resulting IRMs measured using 
an AGICO JR6A fluxgate spinner magnetometer. 
Scanning electron microscopy and optical microscopy 
of oriented thin sections were used to further constrain 
the source of the AMS.

4. Findings

4.1. Rock Magnetic Properties

Bulk low field susceptibility values of the 
metamorphic sole rocks range between 0.38 x 10-3 SI 
and 7.85 x 10-3 SI (mean= 1.15 x 10-3 SI; Figure 3), 
suggesting that paramagnetic minerals dominate the 
AMS signal (Tarling and Hrouda, 1993) with a minor 
contribution from ferromagnetic minerals (Figure 
3). This is confirmed by the temperature variations 
of low field magnetic susceptibility (Figure 4) that 
are dominated by a hyperbolic paramagnetic decay 
curve following the Curie-Weiss Law (Tarling and 
Hrouda, 1993), followed by a more rapid decrease 
in susceptibility at around 560-580°C, suggesting the 
presence of magnetite. Paramagnetic/ferromagnetic 
separation based on hyperbola fitting performed using 
AGICO Cureval8 software (green dashed lines in 
Figure 4) suggests that 90% of the susceptibility signal 
is due to paramagnetic minerals. Susceptibilities are 
systematically higher during the cooling cycle in 
these experiments and typically display an additional 
inflection at ~500°C that is not present during the 
heating cycle. 

This suggests the production of new magnetite 
from a paramagnetic precursor mineral resulting 
from alteration during heating. IRM acquisition 
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curves (Figure 4) reach saturation in most samples 
by applied fields of 300 mT, suggesting the presence 
of fine-grained, acicular magnetite. However, some 
samples (e.g. BC0303A and BC0401B in Figure 

4) do not saturate in the maximum applied field of 
800 mT suggesting the presence of high coercivity 
hematite. Maximum IRM intensities are typically 
less than 400 mAm-1, consistent with the presence of 
only minor quantities of ferromagnetic minerals in 
these rocks. These values are also lower than those 
typically reported from mafic igneous rocks, e.g. 
within the overlying ophiolite, where IRM800mT values 
of ~50 Am-1 are observed (Omer, 2014; Morris et al., 
2017), suggesting a reduction in the concentration of 
ferromagnetic phases during metamorphism of the 
original basaltic protoliths of the amphibolites (Parlak 
et al., 1996). This probably reflects the destruction 
of primary igneous magnetite during alteration, 
mobilising iron that became incorporated into newly 
formed amphibole crystals, as reported recently from 
the Thetford Mines ophiolite, Canada (Di Chiara et 
al., 2020). It is also noted that magnetite minerals can 
also be produced by the breakdown of pyrite at 370°C. 

4.2. Magnetic Anisotropy Results

Specimen-level AMS data and derived parameters 
are provided in Table 2. Corrected anisotropy degrees 
(PJ) range from 1.01 to 1.13, with a mean value of 1.04 
(indicating 4% anisotropy). There is a statistically 
significant positive correlation between PJ and log10 
susceptibility (Figure 5a), excluding data from site 

Figure 3- a) Histogram of low-field magnetic susceptibilities for 
amphibolites of the metamorphic sole of the Mersin 
ophiolite, b) relationship between bulk susceptibility and 
mineral concentrations (wt percent, Tarling and Hrouda, 
1993). Note that low susceptibilities indicate less than 0.1 
wt percent magnetite in most of these rocks and a major 
contribution from paramagnetic silicate minerals.

Figure 4- Representative plots showing the variation of low-field magnetic susceptibility with temperature (upper row) and isothermal remanent 
magnetisation acquisition curves (lower row) for metamorphic sole rocks of the Mersin ophiolite. Note that histograms in the lower 
row indicate the rate of change in acquired magnetization. The bar charts of BC0201B, BC0701E and BC0801C samples suggest that 
the saturation is reached around 300 mT of the applied field. However, BC0303A and BC0401B samples do not still saturate in the 
field of 800 mT, indicating the presence of high coercivity hematite. 
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Table 2- Anisotropy of magnetic susceptibility (AMS) results from the metamorphic sole rocks of the Mersin ophiolite.

Site Specimen
Mean 

susceptibility 
(SI)

Normalised 
kmax

Normalised 
kint

Normalised 
kmin

Corrected 
anisotropy 
degree, Pj

Shape 
parameter, 

T

AMS principal axes 
(geographic coordinates)

Lithology kmax kint kmin

BC02 BC0201A1 Amphibolite 9.40E-04 1.0314 0.935 1.121 1.0336 0.956 259/22 099/67 352/07

BC02 BC0201A2 Amphibolite 7.81E-04 1.0298 0.9366 1.118 1.0336 0.926 081/18 235/70 349/08

BC02 BC0201B1 Amphibolite 1.03E-03 1.0279 0.9403 1.111 1.0318 0.919 265/15 078/75 174/02

BC02 BC0201B2 Amphibolite 6.87E-04 1.0278 0.9396 1.112 1.0326 0.902 264/12 086/78 354/01

BC02 BC0202A Amphibolite 1.55E-03 1.0186 0.8981 1.211 1.0832 0.344 233/15 108/65 329/20

BC02 BC0202B Amphibolite 1.38E-03 1.021 0.9106 1.179 1.0684 0.432 099/53 242/31 343/18

BC02 BC0203A Amphibolite 9.11E-04 1.008 0.9665 1.063 1.0255 0.417 162/49 071/01 341/41

BC02 BC0203B1 Amphibolite 9.00E-04 1.0086 0.9647 1.066 1.0268 0.427 208/24 070/59 307/18

BC02 BC0203B2 Amphibolite 9.26E-04 1.008 0.9653 1.065 1.0267 0.405 209/22 071/61 306/17

BC02 BC0203C1 Amphibolite 7.64E-04 1.0097 0.9644 1.066 1.0259 0.486 167/47 071/05 337/42

BC02 BC0203C2 Amphibolite 9.06E-04 1.0066 0.9686 1.059 1.0248 0.366 169/49 074/04 340/41

BC02 BC0204A Amphibolite 8.48E-04 1.0332 0.9258 1.14 1.0409 0.873 043/05 137/42 308/47

BC02 BC0204B Amphibolite 8.85E-04 1.0414 0.9117 1.17 1.0468 0.925 213/05 118/44 308/45

BC02 BC0204C Amphibolite 8.65E-04 1.0412 0.9145 1.164 1.0443 0.955 048/12 150/43 306/44

BC03 BC0301A Amphibolite 7.48E-04 1.0083 0.9763 1.043 1.0154 0.64 116/49 225/16 327/37

BC03 BC0301C Amphibolite 7.32E-04 1.0074 0.9767 1.042 1.0159 0.573 116/46 225/17 330/39

BC03 BC0301D Amphibolite 6.93E-04 1.008 0.9765 1.042 1.0155 0.621 125/46 230/13 331/40

BC03 BC0301E Amphibolite 7.63E-04 1.0055 0.9823 1.032 1.0121 0.562 119/47 225/14 327/40

BC03 BC0301F Amphibolite 7.64E-04 1.004 0.9815 1.034 1.0145 0.374 117/44 223/16 327/42

BC03 BC0301G Amphibolite 3.82E-04 1.0077 0.9743 1.047 1.018 0.536 121/43 225/15 329/44

BC03 BC0301H Amphibolite 7.64E-04 1.0029 0.9848 1.028 1.0123 0.323 117/45 228/19 334/38

BC03 BC0301I Amphibolite 6.78E-04 1.0077 0.9778 1.04 1.0146 0.631 121/47 223/11 323/41

BC03 BC0301J Amphibolite 7.49E-04 1.0026 0.9843 1.03 1.0132 0.273 094/36 206/27 323/42

BC03 BC0301K Amphibolite 4.29E-04 1.011 0.9697 1.055 1.0192 0.676 130/53 231/08 327/36

BC03 BC0301L Amphibolite 7.17E-04 1.0078 0.9762 1.043 1.016 0.596 141/53 234/03 326/37

BC03 BC0301M Amphibolite 7.31E-04 1.0058 0.9792 1.038 1.0151 0.488 130/53 235/11 333/35

BC03 BC0302A Amphibolite 7.45E-04 1.0066 0.9807 1.035 1.0127 0.627 122/56 226/10 322/33

BC03 BC0302B Amphibolite 7.62E-04 1.0086 0.9768 1.042 1.0145 0.691 124/54 227/09 324/35

BC03 BC0302C Amphibolite 8.29E-04 1.0123 0.9691 1.056 1.0186 0.748 121/54 223/09 320/35

BC03 BC0302D Amphibolite 7.67E-04 1.0088 0.9761 1.043 1.0151 0.684 121/54 226/11 323/34

BC04 BC0401A1 Amphibolite 7.98E-04 1.0089 0.9718 1.052 1.0193 0.571 139/45 236/07 333/44

BC04 BC0401A2 Amphibolite 8.23E-04 1.0095 0.9692 1.057 1.0213 0.557 145/45 242/07 339/44

BC04 BC0401B1 Amphibolite 8.35E-04 1.0099 0.968 1.059 1.022 0.561 136/46 237/10 336/42

BC04 BC0401B2 Amphibolite 7.96E-04 1.0071 0.9764 1.043 1.0165 0.542 144/50 236/02 327/40

BC04 BC0401C1 Amphibolite 7.92E-04 1.0124 0.9652 1.064 1.0224 0.658 144/43 236/02 328/47

BC04 BC0401C2 Amphibolite 7.98E-04 1.0096 0.9678 1.059 1.0226 0.536 157/45 063/05 328/44

BC04 BC0401D1 Amphibolite 7.78E-04 1.009 0.9693 1.057 1.0217 0.527 149/48 240/01 331/42
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BC04 BC0401D2 Amphibolite 7.47E-04 1.011 0.9696 1.055 1.0194 0.672 163/50 062/09 324/39

BC04 BC0401E1 Amphibolite 8.17E-04 1.0094 0.9715 1.052 1.0191 0.598 153/50 061/01 330/40

BC04 BC0401E2 Amphibolite 8.42E-04 1.012 0.9642 1.066 1.0238 0.611 145/48 237/02 329/42

BC04 BC0401E3 Amphibolite 6.39E-04 1.0128 0.96 1.074 1.0272 0.583 138/47 237/08 334/42

BC04 BC0401F1 Amphibolite 8.11E-04 1.0131 0.9623 1.069 1.0246 0.641 138/46 235/06 331/43

BC04 BC0401F2 Amphibolite 8.48E-04 1.0064 0.9755 1.045 1.018 0.463 150/47 243/03 336/43

BC04 BC0401F3 Amphibolite 6.08E-04 1.0136 0.9589 1.076 1.0275 0.606 133/45 233/10 333/43

BC04 BC0401G1 Amphibolite 8.66E-04 1.0095 0.9685 1.058 1.022 0.541 151/45 243/01 334/45

BC04 BC0401G2 Amphibolite 7.98E-04 1.0119 0.9672 1.06 1.0209 0.671 155/47 062/03 329/43

BC04 BC0401G3 Amphibolite 5.36E-04 1.0108 0.9645 1.066 1.0247 0.548 139/45 235/06 331/44

BC07 BC0701B1 Amphibolite 9.31E-04 1.0297 0.9323 1.127 1.038 0.85 212/48 108/12 008/40

BC07 BC0701B2 Amphibolite 7.55E-04 1.0211 0.9518 1.088 1.0271 0.846 211/48 111/10 012/40

BC07 BC0701B3 Amphibolite 8.22E-04 1.0341 0.9244 1.143 1.0414 0.882 185/54 278/03 010/36

BC07 BC0701C1 Amphibolite 8.62E-04 1.0265 0.9417 1.108 1.0317 0.889 201/52 101/07 006/37

BC07 BC0701C2 Amphibolite 9.40E-04 1.0313 0.9256 1.141 1.0431 0.809 153/61 276/17 013/23

BC07 BC0701C3 Amphibolite 8.19E-04 1.0288 0.9316 1.129 1.0396 0.811 164/43 264/11 005/45

BC07 BC0701D1 Amphibolite 8.81E-04 1.0339 0.9236 1.145 1.0425 0.864 154/62 268/12 003/25

BC07 BC0701D2 Amphibolite 8.67E-04 1.0275 0.9375 1.117 1.035 0.854 139/32 252/31 015/42

BC07 BC0701D3 Amphibolite 8.14E-04 1.0285 0.9366 1.118 1.0348 0.877 164/49 270/14 011/38

BC07 BC0701E1 Amphibolite 7.96E-04 1.0364 0.9161 1.161 1.0476 0.84 160/51 270/15 011/35

BC07 BC0701E2 Amphibolite 8.75E-04 1.0294 0.9377 1.116 1.0329 0.929 184/52 277/03 009/38

BC07 BC0701E3 Amphibolite 8.81E-04 1.0358 0.9203 1.152 1.0439 0.877 175/62 270/03 002/27

BC08 BC0801A1 Amphibolite 7.68E-04 1.016 0.9569 1.079 1.027 0.696 096/47 191/05 286/43

BC08 BC0801A2 Amphibolite 8.27E-04 1.0182 0.9502 1.092 1.0315 0.683 112/44 017/05 282/46

BC08 BC0801B Amphibolite 7.47E-04 1.016 0.9582 1.077 1.0258 0.716 086/42 187/12 289/46

BC08 BC0801C1 Amphibolite 7.57E-04 1.0173 0.9568 1.079 1.026 0.756 098/44 193/05 289/46

BC08 BC0801C2 Amphibolite 5.63E-04 1.0151 0.959 1.075 1.0258 0.688 099/45 192/03 286/45

BC09 BC0901A Amphibolite 6.40E-04 1.009 0.968 1.059 1.023 0.5 115/45 206/02 298/45

BC09 BC0901B Amphibolite 5.35E-04 1.0069 0.9723 1.051 1.0207 0.44 132/46 038/04 304/44

BC09 BC0901C Amphibolite 6.64E-04 1.0082 0.9693 1.057 1.0226 0.471 112/40 213/13 317/47

BC09 BC0902A1 Amphibolite 4.75E-03 1.013 0.8751 1.273 1.1118 0.222 100/48 203/12 303/40

BC09 BC0902A2 Amphibolite 3.14E-03 1.0123 0.8636 1.304 1.1241 0.205 108/46 211/12 312/41

BC09 BC0902B Amphibolite 1.28E-03 1.0067 0.9731 1.05 1.0202 0.438 083/34 194/27 313/43

BC09 BC0902C Amphibolite 3.33E-03 1.0438 0.8269 1.383 1.1294 0.495 115/42 222/18 329/43

BC10 BC1001A Amphibolite 1.11E-03 1.0346 0.8978 1.203 1.0676 0.638 176/28 074/21 313/54

BC10 BC1001B Amphibolite 9.35E-04 1.0268 0.9163 1.163 1.057 0.595 100/39 206/19 316/45

BC10 BC1002A Amphibolite 7.59E-04 1.0301 0.9352 1.121 1.0346 0.914 045/23 299/33 162/48

BC10 BC1002B Amphibolite 7.69E-04 1.0295 0.935 1.122 1.0356 0.885 027/36 282/19 170/48

BC10 BC1002C Amphibolite 8.44E-04 1.0251 0.9466 1.098 1.0283 0.924 003/41 264/10 164/48

Table 2- continued
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Figure 5- a) Plot of corrected anisotropy degree, PJ, against bulk susceptibility, b) Borradaile-Jackson polar plot of corrected anisotropy degree, 
PJ, and shape parameter, T (Jelínek, 1981; Borradaile and Jackson, 2004).

BC10 BC1002D Amphibolite 7.21E-04 1.0275 0.9388 1.114 1.0337 0.874 027/36 282/20 168/47

BC10 BC1002E Amphibolite 7.81E-04 1.029 0.9374 1.117 1.0337 0.907 027/35 283/19 170/49

BC10 BC1002F Amphibolite 9.40E-04 1.0221 0.9501 1.092 1.0277 0.861 005/43 265/11 163/45

BC10 BC1002G Amphibolite 1.13E-03 1.0236 0.9486 1.095 1.0278 0.896 007/43 266/11 164/45

BC11 BC1101A1 Micaschist/
Amphibolite 6.96E-04 1.0274 0.9383 1.115 1.0343 0.864 040/30 289/32 163/43

BC11 BC1101A2 Micaschist/
Amphibolite 9.78E-04 1.0441 0.8866 1.226 1.0693 0.746 025/39 274/24 161/42

BC11 BC1101B Micaschist/
Amphibolite 1.06E-03 1.0506 0.8795 1.242 1.0699 0.814 026/41 275/23 164/41

BC11 BC1101E Micaschist/
Amphibolite 8.26E-04 1.0483 0.8761 1.25 1.0756 0.749 026/37 274/26 158/42

BC12 BC1201A Amphibolite 6.15E-03 1.0141 0.905 1.197 1.0809 0.282 110/51 212/09 310/37

BC12 BC1201B Amphibolite 6.31E-03 1.0154 0.9109 1.182 1.0736 0.322 109/42 212/13 315/45

BC12 BC1201C Amphibolite 6.69E-03 1.0166 0.9045 1.196 1.0789 0.326 115/47 216/10 315/41

BC12 BC1201D Amphibolite 7.85E-03 1.0204 0.8974 1.211 1.0822 0.371 109/50 212/11 311/37

BC13 BC1301A Amphibolite 7.88E-04 1.0249 0.9415 1.109 1.0336 0.819 119/18 217/23 355/61

BC13 BC1301B Amphibolite 8.48E-04 1.0247 0.942 1.108 1.0333 0.818 113/15 210/27 357/59

BC13 BC1301C Amphibolite 8.55E-04 1.0283 0.9338 1.124 1.0379 0.823 111/15 210/31 359/55

BC14 BC1401A Micaschist 7.63E-04 1.0271 0.9329 1.126 1.04 0.772 127/03 219/31 032/59

BC14 BC1401B Micaschist 4.15E-04 1.0186 0.9485 1.096 1.0328 0.675 293/12 196/32 041/55

BC14 BC1402A Micaschist 8.80E-04 1.0278 0.9359 1.12 1.0363 0.839 253/12 158/22 009/64

BC14 BC1402B Micaschist 8.97E-04 1.0283 0.9359 1.12 1.0358 0.857 255/05 164/18 360/72

BC14 BC1402C Micaschist 7.92E-04 1.018 0.9419 1.11 1.0401 0.567 269/06 177/23 012/66

Table 2- continued
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BC12. The Pearson product-moment correlation 
coefficient of 0.702 for this relationship exceeds the 
critical value of 0.2644 at the 99% confidence level 
(for n= 92 specimens). This relationship demonstrates 
that anisotropy in these rocks is controlled by the 
proportion of ferromagnetic versus paramagnetic 
contributions to the bulk susceptibility (Rochette et 
al., 1992), which can be implicated by variations in the 
relative contributions from ferromagnetic magnetite 
and paramagnetic amphibole in this case. Specimens 
from site BC12 fall outside this trend and display 
the largest susceptibilities encountered in this study 
(~7 x 10-3 SI), suggesting a dominant contribution 
from magnetite (Figure 5a) with an estimated 
maximum concentration of ~0.2 wt % based on bulk 
susceptibilities (Thompson and Oldfield, 1986).

Specimen-level data indicate the dominance of 
oblate fabrics, with all specimens displaying positive 
shape parameters (T) ranging from 0.21 to 0.96 (mean 
= 0.66), with no correlation between ellipsoid shape 
and PJ (Figure 5b). At the locality level, kmax axes 
plunge moderately to the SE (Figure 6a). They are 
parallel to the orientation of the macroscopic mineral 
lineation observed in the amphibolites in the field 
(Figure 6b), suggesting that the magnetic lineation 
represented by the kmax axes acts as an accurate proxy 
for the average orientation of elongate mineral phases 
in these rocks. This is confirmed by examination of 
oriented thin sections cut in the kmax/kmin plane that 

demonstrate that kmax axes are aligned parallel with 
the average orientation of the long-axes of amphibole 
crystals (Figure 7). kmin axes, representing the pole to 
the magnetic foliation, plunge moderately to the NW 
(Figure 6a) and are oriented parallel to the poles to the 
macroscopic metamorphic foliation (Figure 6b). The 
shape of the AMS at locality level may be determined 
using the bootstrap resampling method of Constable 
and Tauxe (1990). Bootstrapped eigenvectors derived 
from pseudo-sampling of the data are shown in 
Figure 8a and are tightly clustered with well-defined 
Kent (1982) error ellipses (Figure 8b). Cumulative 
distributions of the bootstrapped eigenvalues (Figure 
8c) are distinct with no overlap of the bounds 
containing 95% of each eigenvalue, demonstrating an 
overall triaxial fabric within the metamorphic sole of 
the ophiolite (Tauxe et al., 2010).

5. Results

Thin section observations of amphibolites from the 
metamorphic sole of the Mersin ophiolite demonstrate 
an alignment of the long-axes of amphibole crystals 
with kmax axes of the AMS fabric. This relationship 
implies that the AMS lineation results from the 
development of a preferred alignment of amphibole 
(hornblende) crystal c-axes in these rocks. As such, 
both fabrics most likely track the finite strain in these 
rocks that developed at or close to their metamorphic 
peak. Recent experimental evidence on amphiboles 

Figure 6- a) Stereographic equal area projections showing the distribution of AMS principal axes for all specimens analysed from the 
metamorphic sole of the Mersin ophiolite, b) stereographic equal area projections showing the orientation of the macroscopic 
metamorphic foliation and lineation measured in the field.
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has demonstrated that kmax axes in single amphibole 
crystals lie parallel to amphibole crystallographic 
b-axes, rather than their c-axes (Biedermann et al., 
2015), but that preferential alignment of crystal 
c-axes results in bulk AMS fabrics with kmax axes 
parallel to the mineral lineation in amphibole-rich 
rocks (Biedermann et al., 2018). Our results suggest 
that there is also a contribution to the AMS fabric 
from minor amounts of magnetite present in the 
specimens. In contrast to amphibole crystals, AMS 
in single crystals of magnetite results from shape 
rather than crystallographic anisotropy (Tarling and 
Hrouda, 1993), with kmax axes normally parallel to 
the long-axes of magnetite crystals. An exception to 

Figure 7- Photomicrograph and back-scattered electron (BSE) 
images of amphibolite from the metamorphic sole of the 
Mersin ophiolite. Thin sections are cut in the kmax/kmin 
plane with kmax parallel to the long dimension as shown; a) 
Thin section (plane polarised light) showing metamorphic 
foliation defined by the preferred alignment of blue-
green amphibole, plagioclase and epidote, b) BSE image 
showing detail of amphibole (light shade), plagioclase 
(dark shade), and epidote/chlorite (intermediate shade) 
crystals. Note the micro-cracking (micro-boudinage) of 
amphibole perpendicular to the foliation (crack opening 
apparently parallel to kmax).

Figure 8- Bootstrap analysis of the shape of the AMS fabric in 
the metamorphic sole of the Mersin ophiolite, using the 
technique of Constable and Tauxe (1990); a) Stereographic 
equal-area projection of bootstrapped eigenvectors at the 
locality-level (geographic coordinates), b) Kent (1982) 
error ellipses for each distribution of eigenvectors 
demonstrating near-perfect alignment with the orientation 
of the macroscopic metamorphic fabric observed in the 
field, c) Cumulative distributions of the bootstrapped 
eigenvalues associated with the eigenvalues plotted 
in Figure 8a. Solid, dashed, and dotted vertical lines 
represent bounds containing 95% of each eigenvalue 
(Tauxe et al., 2010). The lack of overlap of these bounds 
demonstrated the presence of a triaxial fabric within these 
rocks.
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this is single domain (<1μm) magnetite crystals which 
have kmax axes parallel to their short-axis (Potter and 
Stephenson, 1988), leading to the development of 
inverse AMS fabrics. The consistency of AMS fabrics 
across specimens with different susceptibilities and 
agreement with the orientation of the metamorphic 
lineation seen in the field and in thin sections 
suggests that: i) the preferred orientation of any 
magnetite crystal present in the Mersin metamorphic 
sole rocks is coaxial with the preferred orientation 
of amphibole crystals; and ii) that inverse fabrics 
associated with single-domain magnetite are absent. 
Magnetite was not observed as a discrete phase 
during the petrographic analysis of the amphibolites, 
and so the inferred alignment of paramagnetic and 
ferromagnetic contributions to the AMS signal may 
reflect the presence of magnetite as an exsolution 
product within amphibole crystals, with their shape-
preferred orientations or distribution anisotropy 
(Stephenson, 1994) controlled crystallographically by 
the amphibole lattice.

The overall triaxial AMS fabric is seen in the 
metamorphic sole and dominance of oblate ellipsoids 
at specimen-level likely reflects finite strain with a 
strong flattening component (producing clustering 
of kmin axes), combined with the shearing producing 
preferred alignment of mineral long-axes, resulting 
in clustering of kmax axes. This is consistent with the 
formation of the metamorphic fabric along with the 
upper interface of a down-going subducting plate and 
subsequent exhumation and accretion to the base of 
the Mersin ophiolite. A new tectonic model for this 
process, based on tectonic analysis of paleomagnetic 
data from the cumulate gabbros of the ophiolitic suite, 
mafic dykes cutting the metamorphic sole and dykes 
intruding the mantle sequence, was recently proposed 
by Morris et al. (2017) (Figure 9). 

This incorporated key elements of a new 
mechanism for metamorphic sole formation and 
exhumation proposed by van Hinsbergen et al. (2015). 
The paleomagnetic analysis demonstrated that the 

Figure 9- Conceptual model for the evolution of the Mersin ophiolite and its metamorphic sole in a fore-arc environment (modified after 
Morris et al., 2017); a) formation of the metamorphic sole during incipient subduction leads to the development of shear fabrics in 
the sole rocks, accompanied by suprasubduction zone spreading to form the Mersin ophiolite, b) tectonic rotation of the ophiolite 
in the footwall of an oceanic detachment fault during detachment-mode spreading, c) flattening of the down-going slab leads to the 
exhumation of the metamorphic sole rocks and the development of pure shear, oblate fabrics, d) accretion of the metamorphic sole 
to the base of the suprasubduction zone ophiolite and intrusion by mafic dykes, e) rotation of the metamorphic sole and associated 
dykes by capture in the footwall of an oceanic detachment fault.
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Mersin ophiolite experienced major rotation around a 
shallowly-plunging, NE-SW-trending, ridge-parallel 
axis, inferred to result from rolling-hinge rotation 
during formation by detachment-mode seafloor 
spreading (Morris et al., 2017; Escartín and Canales, 
2011). Dykes cutting the metamorphic sole also 
experienced rotation around the same ridge-parallel 
inclined axis but with a lower magnitude of net rotation 
(Morris et al., 2017). These constraints on tectonic 
rotation require exhumation of the metamorphic 
sole, accretion to the base of the overlying oceanic 
lithosphere before the intrusion of dykes into the 
sole, and subsequent capture of the sole rocks by the 
rotating footwall block of the oceanic detachment 
fault (Morris et al., 2017). This may be achieved by 
slab flattening in response to supra-subduction zone 
spreading, mantle wedge volume decrease, and upper 
plate extension (Figure 9; Morris et al., 2017; Van 
Hinsbergen et al., 2015), leading to shallowing and 
exhumation of the sole rocks and development of its 
inverted metamorphic gradient (Parlak et al., 1996). 
This tectonic model based on paleomagnetic tectonic 
rotation analysis can readily explain the magnetic 
anisotropy results presented here, with i) shearing 
along with the upper interface of the down-going 
slab during subduction initiation producing mineral 
elongation fabrics, and ii) subsequent development of 
strongly oblate fabrics by pure shear during flattening 
and exhumation of the slab and sole rocks before the 
accretion of the metamorphic sole to the base of the 
ophiolite. It is also consistent with recent interpretations 
of the geodynamic evolution of the metamorphic soles 
of other Turkish Neotethyan ophiolites (e.g. in the 
Beyşehir-Hoyran Nappes; Parlak et al., 2019), where 
exhumation is inferred to have occurred during roll-
back shortly after subduction initiation.
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ABSTRACT
Anatolia’s geographical location as a land bridge between Europe, Asia, and Africa, makes it 
an important passage for mammal migrations, with a rich fossil potential. However, detailed 
scientific studies on the Neogene paleogeography of Anatolia are scarce. Rodentia is among the 
major mammal groups generally adapting to different habitat types and rapidly evolving with the 
changing geography. Investigating this group provides data to increase the accuracy of ecological 
analyses. We selected Rodentia fossils from the Miocene excavation sites with published papers, and 
examined specimens of 14 families from 106 localities. Cricetidae, Muridae, Gliridae, and Sciuridae 
were found to be most dominant rodent families in Anatolia during the Early Miocene, indicating a 
high humidity, whereas ecological changes towards the end of this epoch led to a complex formation 
in the biogeography of micromammals. In the Middle Miocene, a 65% decrease in Muridae, the 
emergence of Eomyidae, and a significant increase in Spalacidae suggest a climate shift, towards 
tropical or semi-tropical conditions. In the Late Miocene, Muridae regaining its maximum level 
and becoming the most crowded family may indicate an unexpected rise in humidity, while the 
stable prevalence of Eomyidae and Castoridae point to the continuity of aquatic environments and 
humidity. 
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1. Introduction

Due to their rapid and wide geographic distribution 
and evolution, fossil groups of small mammals are 
extensively used in aging sediments belonging to 
the Tertiary. These fossils contribute to the creation 
of an intra- and intercontinental biochronology of 
sediments, shedding light on the paleoecology and 
paleogeography of different regions. Anatolia’s 
geographical position as a land bridge between 
Asia, Africa, and Europe during the Tertiary, as it is 
today, has provided a passage for the intercontinental 
migration of mammals. Therefore, terrestrial 
sediments of the Tertiary period are widespread in 

Anatolia, containing fossils of several members of 
the mammalian fauna including rodents (Rodentia; 
mice, squirrels, moles, beavers, hedgehogs, etc.), 
lagomorphs (Lagomorpha), insectivorous mammals 
(Soricidae, Scadentia), and bats (Chiroptera). 
Rodentia constitutes the most crowded order among 
these small mammal groups. This order first occurred 
in the Late Paleocene according to paleontological 
data (Hartenberger, 1998), or in the Early Paleocene 
according to molecular studies (Wu et al., 2012). With 
approximately 30 families and an estimated number 
of more than 2.277 species, they constitute 42% of all 
extant mammal species (Carleton and Musser, 2005). 
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 Evaporate salt exploration by two dimensional (2D) seismic reflection method: Ankara-Polatlı region, Türkiye ...........................................161
Recep GÜNEY, Zeynep Rezzan ÖZERK, Erdener IZLADI, Salih ERDEN, Esra AK, Erdi APATAY, Erdoğan ERYILMAZ, 
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1. Introduction

Due to their rapid and wide geographic distribution 
and evolution, fossil groups of small mammals are 
extensively used in aging sediments belonging to 
the Neogene-Paleogene. These fossils contribute 
to the creation of an intra- and intercontinental 
biochronology of sediments, shedding light on 
the paleoecology and paleogeography of different 
regions. Anatolia’s geographical position as a land 
bridge between Asia, Africa, and Europe during 
the Neogene-Paleogene, as it is today, has provided 
a passage for the intercontinental migration of 
mammals. Therefore, terrestrial sediments of the 

Neogene-Paleogene period are widespread in 
Anatolia, containing fossils of several members of 
the mammalian fauna including rodents (Rodentia; 
mice, squirrels, moles, beavers, hedgehogs, etc.), 
lagomorphs (Lagomorpha), insectivorous mammals 
(Soricidae, Scadentia), and bats (Chiroptera). 
Rodentia constitutes the most crowded order among 
these small mammal groups. This order first occurred 
in the Late Paleocene according to paleontological 
data (Hartenberger, 1998), or in the Early Paleocene 
according to molecular studies (Wu et al., 2012). With 
approximately 30 families and an estimated number 
of more than 2.277 species, they constitute 42% of all 
extant mammal species (Carleton and Musser, 2005).

https://orcid.org/0000-0003-0009-461X
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Including fossil records to this count may allow for a 
better understanding of the diversity of micromammals 
as a group (Chaline and Mein, 1979). In addition to 
species diversity, and the fact that they can be found 
on all continents except Antarctica, the extent of the 
evolutionary success of rodents is directly reflected in 
how they have adapted to almost all types of habitats 
including human settlement areas, besides their natural 
habitats such as trees, underground, deserts, steppes or 
forests, and even wetlands (Erdal, 2017).

Anatolia is a mainland formed by the merging of 
different continental parts. The closure of the Tethys 
Ocean, which was located between the two ancient 
supercontinents of Gondwana in the south and Laurasia 
in the north, and the collisions of both the Indian 
subcontinent and the Arabian Plate with Eurasia were 
the main critical events during Anatolia’s terrestrial 
formation (Şengör and Yılmaz, 1981; Rögl, 1999). 
During the Oligocene epoch, Tethys was disconnected 
from the Mediterranean, and the Paratethys Sea was 
formed, covering a large portion of southeastern 
Europe, including the present-day Aral Sea, the Caspian 
Sea, and the Black Sea (Rögl, 1999). In the beginning 
of Miocene, land masses increased particularly in 
the Sub-Paratethyan bioprovince, which corresponds 
to the region where Anatolia is located. Around the 
Middle Miocene, connections were established 
between Paratethys and the Pacific, through the Indian 
Ocean, later to be closed off again. The connection 
between Paratethys and the Mediterranean established 
through the Eastern Anatolia was also closed with 
the collision of the Arabian Plate with Eurasia at 
the end of the Middle Miocene (Rögl, 1999). The 
connections of Paratethys with other oceans affected 
the intercontinental dispersal of mammals. During 
the Miocene, Paratethys gradually retreated, leading 
to an increase in the amount of land masses. Due to 
this increase, the fossil records of mammalian fauna 
in Anatolia are mostly known from the terrestrial 
sediments belonging to the Neogene.

Record of the African and Old World Miocene 
points to a decrease in humidity, accompanied by the 
diversification of seasonal open-air plants and animal 
communities (Bernor, 1984). The Miocene/Pliocene 
boundary indicates a shift in the environment and fauna, 
from warmer temperate seasonal climates to cooler 
temperate environments (Bernor, 1996). Although the 

global cooling in this period is less significant than 
the ones in the Middle Miocene and the Pliocene/
Pleistocene, the Late Miocene is characterized by very 
distinctive changes in terrestrial ecosystems. One of 
the most well-known changes is the strong dispersion 
of low-biomass plants: woodlands begin to replace 
forests, while savannas and grasslands spread and 
settle on a global scale (Van Dam, 1997). Ecological 
conditions of the Early Miocene indicate humid forest 
environments, dominated by low seasonality (Fortelius 
et al., 2014). In addition, paleobotanical findings from 
the Early Miocene sediments in Anatolia suggest the 
presence of humid and swamp-like areas in Western 
Anatolia, along with a sporadic presence of more open 
environments (Akgün et al., 2007; Akkiraz et al., 2011; 
Kayseri Özer et al., 2014). During the Middle Miocene, 
we see an increase of land masses in Anatolia (Rögl, 
1999). Global temperatures reached maximum levels 
during these periods (Kaya, 2017). The ecological and 
environmental changes characterized by an increase in 
seasonality and a drought in the Late Miocene may be 
seen as the results of a parallel evolution in mammal 
species (Kaya, 2017).

This study aims to interpret the Miocene 
paleoecology of Anatolia, or to make ecological 
analyses regarding family groups with higher numbers 
of species by determining the Rodentia numbers in 
different localities and to identify the paleoenvironment 
in accordance with these analyses, based on database 
records published on Rodentia fossils obtained from 
several paleontological excavations carried out in 
Anatolia.

2. Material and Method

The data of our study consists of monographs and 
the surface investigation results of paleontological 
excavations carried out in Anatolian Miocene 
excavation sites, as well as scientific literature 
published on the paleoecology, paleoclimate, and 
paleobiology of the Miocene. We used the New and 
Old World Database of Fossil Mammals (NOW) as our 
main database (Fortelius et al., 2014). After obtaining 
the Rodentia order list from the NOW database, we 
excluded the specimens that were not published in 
any papers, and created a new data list. This final 
list contained Rodentia members from 106 localities, 
representing 14 families and around 130 species. 



17

Bull. Min. Res. Exp. (2023) 170: 15-30

17

Bull. Min. Res. Exp. (2022) 170: 15-30

Among these localities, Rodentia findings were found 
in the following sites: Balçıklıdere, Akhisar, Altıntaş, 
Amasya, Ayseki, Bağiçi, Bayırköy, Bayraktepe, 
Belenyenice, Bostanyeri, Büyükanafartalar, Cumali, 
Çakıllı, Çandır, Dededağ, Dendil, Develiköy, 
Dumlupınar, Düzyayla, Eskisubaşı, Gördes, Göstere, 
Gözetlemederesi, Hancılı, Harta, Hayranlı, Hoşköy, 
İnkonak, Kalamış, Kaletepe, Kaleköy, Kaplangı, 
Karaçay, Karaözü, Kargı, Kavurca, Keseköy, Kılçak, 
Kinik, Kırca, Kumköy, Mahmutköy, Mahmutlar, 
Mürefte, Pişmanköy, Sabuncubeli, Sandıklı-
Koçgazi, Sarıçay, Şemsettin, Sinaptepe, Sofça, 
Söke, Süleymanlı, Tuğlu, Yapıntı, Yeni Eskihisar, 
Yurtyenice, and Yukarıkızılca1. In addition to these, 
ongoing fossil excavations are currently being carried 
out in Kurutlu, Sofular, Yeni Yaylacık, Paşalar, and 
Çorakyerler.

We compiled the data for order Rodentia in 
Microsoft Excel 2007, and created graphics using 
the same software. We prepared the locality maps on 
the geological map of Anatolia. The percentages in 
graphics represent the ratio of the number of species 
in families relative to the number of species in other 
families.

3. Findings

3.1. Early Miocene Rodentia from Anatolia and Their 
Localities

As the tropical regions of the Late Oligocene 
and the Early Miocene expanded globally, the Early 
Miocene became dominated by green plants, as well 
as tropical and subtropical climates (Ataabadi, 2010). 
The Early Miocene was generally a humid period 
with high precipitation (Fortelius et al., 2002), and a 
complicated timeframe with weak seasonality and low 
temperatures (Utescher et al., 2000). While Muroidea 
was dominant in Anatolia in the Early Miocene, 
Gliridae and Eomyidae were dominant in Europe. 
This indicates a faunal barrier between the Afro-
Arabic and the Eurasian plates. In this period, a few 
Asian mammalian taxa such as the genera Cricetodon, 
Spanocricetodon, and Democricetodon from the family 
Cricetidae, alongside Vasseuroyms and Glirulus from 
the family Gliridae emerged in Anatolia. These taxa 
have also migrated to the Balkans and Western Europe 
(Agusti et al., 2001; Koufos et al., 2005). Glirulus, 
Democricetodon and Cricetodon are inhabitants of 

forest biotopes (Nargolwalla, 2009). This may indicate 
that the localities where these genera lived had an 
ecology where subtropical or tropical temperatures 
prevailed, along with humid conditions. Localities 
for the genera in question are Belenyenice, Dededağ, 
Dumlupınar, Gökler 4A, Hancılı 2, Harta, Kargı 1, 
Kargı 2, Kargı 3, Keseköy, Kılçak 3a, Kılçak 3b, Kılçak 
0”, Kınık, Kınık 2, Sabuncubeli, Söke, and Yapıntı 
for Cricetodon; Harami, Kargı 1, Kargı 2, Kılçak 3a, 
Kılçak 3b, Kılçak 0, and Söke for Spanocricetodon; 
Belenyenice, Harami, Harami 4, Kılçak 3a, Kılçak 0, 
Kılçak 0, and Kınık 1 for Vasseuroyms; and Keseköy 
and Söke for Glirulus. Genus Debruijina from the 
family Spalacidae was first seen in Anatolia in MN2. 
Megacricetodon, Anomalomys and Karydomys 
first appeared in Anatolia in MN3 (Alçiçek, 2010). 
The localities where these genera are found are 
Belenyenice, Dededağ, Dumlupınar, Hancılı 2, 
Harami, Hoşköy, Keseköy, Kınık 1, Söke, Yapıntı, 
and Yurtyenice for Megacricetodon; Belenyenice, 
Dededağ, Hancılı 2, and Söke for Anomalomys; 
and Dumlupınar, Söke, and Yapıntı for Kardomys. 
Forests constituted the predominant habitat type in 
the beginning of the Miocene, and the most common 
species of large mammals were the brachydont 
(low-crowned teeth) forest forms, while species 
adapted to open environments were rare. Among the 
Rodentia fauna, Cricetidae was the dominant family. 
Not all species of this family are adapted to closed 
environments, although species of genera such as 
Democricetodon and Eumyarion definitely seem to 
prefer more closed environments (Van den Hoek 
Ostende, 2001). The Rodentia records of Anatolia from 
the Early Miocene are different from those of Europe 
and Central Asia. Some Rodentia species entered 
Anatolia in earlier periods. In this period, the scarcity 
of family Ctenodactylidae is replaced by Muroidea, 
which is marked by the emergence of Eumyarion 
microps as well as species belonging to Deperetoyms, 
Democricetodon, Enginia, and Heterosminthus (Ünay 
et al., 2003). The scarcity of Ctenodactylidae is 
reflected by the presence of only one genus (Sayims) 
found in Harta, Keseköy, and Yapıntı among all 
localities we investigated in Anatolia. From this period, 
the genus Eumyarion is found in localities Gökler 4A, 
Gördes, Hancılı 2, Harami, Kargı 2, Keseköy, Kılçak 
3a, Kılçak 3b, Kılçak 0, Kınık 1, Kınık 2, Sabuncubeli, 
and Yapıntı; Deperetoyms is found in Gördes, Harami, 
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Kargı 2, Kargı 3, Kılçak 3a, Kılçak 3b, Kılçak 0, 
and Kınık; Democricetodon in Belenyenice, Gökler 
4A, Gördes Hancılı 2, Harami, Harami 4, Harami 5, 
Harta, Hoşköy, Kargı 3, Keseköy, Kılçak 3a, Kılçak 
3b, Kılçak 0, Kılçak 0, Sabuncubeli, Semsettin, 
Söke, Yapıntı, and Yurtyenice; and Enginia only in 
Yapıntı. The origin of Sciuridae is unknown. The first 
Anatolia records of it from this period are in Kargı 2 
and Kılçak 0-3b (Ünay et al., 2003). Rodentia families 
identified from the Early Miocene paleontological 
excavation sites in Anatolia are Cricetidae (36%), 
Muridae (28%), Gliridae (15%), Sciuridae (10%), 

Castoridae (3%), Dipodidae (3%), Anomalomyidae 
(1%), Ctenodactylidae (1%), Petauristidae (0.77%), 
and Spalacidae (0.77%) (Figure 1).

In paleontological studies carried out in Anatolia 
belonging to this epoch, the localities of Belenyenice, 
Dededağ, Dumlupınar, Gökler, Gördes, Hancılı, 
Harami, Harta, Hoşköy, Inkonak, Kaplangı, Kargı, 
Keseköy, Kılçak, Kınık, Sabuncubeli, Şemsettin, 
Söke, Yapıntı, and Yurtyenice are given on the map 
(Figure 2). Anatolian localities, where Rodentia 
families were seen, are also given as a list (Table 1).

Figure 1- Early Miocene Rodentia findings from Anatolia.

Figure 2- The localities in Anatolia, where Rodentia findings from the Miocene were found.
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To make sense of the ecology of extinct mammals, 
it may be necessary to look at the ecology of their 
living relatives. It is a widely known fact that the 
family Castoridae (beavers) lives in or near water. 
We may say that the fossil relatives of this family 
also preferred similar environments. Therefore, the 
presence of Castoridae reflects the presence of wet 
environments (Daams and Ders Meulen, 1984). 
Gliridae, which is thought to have originated in 
Europe, appeared in Anatolia in the Late Oligocene 

and the number of species belonging to this family 
also diversified in this period (Ünay, 1994). The 
family Castoridae is known from the localities of 
Gökler 4A, Harami, Harami 4, Harami 5, Kılçak 3a, 
Kılçak 0, Kınık 2, and Sabuncubeli. We can say that 
these localities match the ecology mentioned above. 
Cricetidae and Muridae, the families with the highest 
number of species, were recorded from the Central 
Anatolian, Western Anatolian, and the Mediterranean 
Regions, with respect to their current geographic 

Table 1- Early Miocene Rodentia families from Anatolia, listed according to their localities.
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Hancılı 2 MN 4 X X X X
Gökler4A MN 2 X X X X X
Keseköy MN 3 X X X X X
Kılçak3a MN 1 X X X X
Kılçak 3b MN 1 X X X
Kılçak 0 MN 1 X X X X X X
Kılçak 0” MN 1 X X X X X
Şemsettin MN 4 X X X X
Yurtyenice MN 4 X X
Dededağ MN 4 X X X X X

Söke MN 3-4 X X X X
Kargı 1 MN 1 X X
Kargı 2 MN 1 X X X
Kargı 3 MN 1 X X X X
Yapıntı MN 3-4 X X X X X
Harami MN 2 X X X X X

Harami 1 MN 2 X X
Harami 3 MN 2 X
Harami 4 MN 2 X X X X X
Harami 5 MN 2 X X X

Dumlupınar MN 4-5 X X X X
Belenyenice MN 4 X X X X

Gördes MN 3 X X X
Harta MN 3 X X X X X
Kınık MN 3 X

Kınık 1 MN 3 X X X X
Kınık 2 MN 2 X X X X

Sabuncubeli MN 3 X X X X X
İnkonak MP 30 X X X X
Hoşköy MN 4 X X X X

Kaplangı 1 MN 4 X
Kaplangı 2 MN 4 X
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boundaries. Families Gliridae and Sciuridae, on the 
other hand, were only recorded from Central Anatolia 
with provided numbers, although they were seen in 
both Central and Western Anatolia. 

Most members of the family Spalacidae (0.77%) 
are adapted to open meadowlands. The fact that they 
were less in number than the other Rodentia members 
in the Early Miocene may be the result of Anatolia’s 
heavily forested ecology. However, although the 
members of Muridae (28%) and Cricetidae (35%) 
may not be reckoned as definite forest dwellers, they 
appear to be the two most dominant families during 
this period. Gliridae (15%) species constitute a group 
that was adapted to a humid and more closed ecology. 
The above-mentioned families form a complex pattern 
during this period. According to the analyses, it is 
possible to say that the ecology was dominated by 
deciduous trees, moist, and had partially open habitats.

3.2. Middle Miocene Rodentia from Anatolia and 
Their Localities

Ecological conditions of the Middle Miocene 
resemble those in the Early Miocene. In this period, 
the home ranges of numerous mammals that had 
immigrated from Africa expanded in Eurasia, while 
the Earth’s tropical regions shifted towards the north 
and the middle latitudes of Eurasia due to an increase 
in Arctic glaciers and the cooling of polar regions. 
As a result, possibly a tropical and semi-tropical 
climate zone dominated the middle latitudes from 
Eastern Asia to Western Europe, including Anatolia 
(Kaya, 2017). Regional palynological evidence 
indicates a subtropical or tropical climate around the 
Mediterranean during the Middle Miocene (Akgün 
et al., 2007). In this period, Western Anatolia is 
generally represented by mixed mesophytic and 
evergreen forests. Some regions are characterized 
by broad-leaved deciduous forests (Kayseri-Özer, 
2017). This period is characterized by Castoridae 
and Gliridae (MN6-8). Although Cricetodon and 
Megacricetodon of Asian origin were known from 
before, Byzantinia, Myocricetodon and Pliospalax 
are seen in this period for the first time (Alçiçek, 
H., 2010). Localities for these genera are Bağiçi, 
Bayraktepe, Derekebir, Pişmanköy, Yaylacılar, Yeni 
Eskihisar, Sandıklı-Koçgazi, Kırca, Gözetlemederesi, 
Sofça Akhisar, Kalamış for Byzantinia; Kalamış, 

Sinap 64, Sinap 65, Yeni Eskihisar, and Bağiçi for 
Myocricetodon; Bayraktepe 1, Paşalar, Sarıçay, 
Sandıklı-Koçgazi, Kırca, Bağiçi, Pişmanköy, Göstere, 
Sofça, Yeni Eskihisar, and Sarıçay for Pliospalax. 
While Eomyidae of North American origin is seen in 
Central Asia and Europe, it appears in Anatolia during 
the Middle Miocene, and this may be related to the 
MN5 entry of Keremidomys and Eomyops species into 
Europe (Ünay et al., 2003). While Eomyidae was the 
dominant family in Europe during the Early Miocene, 
the first findings from Anatolia is MN5 unearthed in 
Çandır (Kaymakçı, 2000). The existence of families 
Castoridae and Eomyidae during this period indicates 
a paleoecology similar to that of the Early Miocene. 
While Eomyidae is seen in Europe in MN3, it is seen 
in Anatolia in MN5. This may indicate an ecology 
similar to that of Europe in localities where Eomyidae 
is seen in MN5.

 Localities which provided the Middle Miocene 
Rodentia fossils from Anatolia were Akhisar, 
Bağiçi, Bayraktepe, Bostanyeri, Çandır, Derekebir, 
Dumlupınar, Gemerek, Göstere 1, Göstere 2, 
Gözlemederesi, Kalamış, Kırca, Kumköy, Mürefte, 
Pasalar, Pişmanköy, Sandıklı-Koçgazi, Sarıçay, 
Sarıkaya, Sinaptepe, Sofça, Yaylacılar, Yeni Eskihisar, 
and Zambal (Figure 2). The localities where Rodentia 
families of this period were seen (Saraç, 2003) are 
given as a list (Table 2). 

The most crowded Rodentia group in the Middle 
Miocene is the family Cricetidae, with 32.35%; 
followed by Gliridae, which has the second higher 
numbers with 19.12%. Sciuridae has a ratio of 
16.18%, while Spalacidae has 9.31%. Families with 
lower numbers are Muridae, with a ratio of 5.39%; 
Gerbillidae, with 4.41%; Eomyidae, with 3.92%; 
Dipodidae and Petauristidae, each with 2.94%; 
Castoridae, with 2.45%; and Ctenodactylidae and 
Platacanthomyidae, each with 0.49% (Figure 3).

3.3. Late Miocene Rodentia from Anatolia and Their 
Localities

In the Late Miocene, seasonality is assumed to 
have increased, while closed forest environments were 
replaced by more open habitats (Ataabadi, 2010). The 
Late Miocene is estimated to be a warmer period than 
today (Pound et al., 2012). Rising drought during the 
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Late Miocene is thought to have led to an increase in 
the amount of open environments in East Asia and East 
Africa, with hypsodont (high-crowned teeth) mammal 
species proliferating and becoming adapted to the 
savanna ecosystem (Eronen et al., 2009). According 
to studies, the species diversity is known to have 
increased to maximum levels around 10 mya, during the 
Vallesian age (Agustí and Anton, 2005). The Vallesian 
Crisis (9.7-9.6 Mya) was first described by Agustí and 

Moya-Sola (1990). Increasing seasonality, and low 
winter temperatures in particular, brought an end to 
the evergreen subtropical forests of Western Europe 
(Fostelius et al., 2014). The Late Miocene vegetation 
was dominated by Asteraceae (the aster family), 
representing open environments with almost no trees 
(Yavuz Işık et al., 2011). In addition, the examination 
of pollen findings from the Mediterranean Basin 
suggested that the plant diversity gradually decreased 

Table 2- Middle Miocene Rodentia families from Anatolia, listed according to their localities.
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Yaylacılar MN 7-8 X

Sandıklı-Koçgazi MN 5-7 X X X X X X

Kırca MN 7-8 X X X X

Bağiçi MN 7-8 X

Çandır MN 6 X X X X X X

Sinap 64 MN 8 X

Sinap 65 MN 8 X X

Paşalar MN 6 X X X X X X X X

Bayraktepe 1 MN 7-8 X X X X

Gözetlemederesi MN 6-8 X X X

Kumköy MN 6-8 X X

Zambal 1 MN 6 X

Sarıkaya MN 5 X X

Bostanyeri MN 6 X X

Yenicekent 1 MN 8-9 X

Yenicekent 2 MN 8-9 X

Yenicekent 3 MN 8-9 X

Yenicekent 4 MN 8-9 X

Pişmanköy MN 7 X X X X X X X

Yukarıkızılca 1 MN 5-6 X X X X X

Göstere 1 MN 6-8 X

Göstere 2 MN 6-8 X X X

Sofça MN 7-8 X X X X X X X

Akhisar MN 7-8 X X

Berdik 1 MN 7-8 X

Sarıçay MN 7 X X X X X X X X

Yeni Eskihisar MN 7-8 X X

Gemerek MN 6-8 X X X

Mürefte MN 5 X X X X

Kalamış MN 7 X X X
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during the Middle-Late Miocene and Pliocene, and 
that the majority of these plant groups had very high 
water demand. It is estimated that the plants adapted 
to warmer climates proliferated (Jimenez Moreno et 
al., 2007). The decrease in Sciuridae and Cricetidae 
during the Late Miocene, as well as the diversification 
of Muridae species, can be interpreted as indicators of 
ecological change. The decline in Sciuridae is seen in 
its tree forms. This analysis shows us that arboraceous 
environments were replaced by open steppes.

The localities which provided Late Miocene 
Rodentia fossils from Anatolia were Altıntaş, Amasya, 

Ayseki, Bayırköy, Bayraktepe, Büyükanafartalar, 
Cumali, Çakıllı, Çorakyerler, Dendil, Develiköy, 
Düzyayla, Eskisubaşı, Güney, Admired, Kalamış, 
Kaletepe, Kaleköy, Kangal, Karaçay, Karaözü, 
Kavurca, Kütahya, Mahmutlar, Mahmutköy, 
Süleymanlı, and Tuğlu (Figure 2). For these localities, 
the frequency of the number of species of Rodentia 
families compared to other families are shown in a 
pie-chart (Figure 4), and their localities are given as 
a list (Table 3).

The most crowded group according to fossil 
findings is Muridae (24%), which displays a dispersal 

Figure 3- Middle Miocene Rodentia findings from Anatolia.

Figure 4- Late Miocene Rodentia findings from Anatolia.
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Table 3- Late Miocene Rodentia families from Anatolia, listed according to their localities.
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Sandık-Garkın MN 11 X

Kalamış MN 8-9 X

Sinap MN 9 X X

Sinap4 MN 9 X X

Sinap12 MN 9 X X X

Sinap8A MN 9 X X

Sinap41 MN 9 X

Sinap42 MN 9 X X

Sinap49 MN 10 X

Sinap84 MN 9 X X

Sinap108 MN 9 X

Sinap120 MN 9 X

Amasya MN 13 X

Amasya 2 MN 13 X X X

Direcik 1 MN 9 X

Cumali MN 10-11 X X X X

Bakırköy MN 12 X X X X X X

Büyükanafartalar MN 9-10 X

Bayraktepe 2 MN 9 X X X X

Eskisubaşı MN 9-10 X X X

Çorakyerler MN 10-11 X X X X X X X

Kalatepe 1 Late Miocene X X X X

Kaletepe 2 Late Miocene X X

Mahmutlar Late Miocene X X

Tuğlu MN 9 X X X X X X

Çakıllı MN 12-13 X

Ayseki MN 12-13 X X X

Süleymanlı 2 MN 13 X X X X X X

Kavurca 1 MN 10-13 X X X X X X X

Kavurca 2 Late Miocene X X X

Güney MN 9 X

Mahmutgazi MN 11-12 X

Dereikebir MN 9 X X X

Mahmutköy MN 9-10 X X X X

Aşağıcigil 1 MN 9 X X X

Altıntaş 1 MN 9 X X

Kütahya A MN 9 X

Develiköy 2 MN 14 X X X

Düzyayla MN 12 X X X X X X X X X

Hayranlı 1 MN 10-11 X X

Kangal 1 MN 13 X

Kaleköy MN 10-12 X X X X X X

Dendil MN 10 X X X X X

Karaözü MN 10-12 X X X X X X X
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from the western part of Anatolia extending towards 
central regions. Another dense group, Cricetidae 
(23%), has a dispersal parallel to this. While the 
families Gliridae (13%) and Sciuridae (10%) are 
particularly dispersed in the western and inland parts; 
Gerbillidae (3%), Spalacidae (6%), and Eomyidae 
(6%) were dispersed in the central parts. The family 
Dipodidae (2%) maintained its density in South-
Western Anatolia. The genus Dipodidae is seen in 
Anatolia, and differs from the Euro-Asian genera 
(Bruijn et al., 2013). Gerbillidae, Spalacidae, and 
Dipodidae sharing the same ecology is an indicator 
of the existence of an open meadowland, steppe 
and a semi-arid habitat in the Late Miocene. The 
decrease in Gliridae and Sciuridae during this period, 
compared to their densities in the Middle Miocene, 
can be ecologically characterized by a decline in 
forest environments. The dominance of Muridae 
species taking precedence over the dominance of 
Cricetidae, and the decrease in Gliridae both indicate 
a decline in moist and forested areas. However, the 
increase in Eomyidae was in contrast to the decline 
in humidity. This is because Eomyidae is a family of 
micromammals adapted to a moist and more closed 
ecosystem (Engesser and Kälin, 2017).

If we compare specific families (Figure 5) for a 
paleoecological evaluation of the Miocene findings 
from Anatolia; the family Castoridae preserving 
its density in the Early, Middle, and Late Miocene 
indicates the continuous existence of partial aquatic 
environments in Anatolia throughout the entire 

Miocene (Table 4). While Castoridae was found 
in Anatolia until the 1950s, the family is currently 
unseen. Although the decline in Cricetidae seen in 
the Early Miocene until the Late Miocene does not 
provide information about the Anatolian ecology, the 
diversification of species in this family may indicate 
that its members had no difficulty in adapting to their 
habitat. The number of modern species belonging to 
this family seems to have reached the maximum. The 
family Gliridae, experiencing a decline in the late 
periods of the Middle Miocene until the Late Miocene, 
suggests that the species adapted to moist habitats of 
the ecology decreased in the Late Miocene, while 
a more continental climate became dominant. The 
current density of this family being almost equal to 
that in the Late Miocene suggests the Miocene ecology 
was similar to that of today. The fact that Gliridae 
reached its maximum level in the Middle Miocene, 
while Muridae dropped to its minimum level during 
the same period may propose an ecological dominance 
relationship between these two families. This parallel 
rise-drop forms the basis of environmental changes. 
The emergence of Eomyidae in the Middle Miocene 
and its continued existence through the Late Miocene, 
on the other hand, gives the impression that the habitat 
may have preserved its forest density in ecological 
terms. At the same time, Sciuridae maintaining its 
maximum level during the Middle Miocene indicates 
the continued existence of arboraceous environments.

As a general evaluation; families Gliridae 
and Sciuridae reach their maximum levels in the 

Figure 5- Comparison of the modern and Miocene Rodentia families of Anatolia.



25

Bull. Min. Res. Exp. (2023) 170: 15-30

25

Bull. Min. Res. Exp. (2022) 170: 15-30

Middle Miocene. Seeing these two families at their 
maximum during this period, when compared to 
the rest of Miocene, indicates that Anatolia was a 
moist and forested habitat in the Middle Miocene 
ecosystem. The same period, the Middle Miocene, is 
also when Muridae drops to its minimum. The factor 
minimizing this family during the Middle Miocene is 
the ecological structure in moist and forested habitats. 
The presence of Castoridae during the entire Miocene 
suggests the ongoing presence of partial aquatic 
habitats throughout the epoch. The family Cricetidae 
experienced a linear decrease during Miocene, which 
may be due to Cricetidae passing on its dominance in 
different ecological niches to the members of other 
families. The occurrence of Eomyidae only in the 
Middle and the Late Miocene may have resulted from 
the paleoecological environment showing similar 
characteristics for Eomyidae during the Middle 
Miocene and the early periods of the Late Miocene.

4. Results

Terrestrial mammal ecosystems are mostly 
regionally or temporarily discontinuous, and are 
controlled by a combination of topographic, tectonic, 
climatic, and vegetational dynamics (Eronen et al., 
2009). Anatolian paleogeography during the Miocene 
can be mainly summarized in three different stages. 
The first period, the Early Miocene in Anatolia, was 
dominated by low seasonality and mammal species 
adapted to moist and forested environments. The first 
Miocene faunas of Anatolia most likely represented 
very moist and possibly forested environments 

(Fortelius, 2014). Although marshes were well 
established in some parts of Anatolia during the Early 
Miocene, we should be careful about overgeneralizing 
to assume that entire Anatolia was covered with 
lush forests at that period (Joniak et al., 2019). As 
this study focuses on Rodentia, the presence of 
Castoridae in Harami, Harami 4, Harami 5, Kılçak 
3a, Kılçak 0, Kınık 2, and Sabuncubeli in the Early 
Miocene Anatolia indicates that these localities had 
woodlands and aquatic habitats with low flow rate. 
The occurrence of Dipodidae in Hoşköy, Kargı 2, and 
Kargı 3 localities does not show that these regions were 
much of closed environments as habitats. Rather, this 
family represents open steppes or semi-arid habitats. 
Even though the density of Sciuridae being lower 
than that of the Middle Miocene, and equal to that of 
the Late Miocene causes a hesitation concerning the 
forested environments, the diversity seen in Gliridae 
evens these ratios, suggesting that the woodlands were 
frequent. In addition, we may say that the Old World 
mammal faunas generally had homogeneous similarity 
patterns against the homogeneous environmental 
conditions in this period, especially towards the end 
of Early Miocene.

Although the Climatic Optimum period of the 
Middle Miocene was marked by a predominantly 
humid climate, regional precipitation data indicates 
that only some places were moist while others were 
relatively dry (Fortelius et al., 2002). The presence 
of Castoridae members in Pasalar, Gözetlemederesi, 
Bayraktepe 1, and Pişmanköy localities show that 
these localities had moist habitats. Based on their teeth 

Table 4- Modern and Miocene Rodentia families of Anatolia.

MODERN (Yiğit et al. 2006) EARLY MIOCENE MIDDLE MIOCENE LATE MIOCENE

Castoridae 1.54%
Cricetidae 46.15%
Dipodidae 4.62%  
Gliridae 12.31%

Hystricidae 1.54%
Muridae 21.54%

Myocastoridae 1.54%
Sciuridae 7.69%

Spalacidae 3.08%

Anomalomyidae 1.16%
Castoridae 3.09%
Cricetidae 35.91%

Ctenodactylidae 1.16%
Dipodidae 3.09%
Gliridae 15.44%
Muridae 28.57%

Petauristidae 0.7%
Sciuridae 10.04%
Spalacidae 0.77%

Castoridae 2.45%
Cricetidae 32.35%

Ctenodactylidae 0.49%
Dipodidae 2.94%
Eomyidae 3.92%
Gerbillidae 4.41%
Gliridae 19.12%
Muridae 5.32%

Petauristidae 2.94%
Platacanthomyidae 0.49%

Sciuridae 16.18%
Spalacidae 9.31%

Castoridae 3.33%
Cricetidae 23.33%
Dipodidae 2.50%
Eomyidae 6.25%
Gerbillidae 8.33%
Gliridae 13.75%

Hystricidae 0.42%
Muridae 24.17%

Petauristidae 0.42%
Sciuridae 10.83%
Spalacidae 6.67%
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models, Eumyarion species in particular are thought to 
be more abundant in moist environments or sediments 
showing similar environmental conditions (Fortelius 
et al., 2002). The findings of Eomyidae members in 
Çandır, Sofça, Sarıçay, Karaçay, Kaletepe 1, Kaletepe 
2, Düzyayla, Pişmanköy, Kavurca, and Sandıklı-
Koçgazi localities prove that these environments 
were also moist. As temperatures increased, Gliridae 
adapted to different habitats and geographically 
dispersed to a wider variety of locations in Europe and 
Asia. The dramatic downfall of Gliridae started at the 
beginning of the Middle Miocene, about 16 million 
years ago, and was triggered by environmental changes 
such as the seasonal expansion of open environments. 
According to Akkiraz et al. (2011), Anatolia was warm 
and moist in the Middle Miocene. On the other hand, 
the average hypsodonty measurements of herbivores 
and other extant large mammals from Greece through 
Afghanistan point to the existence of open and 
grassland ecosystems during the Middle Miocene 
(Fortelius et al., 2014). Anatolian Gliridae during 
the Middle Miocene consisted of Microdyromys, 
Myomimus, Miodyromys, Peridyromys, Muscardinus, 
Vasseuromys, Glirulus, and Paraglis species. The 
presence of these species in the family Gliridae 
represents the existence of deciduous trees and forests.

A tropical or semi-tropical climate prevailed 
dominated the Middle Miocene. Towards the end of 
this period, changes in environmental and climatic 
conditions caused the formation of a mixed pattern in 
the mammalian biogeography. A decrease in the density 
of Cricetidae by almost 25%, and in Muridae by about 
65%, as well as significant increases in families such 
as Spalacidae and Eomyidae indicate a climate change 
in the Middle Miocene. The replacement of moist and 
forested areas that existed throughout the Miocene by 
an ecosystem with high seasonality and more open 
environments led to changes in the mammalian fauna.

In the Late Miocene, the grassland ecosystem 
became dominant and the number of large mammal 
species adapted to open habitats increased (Kaya 
and Kaymakçı, 2013). A significant faunal change 
was seen, from forest dwellers to ground-dwelling 
species. This change was characterized by Myomimus 
findings displaying a vegetational shift from forested 
environments of the Late Miocene to open forests and 
steppe-like habitats, as well as an increase in their 

population size. Pollen analysis shows that the Central 
Anatolia Region was typically dry in the Late Miocene 
(Akgün et al., 2007). Biotic interactions of Gliridae with 
other small mammal groups such as Muridae should 
also be considered. Correspondingly, the biodiversity 
of Gliridae during the Late Miocene Anatolia is 
represented by six genera; Glirulus, Microdyromys, 
Miodyromys, Myomimus, Muscardinus, and Ramys 
(Kaya and Kaymakçı, 2013). This shows that the 
Muridae species entering Europe were pre-adapted to 
the conditions in more open ecosystems. At the very 
least, they would have to be present everywhere in 
order for the local fauna to have a chance of better 
coping with the environmental changes, and thus 
it seems reasonable to assume that Anatolia already 
had open environments and that the hamsters had 
already begun adapting to it (Joniak et al., 2019). 
While Muridae comprised approximately 24% of the 
entire Rodentia order in the Late Miocene, Gliridae 
comprised 13%. We may say that the decline seen in 
Gliridae during the Late Miocene, when compared 
to the Middle Miocene, was due to the ecological 
dominance of a dry environment.

Cricetidae members were the dominant species 
of Neogene rodent communities in Türkiye and 
its surroundings. Since they were widespread 
all over Eurasia, they provide biochronological 
correlations with the Neogene mammalian 
chronology of Europe (Erten et al., 2014). According 
to available Miocene fossil records from Anatolia, 
the family Cricetidae is represented by 12 genera; 
Cricetodon, Democricetodon, Deperetoyms, 
Enginia, Karydomys, Lartetomts, Latocricetodon, 
Megacricetodon, Melissiodon, Meteamys, Mirabella, 
and Spanocricetodon. Cricetidae constitutes 35% of 
the entire Rodentia order in the Early Miocene, 32% 
of the order in the Middle Miocene, and 23% in the 
Late Miocene. Cricetidae members are generally 
more associated with open environments, but this 
generalization does not seem valid for the first 
Miocene representatives of the family from Anatolia. 
The dominance of Cricetidae in Anatolia can be seen 
both paleoecologically and biogeographically. Smaller 
species of the genera Democricetodon and Eumyarion 
certainly seem to prefer more closed environments 
(Van den Hoek Ostende, 2001). The localities of 
Çandır, Düzyayla, Gördes, Harami 4, Harami 5, 
Sabuncubeli, Şemsettin, Kılçak0, Kılçak3a and Kılçak 
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3b, Yurtyenice, Söke, Kumköy, Yapıntı, Harami, 
Sofça, Harta, and Hoşköy, where these species were 
seen, were possibly located in a deciduous woodland 
environment. On the other hand, Megacricetodon is a 
species that can cope better with open environments 
(Van den Hoek Ostende, 2001). The presence of 
Palaeosciurus feignouxi, a species of European origin, 
suggests a moist environment with dense vegetation. 
Localities of Gökler, Keseköy, Kılçak 0, Kılçak 3a, 
and Kılçak 3b, where P. feignouxi specimens were 
found, share the ecology of this squirrel species.

The number of Gliridae species coincides with 
the continental climatic events of the Cenozoic. The 
first Gliridae members appeared during Late Eocene 
through Early Oligocene, and the number of species 
remained limited. At the end of Late Oligocene and 
the beginning of Early Miocene, Gliridae experienced 
an increase in the number of species (Freudenthal, 
1997). During this time, Gliridae numbers reached the 
highest paleobiodiversity peak of the family’s history 
(5 to 60 species). During the Late Oligocene warming, 
Microdyromys heissigi, Microdyromys praemurinus, 
Microdyromys monspeliensis, and Microdyromys 
legidensis emerged. The earliest representative of 
Peridyromys murine (Mirambueno 1, MP 27) is known 
from the Late Oligocene in Spain (Freudenthal, 1997). 
In Miocene, seven genera of Gliridae lived in Türkiye; 
Gliridinus, Glis, Vasseuromys, Microdyromys, 
Paraglirulus, Miodyromys, and Bransatoglis (Kaya 
and Kaymakçı, 2013). Environmental changes in 
Europe and the Eastern Mediterranean that occurred 
between the Middle and the Late Miocene caused a 
serious decrease in the number of Gliridae species that 
were adapted to a humid climate. While this family 
constituted 19% of the entire Rodentia order during 
the Middle Miocene, this ratio decreased to 12% in the 
Late Miocene. In the late periods of Miocene, forest 
and wetland ecosystems were replaced by steppes and 
clearings in forests. This change is characterized by 
an increase in Myomimus numbers during this period 
(Kaya and Kaymakçı, 2013). While this species was 
represented with only a few examples in the Early 
Miocene, the number of findings increases in Middle 
Miocene, almost reaching its maximum. The members 
of Gliridae generally have extremities well-adapted 
for climbing trees. Their diet includes fruits, nuts, 
insects, eggs, and small invertebrates. Myomimus is 
the only genus of this family that is not specialized 

in arboreal life. Dryomys, a genus closely related to 
Microdyromys, is semi-arboreal. Myomimus lives in 
clusters of trees, on the ground, or in underground 
nests in Turkmenistan, Uzbekistan, Afghanistan, Iran, 
Palestine, Türkiye, and Bulgaria, all of which have 
open environments. On the other hand, Dryomys lives 
in dense mountain forests and bushes in Switzerland, 
some regions of Germany, Latvia, Türkiye, Iran, 
Mongolia, and in mountainous highlands of northern 
Pakistan (Kurtonur and Özkan, 1991; Nowak, 1999; 
Holden, 2005).

In the Late Miocene, as the paleoecology 
transformed into open environments and the drought 
increased in Anatolia, Rodentia families that were 
adapted to the moist and forested habitats were 
replaced by those adapted to steppe and savannah 
habitats. During the Late Miocene in Anatolia, the 
family Cricetidae started to decrease in density once 
again, the family Muridae increased the amount 
of its distribution areas compared to the Middle 
Miocene, while the families Sciuridae and Spalacidae 
experienced a relative decline. The family Gerbillidae 
was seen, and an increase was observed in the 
ecological dispersal of the family Eomyidae.

To generalize, the Anatolian paleoecology is 
thought to be dominated by a humid and temperate 
climate in the Early Miocene, a temperate and 
semi-tropical climate in the Middle Miocene, and a 
climate with more open and dry seasonal transitions 
towards the end of the Late Miocene. Also in the Late 
Miocene, meadowlands increased, while savannas 
and grasslands expanded (Kaya and Mayda, 2011; 
Demirsoy, 1999). Although a relatively warm period 
was detected in both Pliocene and Pleistocene, the 
climate was observed to change gradually and to 
enter a constant trend of cooling, along with increased 
cooling and expanding dry environments at higher 
latitudes (Janis, 1989).

If we compare the modern Rodentia fauna with 
that of the Miocene; the current density ratio of the 
family Castoridae to the entire order Rodentia is 1%, 
while it appears to be 3% in the Early Miocene, 2% 
in the Middle Miocene, and 3% in the Late Miocene. 
In the current ecology, this family reflects a sporadic 
presence of aquatic environments. The abundance in 
Miocene, on the other hand, indicates a higher amount 
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of aquatic environments than today. If we consider 
the family Dipodidae; its current density is about 
5%, while this average ratio was 3% in Miocene, 
which may indicate that the Miocene ecology was 
more forested than today. The current density of the 
family Gliridae is 12%, which is close to its ratio in 
the Late Miocene. This close ratio may have resulted 
from Anatolia’s location showing similar ecologies 
in both periods. The absence of the family Eomyidae 
today and its emergence in Middle Miocene may 
be due to the geographic change, and the family 
members entering Anatolia along with that change. 
The family’s existence in Middle Miocene indicates 
that the humidity levels and the amount of forested 
areas in that period were different from the present. 
The members of Cricetidae preserved their dominance 
in the current ecology as they did in Miocene. The 
high diversity of the modern Rodentia fauna shows 
that Anatolia has a complex ecology. Likewise, we 
may say that the diversity of Rodentia fauna during 
Miocene indicates the presence of different habitats 
in its paleoecology. Regarding the period between 
the Early Miocene and the end of Middle Miocene, it 
may be more accurate to say the ecology was tropical 
and partially forested, rather than saying that it had 
an entirely closed and moist ecology. In the Late 
Miocene, the order Rodentia diversified and increased 
its biodiversity in Anatolia, which had its faunal peak 
as the rest of the world. Along with the ecological 
structure changing since the Late Miocene until the 
present day, we see an increase in the biodiversity of 
Rodentia species that became adapted to more arid 
steppes and open environments.
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ABSTRACT
The main objective of this study is destined to combine the Analytical Hierarchy Process (AHP), 
Weight of Evidence (WOE), Logistic Regression (LR) methods and geographic information system 
(GIS) to predict landslide susceptibility of the Echorfa region (northwestern of Algeria). Nine 
factors such as slope, aspect, lithology, distance to faults, lineaments density, distance to the streams, 
precipitations, land use and altitude are included in landslide susceptibility evaluation process. A 
detailed landslide inventory map was established by satellite images and filed surveys. Three 
landslide susceptibility maps are established using the different statistical models. Five landslide 
susceptibility categories are generated by the GSI classification nil, low, moderate, high and very high 
susceptibility. The performance of the different models in landslide susceptibility is calculated based 
in the area under curve of the Receiver Operating Characteristic (ROC) which give a satisfactory 
result. The results showed that the WOE is more performance than the two other techniques. The 
produced landslide susceptibility maps provide important spatial information about landslide prone 
area, where the constructed map’s content will help the decision makers in land use planning.
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1. Introduction 

Landslides are geodynamic phenomena that occur 
in many part of the world and often the most severe on 
the earth surface. They cause changes to the landscape 
and can destroy building, structures and sometimes 
it reaches catastrophic levels and cause a death. 
These slope movements occur during earthquake, 
and /or during intense rainy periods with prolonged 
precipitation and the combined action of various geo-
morphological factors (Roukh, 2020). 

This problem is currently one of the major 
concerns of the scientists responsible for the 
geological risks management. Nowadays, landslide 

susceptibility mapping become a consistent method 
used in landslide prone area zoning. This technique 
is based in the application of quantitative, semi 
quantitative and qualitative models to calculate spatial 
distribution of the landslide susceptibility index 
(LSI). Several guidelines are developed in the term 
of landslide susceptibility, hazard and risk zoning for 
land use planning destined to local, state and national 
government officials, land use planners, geotechnical 
professionals and project managers (Flentje et al., 
2007; Fell et al., 2008)  

In the practice, several models based on 
geographic information system are used in the 
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landslide susceptibility mapping. The bivariate 
statistical methods is largely used for evaluate 
landslide susceptibility versus authors (Süzen and 
Doyuran, 2004; Mohammady et al., 2012; Zine El 
Abidine and Abdelmansour, 2019). The multivariate 
statistical models are also integrated in several works 
related to landslide susceptibility zoning, (Baeza and 
Corominas, 2001; Santacana et al., 2003; Ercanoğlu 
et al., 2004), machine learning ensemble (Micheletti 
et al., 2014;  Pham et al., 2017; Chen et al., 2018). 
Artificial neural network (ANN) models are applied 
in calculation weights for landslide susceptibility (Lee 
et al., 2004; Yılmaz, 2009; Zare et al., 2013). Others 
researches are compared several models to selected 
the adopted landslide susceptibility model (Xu et 
al., 2012; Bourenane et al., 2016;  Chen et al., 2017; 
Merghadi et al., 2018; Mahdadi et al., 2018; Karim et 
al., 2019).

The favorable geological, geomorphological and 
climatic conditions make certain regions located 
in northern part of Algeria prone to landslides 
phenomena; these phenomena cause annual few 
human losses and considerable damage in term of 
basic infrastructure such as highways, private and state 
property (Guemache et al., 2011; Djerbal et al., 2017; 
Achour et al., 2017; Hallal et al., 2019) . Attempts have 
been made to the landslide susceptibility mapping 
(Bourenane et al., 2015; Hadji et al., 2017; Dahoua et 
al., 2017; El Mekki et al., 2017; Mahdadi et al., 2018; 
Zine El Abidine and Abdelmansour, 2019; Karim et 
al., 2019; Roukh, 2020). However, these studies are 
insufficient in relation to the large area of this part of 
the country.    

The objective of this study is to establish 
a comprehensive methodology based on the 
exploitation of multi - source data in order to the 
landslide susceptibility mapping of the Echorfa 
sector sited in Oran region (north western of Algeria). 
Therefore, an integrated analytical approach consists 
of: i) the establishment of database contains the 
landslide causative factors and landslide inventory, 
ii) the estimation of the weighting of each parameter 
by integration of the AHP, WOE and LR methods 
coupled with GIS functionalities, iii) the evaluation 
and the mapping of the landslide susceptibility and iv) 
validation and interpretation of the obtained results.  

2. General Characteristic of the Study Area

The study area is part of the Beni Chougrane 
Mountains sited in northwestern of Algeria 
(Figure 1a). It’s located at the intersection of eight 
municipalities: Sig, Zahana, Echorfa, El Gaada, Ogaz 
(Wilaya of Mascara), Makedra (W. Sidi Bel Abbes) 
and Oued Tlelat and Tafraoui municipality (W. Oran) 
(Figure 1b). This zone covers an area of 408 km² and 
a total perimeter of 89.761 km². It is located exactly 
between the longitude (727595.762, 760285.913) and 
latitude (3923356.604, 3937796.033 according to 
(WGS_1984_UTM_Zone 30N) coordinate projection 
system. 

The Bas Chelif basin is part of the western 
Algerian sublittoral Neogene basins. The significant 
Neogene sedimentation covers the western part of this 
intra-mountainous basin, of which the Miocene covers 
the vast majority of the deposits. It is surrounded by 
the northern foothills of the Dahra and the Arzew 
mountains, and by the mountains of Tessala and Beni 
Chougrane and the secondary-age Ouarsenis massif 
to the south, which provides it with material through 
erosion. The study area is part of the Lower Chelif 
Cenozoic sedimentary complex. According to the 
geological map (Figure 2), three regions are distinct: 
i) a mountainous area corresponds to an anterogenic 
period occupying the southwestern half of the map, 
ii) a plateau area visible on the northwestern part of 
the map occupied by the plain of M’Léta. From the 
litho - stratigraphic point of view: i) The secondary 
represented by shales and marl of Cretaceous age 
constitutes the substratum of a Cenozoic cover. This 
substratum is visible in the valley of Oued Mekedra 
and in the depression west of the lauriers roses, these 
are black - grey marly limestones intercalated with 
hard fine - paste limestone banks, ii) the Cenozoic is 
mainly located in the southern part of the map, and 
it is represented by the Neogene formations. The 
Miocene: it is typically transgressive deposits on 
secondary terrain such as the following formations; 
Middle Miocene: a sequence of detritus, siltstones, 
sandstones and gray argillite conglomerates (200 m 
thick). The Upper Miocene: the base levels of the 
Miocene series are generally detrital and represented 
by silts and red conglomerates resting on a thin 
lithological formation of cinerite, these formations 
are particularly well developed in Djebel Touakes, 
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Figure 1- a) Geographic position of the study area versus the Chelif basin northwestern of Algeria, b) geographic location versus municipalities 
division of the NW of Algeria.  
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above which plastic blue marls have been found 
containing a microfauna characteristic of the upper 
Miocene and finally the series ends with gypsum and 
gypsum - marly, iii) The Pliocene: discordant with 
previous formations appears: Lower / Middle Pliocene 
(Calabrien): represented by reddish sandstones well 
cemented down to tender limestones and sandy marls 
of which the latter are part of marine formations. Upper 
Pliocene: it is a heterogeneous alternation of marl, 
sand silts and conglomerates (continental formations); 
iv) the Quaternary: the Quaternary formations 
occupies all northwest and northeast of the map, they 
are represented by: Early Quaternary corresponding 
to a calcareous carapace hiding the subjacent terrain. 
Recent Quaternary represented by non - rudoinous 
argilo - limoneous alluvial named recent alluvial.  The 
current forms the major bed rivers.

The study area is defined by four morphological 
units: i) a mountainous area in the south of the plain 
represented by the Tessala Mountains and those 
of Beni Chougrane; ii) a depression zone in the 

northwest represented by the M’Leta plain; iii) another 
depression zone located in the NE represented by the 
El Habra Plain, iv) an area of the plateaus located in 
the center represented by the Zahana and Sig plateaus.

The study area is located in the intersection of 
three sub-watersheds (Figure 3), the Sebkha of Oran 
watershed code 04 - 04, El Habra watershed code 
11 - 06 and the Echorfa watershed code 11 - 04. The 
hydrographic network characterized by a high density 
where the main rivers in this area that of Oued El 
Mebtouh which feeds the Mactaa swamps and the 
second river that of Oued Tlelat whose runoff reaches 
at Dayat Oum Ghezal.

The climate of the study area compared to the 
country’s climate is characterized by a contrasting 
climate, a Mediterranean climate on the coast and 
desert climate in the south. The Mascara region 
is located in the Oran high plains; addressed as 
intermediate, hot and dry in summer, cold and rainy 
in winter. The average monthly precipitation during 

Figure 2- Geological map of the study area (digitized by 1/50000 scale geological map of the St Denis-Du- Sig, Sheet N°182, B10 C7).
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the reference period (1982 - 2012) of the Echorfa 
Dam station (ANRH), was taken as reference. The 
average monthly precipitation study has shown that 
the rainy period begins in the October and split ends 
in April. During this period, it was noted maximum 
precipitation appears in November (56.0 mm) and for 
the minimum in July (1.4 mm). The average annual 
precipitation study allows us to note that: the rainiest 
year is recorded 514.9 mm; however, the driest year 
with a rainfall of 153.0 mm. The temperature together 
with precipitation is a major parameter that defines the 
climate of region; it is also one of the essential terms 
in the definition of the flow deficit. For our study area, 
the Mascara station is the only one where we were 
able to have a measurements series of this parameter 
during 2003 and 2012. Maximum temperatures in 
summer according to the exploitation of the ONM 
data, a maximum of 27.98 °C in July and the cold 
winter season with a minimum of 9.04 °C in January.  
The climatic regime of the study area is semi - arid.

The study area is part of the Algeria’s Tellian Atlas 
belt belonging to the limit of the Africa - Eurasia 
tectonic plate which forms a deformed plug about 
100 km wide. The North western of Algeria has an 
experienced several earthquakes and is among the 
09/10/1790 Oran earthquake with an macro intensity 
of I = X (Bouhadad and Laouami, 2002; Marinas 
and Salord, 1991). The 1819 Mascara events with 
an intensity of I = X and that of 1851 with an macro 
intensity of I =  VIII (Guessoum et al., 2018). Recently, 
significant earthquakes are recorded at the Echorfa 
surroundings region, the Hassine (Mascara) earthquake 
of August 1994 with a magnitude of moment Mw = 
5.7 ( Benouar et al., 1994; Ayadi et al., 2002) and those 
of Ain Temouchent (December 1999, Mw = 5.7) and 
Oran (Juan 2008, Mw = 5.5) (Belayadi et al., 2017). 
According to Thomas (1985), the study area is located 
in the Beni Chougrane zone characterized by NE - 
SW reverse fault, where in the El Habra and M’Lata 
plains the direction of the reverse faults is NW - SE. 
Therefore, the study area characterized by significant 

Figure 3- Hydrographic characteristics of the study area (watershed boundaries digitized by the 1/500.000 scale hydro - climatogical network 
and water quality monitoring of the north Algerian).
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seismicity due to several active faults (Figure 4). The 
spatiotemporal distribution of these events plays a 
very important role in slope movements triggering or 
reactivating.

3. Landslide Susceptibility Mapping

In this work, an adopted methodology is 
established for the purpose of the landslide prone 
areas zoning. This approach consists firstly to 
establishing a set of thematic maps (data collection of 
the landslide causative factors and landslide inventory 
map). Secondly, an assessment of the landslide 
susceptibility index using AHP, WOE and LR models 
and GIS environment. Thirdly, mapping the LS by 
the classification of the GSI and validating of the 
obtained results. The following flowchart represents 
the methodology used in this work (Figure 5).

3.1. Landslide Inventory Mapping

Landslide inventory map present the essential 
parameter in the landslide susceptibility mapping (Fell 
et al., 2008; Corominas et al., 2014). In this study, an 
inventory map is established by the interpretation of 
the Google Earth satellite images as well as the field 
surveys and the positioning via Global Positioning 
System (GPS) area (Figure 6). It is mentioned that no 
landslide inventory maps are established in the study 
area. The objective of this inventory is to identify, 
localized and describe the main slope movements that 
occurred in the study area as well as to build and to 
calculate the performance of landslide susceptibility 
models. 

3.1.1. Example of Some Remarkable Landslide

The expertise in - situ present a fundamental step in 

Figure 4- Main tectonic structure (Thomas, 1985) and relevant earthquakes that took place in Norwest Algeria (Belayadi et al., 2017). 
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the landslide inventory, of which the geologist expert is 
able to identify, localized measure the affected site and 
to verify the landslides inventoried by the interpreting 
of the aerial photos, satellite images, archive, press or 
the previous documents. In this work, the extensive 
field surveys allowed us to identify several landslides 
(Figure 7).

Some examples are discussed in the following 
paragraph:

A rotational landslide is located using the Google 
Earth satellite images (Figure 7a) it occupies an area 
of 8.2 Ha. Among the instability index observed are 
those deviations of the river trajectory and remarkable 
degradation in the topography.

A second rotational landside is identified from the 
Google Earth images (Figure 7b); it’s characterized by 
main and minor scrap, a sliding surface and an ablation 
zone. The area of this landslide is approximately 9 Ha.

A third translational landslide type is identified via 
the GPS during the field surveys (Figure 7c).

A rotational landslide is identified near the road 
(towards the Echorfa town) whose the observed 
coordinates are (X_UTM = 752259.7, Y_UTM = 
3931563.93) (Figure 7d).

A toppling affected the limestone formations 
are observed near El Gaada town. The coordinates 
of the site are (X_UTM = 751309.02, Y_UTM = 
3930215.64) (Figure 7e).

An old complex landslide affected the marl-
limestone formation is identified from the Google 
Earth images and verified on the field (Figure 7f). The 
area of the landslide is 6.4 Ha. 

A rock fall of limestone formations are observed 
next to the road leading from Sig to Echorfa town 
(Figure 7g). The observe coordinats of the slope 

Figure 5- Methodology flowchart for the process work.
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movement are (X_UTM = 752312.21, Y_UTM = 
3931540.77).   

According to Cruden and Varne (1996) 
classification, the slope movements concerned by this 
inventory are exclusively those which relate to the 
following phenomena: toppling, landslide (rotational 
translational and complex) and rock falls. In this 
research, landslides are used to construct landslide 
susceptibility maps which sampling in 70% of the 
total for models building and 30% for validation.  

3.2. The Landslide Causative Factors 

The processes behind landslides are very complex 
and diverse; geology, the relief and the slope exposure 
are more or less constant fundamental parameters over 
long period. Several factors can have a destabilizing 
influence on a slope such as slope, slope aspect, 
stratigraphy, distance to faults, the lineaments density, 
the altitude levels, and distance from the streams and 
other triggering factors related to the precipitation and 

the groundwater circulation as well as earthquakes 
which trigger or reactivate ground movements. 

In this study nine parameters are integrated into 
a GIS environment such as, slope, aspect, lithology, 
lineaments density, and distance to faults, precipitation 
and distance to the streams, land use and altitude in 
order to assess the landslide susceptibility index. 

3.2.1. Slope Degree

 Presents a fundamental parameter in the landslide 
susceptibility evaluation, the variation of the slope 
directly influence in the landslide process, in this 
context the slope map (Figure 5a) is derived from the 
digital elevation model (DEM) of the study area and it 
reclassified into five classes (0 - 10°), (10 - 20°), (20 - 
30°), (30 - 40°) and > 40° using the ArcGIS software 
modules (Figure 8a).

3.2.2. Slope Aspect 

This factors influences in the slope instability by 
the soil concentration moisture changes according to 

Figure 6- Landslide inventory map. 
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Figure 7- Example of some remarkable landslide inventoried in the study area; a) Active rotational landslide, b) rotational landslide identified 
by Google Earth, c) translational landslide, d) rotational landslide, e) topples, f) complex landslide and g) rock fall.
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the slope exposure in relation to precipitation and wind 
in one hand, in other hand by the fractures orientation. 
The slope aspect direction measured from 0 to 360°. 
Using DEM and GIS allowed extracting the slope 
direction value, which classified into eight directions 
(Flat, N, NE, E, SE, S, SW and NW) (Figure 8b).

3.2.3. Lithology

 The type of the terrain is one of the most causative 
parameters for landslide process; the mechanical 
characteristics of the soil represent the basic data 
imposed by their type and their history. The significant 
lithological variation, in the same geological formation 
can be influenced on the slope movements’ distribution. 
The lithological map of the study area is established 
by the digitization of the lithological formations of 
the Saint Denis de sig 1:50,000 scale geological map. 
According to the lithological characteristics (Table 1), 
the lithological map is established by the classification 
of the outcropped lithological formations into five 
units (Figure 8c). 

3.2.4. Distance To Faults 

Areas located proximity to faults zones are heavily 
fractured and present zone of weakness, which provide 
a geological condition for landslides to occur. In this 
study, the Euclidian distance was applied to generate 
the fault buffer zone map and then reclassified into six 
classes with 500 m of interval < 500, 500-1000, 1000- 
1500, 1500-2000, 2000-2500 and > 2500 m (Figure 
8d).   

3.2.5. Lineaments Density

The density map represents the number of 
lineaments by the area (number / km²). The lineament 
density indicates the rock fracturing degree. In this 
study, the lineaments are extracted by the treatment 
of the Hillshade images produced by the DEM. As a 
result, the lineament density varies from 0 and 6, their 
classification into five classes allowed us to produce 
the lineament density map of the study area (Figure 
8e).

3.2.6. Precipitation

Represent all the meteoric water which fall on the 
earth’ surface in liquid or solid form, the precipitation 
volume participates in the landslides triggering. 

Areas with heavy rainfall are more susceptible to the 
landslides. The average annual precipitation map of 
the study area is generated from the North Algeria 
precipitation map (ANRH, 2007). They classified into 
four zones 250, 300, 350, 400 mm / year (Figure 8f).

3.2.7. Distance to Streams

 The proximity to the streams increases the degree 
of the susceptibility due to erosion caused by the 
water current in the foot of the talus. The distance 
to the streams map realized by the buffer zone of the 
hydrographic network which is classified into five 
classes (0 - 100, 100 - 200, 200 - 300, 300 - 400, 400 
– 500 and >500m) (Figure 8g).

Table 1- Description of the lithological formations outcropped in 

the study area. 

Symbol Age Type of formation Classes  

a Actual Major rivers bed formation  Class 5

qa

Quaternary 

Clay-silt alluvium Class 1

qec Limestone Class 1

qp Accumulation glacis Class 4

qr Level of rivers rebufied terrace  Class 4

qs El Habra plain halipeds  Class 1

qv Oued Sig polygenic glacis Class 5

q1b Diversifying crusts  Class 5

q1f Scree slopes Class 4

q1t Limestone shell Class 1

qc Limestone shell Class 1

p
Pliocene

Sandstone and marine sandy marl Class 5

pc Sandy marl and red conglomerate Class 5

ma

Miocene

Gypsum and gypsum marl Class 4

mb Fine sand Class 5

mc Limestone (gypsum series) Class 1 

md Marly-limestone Class 4

mg Sand, sandstone and conglomerate Class 4

ml Lithothamniac limestone Class 2

mm Blue marl Class 4

mr Silt and red conglomerate Class 4

ms Sandy marls Class 5

mt Tripoli and tripoli marl Class 4

c5_4
Cretaceous

Marly-limestone Class 3 

c8_7 Marly-limestone Class 3
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Figure 8- Landslide conditioning factors included in the landslide susceptibility process; 
a) slope degree, b) aspect, c) lithology, d) distance to faults, e) lineaments 
density, f) precipitation, g) proximity to the streams, h) land use, i) altitude. 

Figure 8- (Continue).

Figure 8- (Continue).
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Figure 8- (Continue).

Figure 8- (Continue).

Figure 8- (Continue).
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3.2.8. Land Use

The land use type plays a very important role in 
the slope stability, where the forested area are the 
least prone to landslide compared to region with 
no vegetation. In this context, the land use map is 
established by the digitalization of three 1/25000 scale 
land use maps (Beneder, 2011), the produced map 
contain eleven classes (Figure 8h).

3.2.9. Altitude

The altitude is the vertical elevation of a place 
from the sea level. It is a very important factor 
which effect land sliding by the fact that difference 
of several parameters between the different altitude 
levels as temperature, precipitation and the intensity 
of the gravity which varies according to the altitude. 
The altitude map of the study area generated by the 
classification of the DEM value into six classes: 
<100, 100-200, 200-300, 300,400, 400-500 and >500 
(Figure 8i).

3.3. Analytical Hierarchy Process Method

The AHP method is a multicriteria decision 
making approach. It is based in complex calculation 
using matrix algebra formulation. It was developed 
by Saaty, 1980. This model has been used in several 
domains, such concerning: The planning of the 
combined transportations, the rationing of the energy, 
the risks management, the comparative analysis of 
the logistic operations, flood hazard and landslide 
susceptibility. 

The AHP model consists to apply the following 
steps: i) establishment decision making problem 
into hierarchy, ii) establishment of comparative 

judgment, iii) synthesis of priorities and estimating of 
consistency. 

In literature,  several studies were based on 
AHP model  to evaluate the weight of  the landslide 
conditioning factors but not for the different classes 
of the landslide conditioning factors such as the of 
work of (Barredo et al., 2000; Akgün and Türk, 2010; 
Mondal and Maiti, 2012). Other researchers used AHP 
model to calculate the weight of landslide conditioning 
factors and their different classes, ( Intarawichian and 
Dasananda, 2010; Yalcin et al., 2011; Phukon et al., 
2012; Chen et al., 2016). In this research, the AHP 
technique was used to calculate the weights for each 
landslide conditioning factors.

In AHP model, to compute the weight of each factor 
a pair - wise comparison matrix should be established; 
this is done by comparing each factor against others 
factors using a value between 1 and 9 or 1/2 and 1/9 
according to the effectiveness degree (Table 2). 

These judgments are confirmed using consistency 
ratio, is defined as CR (Equation 1)  Saaty, 1977. 

CR= CI
RI 

(1)

Where RI is the average of the resulting consistency 
index depending on the order of the matrix given by 
Saaty, 1980  and CI is the consistency index expressed 
as:

CI=
λmax-n
(n-1)   

(2)

Where λ max is the largest or principal eigenvalue 
of the matrix and that can be easily calculated from 
the matrix and n is the order of the matrix. If CR is 
greater than 0.1, the comparison matrix is inconsistent 
and should be revised

Table 2- Scale of preference between two parameters in AHP (Saaty, 1977). 

Scales Degree of preferences Explanation

1 Equally Two activities contribute equally to the objective.

3 Moderately Experience and judgment slightly to moderately favor one activity over another.

5 Strongly Experience and judgment strongly or essentially favor one activity over another.

7 Very strongly An activity is strongly favored over another and its dominance is showed in practice.

9 Extremely The evidence of favoring one activity over another is of the highest degree possible of an affirmation.

2, 4, 6, 8 Intermediate values Used to represent compromises between the preferences in weights 1, 3, 5, 7 and 9.

Reciprocals Opposites Used for inverse comparison.
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Table 3 indicates that for the present case the 
CR value is less than 0.1, which demonstrate that 
the preferences used to elaborate the comparison 
matrix, are reasonable.  The weight values of each the 
conditioning factors are defined and calculated by the 
establishment of the AHP model (Table 3). 

Finally, the LSM was constructed using AHP 
model by the following equation:

 (3)

Where Wj is the weight value of each conditioning 
factors , (wij) is the weight value of class i of causative 
factor j, and n is the number of the conditioning factors 
included in the landslide susceptibility process.

For the weighting value of each class (wij) 
we attribute of each class a rank varies from 1 to 
9 according to the susceptibility degree, Table 4 
summarized the calculation results in this study.    

3.4. Weight of Evidence Method

The WOE method is one of the most bivariate 
Bayesian statistical methods used in earth sciences, 
this method was applied in several domains such 
as identification of mineral potential (Bonham-
Carter, 1989), landslide susceptibility (Regmi et al., 
2010)  and flood susceptibility (Tehrany et al., 2014; 
Khosravi et al., 2016). Weight of each landslide 
conditioning factors can be estimated by combining 
each conditioning factor with landslide inventory 

(presence or absence of landslide, following Equation 
4, 5and 6 (Bonham-Carter, 1994)):

 
(4)

 
(5)

Where, P is the probability, B and B are 
respectively the presence or absence of potential 
landslide predictive factor, L and  L are respectively 
the presence or absence of landslide. W+ and W- are 
the weight of presence or absence of landslide. 

 (6)

 Where, WC is the weight contrast; indicate the 
correlation between landslide occurrence and landslide 
conditioning factors. 

Positive and negative values of the weight contrast 
WC, which mean that the highest value, indicate a 
great correlation between predictable variable and 
landslide and vice versa. 

The intersection between different causative 
factors and landslide inventory map (training data) 
allowed us to extract a database contain landslide area 
in each class, stable area in each class, total of landslide 
area and total of stable area. Their statistical analysis 
allowed estimates W+, W- and WC using Equation 4, 5 
and 6, respectively (Table 5). Landslide susceptibility 
index were assigned by integrate equation in map 
algebra function in ArcGIS:

Table 3- The pair - wise comparison matrix, factor weights and consistency ratio, slope [1], aspect [2], lithology [3], distance to faults [4],  
lineaments density [5], precipitation [6], proximity to streams [7], land use [8], altitude [9]. 

Parameter [1] [2] [3] [4] [15 [6] [7] [8] [9] Weight

[1] 1 4 2 3 5 3 2 6 7 27.662

[2] 1/4 1 1/3 1/2 1 1/2 1/3 2 4 06.574

[3] 1/2 3 1 2 3 2 1 4 3 16.228

[4] 1/3 2 1/2 1 2 1 1/2 2 3 09.532

[5] 0,2 1 1/3 1/2 1 1/2 1/3 2 3 06.104

[6] 1/3 2 1/2 1 2 1 1/2 2 4 09.851

[7] 1/2 3 1 2 3 2 1 4 5 16.867

[8] 1/6 1/2 1/4 1/2 1/2 1/2 1/4 1 2 4.237

[9] 1/7 1/4 1/3 1/3 1/3 1/4 0,2 1/2 1 2.943

CR = 0.018 ∑(W) = 100
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Table 4- Rank, and normalized Rank of each class, AHP weighting of each parameter and general weighting of each class.  

Parameters Class Rank Normalized rank (Wi) W (AHP) Weighting

Slope (°)

<10 1 0.040 27.662 1.106
10-20 3 0.120 27.662 3.319
20-30 5 0.200 27.662 5.532
30-40 7 0.280 27.662 7.745
>40 9 0.360 27.662 9.958

Aspect

Flat 1 0.025 6.574 0.164
N 5 0.128 6.574 0.841
NE 3 0.076 6.574 0.500
E 2 0.051 6.574 0.335
SE 2 0.051 6.574 0.335
S 5 0.128 6.574 0.841
SW 6 0.153 6.574 1.006
W 7 0.179 6.574 1.177
NW 8 0.205 6.574 1.348

Lithology

Class 1 2 0.076 16.228 1.233
Class 2 3 0.115 16.228 1.866
Class 3 5 0.192 16.228 3.116
Class 4 7 0.269 16.228 4.365
Class 5 9 0.346 16.228 5.615

Distance to 
faults (m)

0-500 9 0.333 9.532 3.177
500-1000 7 0.259 9.532 2.471
1000-1500 5 0.185 9.532 1.765
1500-2000 3 0.111 9.532 1.059
2000-2500 2 0.074 9.532 0.706
>2500 1 0.037 9.532 0.353

Lineaments 
density (n/km²)

0 – 0.51 1 0.047 6.104 0.287
0.51 – 1.38 2 0.095 6.104 0.580
1.38 – 2.17 4 0.190 6.104 1.160
2.17 – 3.08 6 0.285 6.104 1.740
3.08 –5.49 8 0.380 6.104 2.320

Precipitation 
(mm/year)

<250 1 0.090 9.851 0.887
250-300 2 0.181 9.851 1.783
300-350 3 0.272 9.851 2.679
>350 5 0.454 9.851 4.472

Distance to 
streams (m)

<100 8 0.333 16.867 5.617
100  – 200 6 0.250 16.867 4.217
200  – 300 4 0.166 16.867 2.800
300  – 400 3 0.125 16.867 2.108
400  – 500 2 0.083 16.867 1.400
>500 1 0.041 16.867 0.692

Land use

Urban 4 0.108 4.237 0.458
Tree crops 1 0.027 4.237 0.114
Vegetable growing 3 0.081 4.237 0.343
Forest-maquis wooded- maquis 1 0.027 4.237 0.114
Big culture 4 0.108 4.237 0.458
Olive growing 1 0.027 4.237 0.114
Wine-growing 2 0.054 4.237 0.229
Bare soil 8 0.216 4.237 0.915
Rivers 7 0.189 4.237 0.801
Road network 6 0.162 4.237 0.686

Altitude (m)

<100 1 0.035 2.943 0.103
100  – 200 2 0.071 2.943 0.209
200  – 300 4 0.142 2.943 0.418
300  – 400 6 0.214 2.943 0.630
400  – 500 7 0.250 2.943 0.736
>500 8 0.285 2.943 0.839
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Table 5- Statistical analysis of the WOE parameters and weight of each conditioning factor. 

Parameter Class Pixels in Landslide 
pixels classes

W+ W- C
the classes

Slope (°)

0 – 10 1759734  2075 -0.9979085 0.8379506 -1.8358591
10-20 706082  4877 0.77546774 -0.56545143 1.34091918
20 – 30 132384  1103 0.96436012 -0.09014597 1.05450609
30 - 40 13289  245 1.76884112 -0.0248005 1.79364162
> 40 436  38 3.3948006 -0.00441496 3.39921556

Aspect

Plat 59886  6 -3.46458842 0.02254948 -3.48713791
N 448266  1468 0.02559732 -0.00538576 0.03098308
NE 365636  813 -0.36263845 0.04837752 -0.41101597
E 303316  1153 0.1752127 -0.02546451 0.20067721
SE 286127  1726 0.63927771 -0.11626756 0.75554527
S 218225  686 -0.01545604 0.00139737 -0.0168534
SW 200455  408 -1.50799814 0.06288188 -1.57088002
W 261235  1936 -0.7164873 0.05538602 -0.77187332
NW 468779  142 0.25847951 -0.0666118 0.32509131

Lithology

Class 1 998012  0 0 0 0
Class 2 504972  332 -1.57795563 0.1746274 -1.75258303
Class 3 15538  0 0 0 0
Class 4 751227  6541 1.01363738 -1.21505342 2.2286908
Class 5 342175  1426 0.27223717 -0.04826394 0.32050111

Distance to  0-500  282420 921  -2.3402519  0.51924938 -2.85950130
 Fault (m)  500-1000  303698 1967  0.30942590  -0.3997504 0.34940095
  1000-1500  330899 1936  0.70227021  -0.1532889 0.85555911
  1500-2000  320918 2061  0.60850033  -0.1291375 0.73763786
  2000-2500  255011 1108  0.71079527  -0.1458925 0.85668780
  >25000  1118978 345  -0.9965183  -0.0026253 -0.95789279
Lineaments 0 - 0.51 1185867  223 -2.83480325 0.58057402 -3.41537727
density 0.51 - 1.38 514074  2063 0.22963675 -0.06527754 0.29491429
(km/km²) 1.38 - 2.17 427344  2832 0.54645869 -0.23699526 0.78345395
 2.17 - 3.08 340810  2265 0.73673936 -0.1776738 0.91441316
 3.08 - 5.49 143829  955 0.73581456 -0.06520433 0.8010189
Distance 0 - 100 1187425  5344 0.34476434 -0.42279188 0.76755622
To 100 - 200 827835  2281 -0.14761911 -0.14103651 -0.00658259
 Streams (m) 200 - 300 426302  521 -0.96210874 0.11404971 -1.07615845
 300 - 400 141918  189 -0.87610342 0.03304562 -0.90914905
 400- 500 25403  3 -3.30007054 0.00944381 -3.30951435
Precipitation 250 409260 255 -1.63639749 0.1398383 -1.77623579
(mm/year) 300 1311790  169 -0.29222467 0.22800147 -0.52022613
 350 711342  4785 0.74890377 -0.5364303 1.28533409
 400 179532  3129 -1.22344662 0.05090179 -1.27434841

Land use

Urban 58744 0 0 0 0
Tree crops 2891 0 0 0
Vegetable growing 713 0 0 0 0
Forest-maquis wooded- maquis 309301 441 -0.80650041 0.07176416 -0.87826456
Big culture 1336674 2122 -0.69965686 0.42439734 -1.1240542
Olive growing 66130 0 0 0 0
Wine-growing 25103 0 0 0 0
Bare soil 632357 5493 1.00684737 -0.80267428 1.80952165
Rivers 13515 0 0 0 0
Road network 167799 282 -0.64290247 -0.03440622 -0.60849624

Altitude(m) < 100 81259  0 0 0 0

 

100 - 200 408742  474 -1.01479799 0.11206231 -1.1268603
200 - 300 687331  1993 -0.0960651 0.41126357 -0.50732867
300 - 400 544439  2612 0.40886173 -0.0629098 0.4717716
400 - 500 608334  2924 0.41099391 -0.1672183 0.57821221
>500 281820  334 -0.99234467 0.0734715 -1.06581618

Distance to
Fault (m)

Distance to
Streams (m)

Precipitation
(mm/year)

Lineaments 
density 
(km/km²)
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LSIWOE= Slope * WC + Aspect * WC + Lithology * 
WC + Distance to fault * WC + Annual precipitation 
* WC + Distance to spring * WC + Distance to spring 
* WC +  Distance to drainage * WC + Land use * WC 
+ NDVI * WC + STI * WC + SPI * WC + Plan of 
curvature * WC + Profil of curvature * WC + Altitude 
* WC (7)                                                                           

3.5. The Logistic Regression Method 

Logistic regression is one of the most widely 
used statistical methods in geosciences. The method 
is based on the relationships established between the 
values of certain quantitative or qualitative variables 
and the presence or absence of a certain phenomenon. 
For landslides, it allows to determine the relative 
contributions of the different causes, also benefiting 
from the graphical expression of the prediction 
model. One of the most important advantages of this 
method is that the independent variables can have 
both continuous and discrete values, occurring in 
any combination of the two types. Also, compared to 
other statistical methods, it does not require a normal 
distribution of values. The probability (P) of landslide 
occurrence, calculated for each elementary surface 
unit, can take values between 0 and 1, according to 
the Equation 8:

 (8)

Where, P(y) varies from 0 to 1, Y is expressed by 
the following linear equation

Y= bo+b1x1+b2x2+....+bnxn  (9)

Where, Y is the dependent variable presented by 
the absence (0) or presence (1) of a phenomenon, b0 
is the intercept, b1, b2, ..., bn are the partial regression 
coefficients, x1, x2, ..., xn are the independent variables 
(predisposing factors).

In this study, a data base contains the raster 
landslide and the conditioning factors maps created by 
the combine module in ArcGIS software and converted 
in dbf format. For the analysis process, the correlation 
between the landslide distribution and each causative 
factor are calculated using Xlstat package, in order to 
produce a LSM. For each conditioning factor class, 
the ratio between the landslide percentage and the 
percentage of the same class is used to estimate the 

weight of each class (Table 6). A quantitative value 
from 0 to 1 is given as weight factor for each class.

For this study, the logistic regression model 
established is given in following equation: 

P(y) = 1 / (1 + exp (- ( -8,18464 - 0,12674 * Fault 
+ 0,14324 * Precipitation + 0,25625 * Lineament 
Density -0,69206 * Distance to streams + 0,23182 * 
Land use + 0,22328 * Slope + 0,52545 * Lithology 
-0,00363 * Aspect + 0,13794 * Altitude))) (10)

4. Findings

The obtained pair wise comparison matrix (Table 
4) showed the most influenced parameters to the 
landslide is the slope with a weighting of 0.228 as 
well as the lithology and the distance to the streams. 
The least influenced parameters for the landslide 
occurrence are the land use and the Altitude.

The outcome of this analysis indicates that the 
LSI increase with the slope degree increasing. Aspect 
analysis indicates that north, south, western and north 
western slope directions of the reliefs are the most 
susceptible by the landslide. The major rivers bed 
formation, clay-silt alluvium, accumulation glacis, 
the river Sig polygenic glacis, sandy marls, fine sand, 
sandy marl and red conglomerate, sandstone and 
marine sandy marl, screed slopes and  diversifying 
crusts  present the most susceptible outcropping 
formations to landslides. Areas located near faulting 
zone present the most susceptible zone to the landslides. 
The outcropped lithological formations characterized 
by high lineaments density represent the weakness 
areas which are the most landslide prone areas. The 
landslides are directly related to the precipitations, in 
this area the landslide susceptibility increase with the 
precipitation increasing, the most prone areas that are 
characterized by heavy rainfall. We mentioned that 
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Table 6- Statistical analysis of the LR model and weight of each conditioning factor. 

Parameters Class
Pixels

in
classes

Landslide 
pixels 
classes

% of total
area

% of 
landslide

area
Factor weight LR LR weighting

Slope (°)

<10 1759734 2075 67.373068 24.886064 0.42546648

0.22383

0.095232161
10-20 706082 4877 27.033012 58.491245 1 0.22383
20-30 132384 1103 5.068446 13.228592 0.22616363 0.050622204
30-40 13289 245 0.508782 02.938355 0.0502358 0.011244279
>40 436 38 0.016693 0.455745 0.00779168 0.001744011

Aspect

Flat 59886 6 2.292792 0.07196 0.00309917

-0.00363

-0.00001125
N 448266 1468 17.162285 17.606141 0.75826446 -0.0027525
NE 365636 813 13.998717 9.75054 0.41993802 -0.00152438
E 303316 1153 11.612738 13.828256 0.59555785 -0.00216188
SE 286127 1726 10.954641 20.700408 0.89152893 -0.00323625
S 218225 686 8.354949 8.227393 0.35433884 -0.00128625
SW 200455 142 7.674608 1.703046 0.07334711 -0.00026625
W 261235 408 10.001627 4.89326 0.2107438 -0.000765
NW 468779 1936 17.947644 23.218997 1 -0.00363

Lithology

Class 1 998012 0 38.209826 0 0

0.52545

0
Class 2 504972 332 19.333327 3.98177 0.05075677 0.026670142
Class 3 15538 0 0.594887 0 0 0
Class 4 751227 6541 28.761431 78.448069 1 0.52545
Class 5 342175 1460 13.100491 17.510194 0.22320746 0.11728436

Distance to 
faults (m)

0-500 1118633 921 42.827914 11.045814 0.44687045

-0.12674

-0.05663636
500-1000 253903 1967 9.720915 23.590789 0.95439107 -0.12095952
1000-1500 318857 1936 12.20774 23.218997 0.93934983 -0.1190532
1500-2000 328963 2061 12.594657 24.718158 1 -0.12674
2000-2500 301731 1108 11.552055 13.288558 0.53760311 -0.06813582
>25000 281499 345 10.777453 4.137683 0.16739447 -0.02121557

Lineaments 
density (n/km²)

0 – 0.51 1185867 223 45.402031 2.674502 0.07874294

0.25625

0.020177878
0.51 – 1.38 514074 2063 19.681806 24.742144 0.72846045 0.186667991
1.38 – 2.17 427344 2832 16.361266 33.96498 1 0.25625
2.17 – 3.08 340810 2265 13.048231 27.164788 0.79978814 0.20494571
3.08 –5.49 143829 955 5.506628 11.453586 0.33721751 0.086411988

Precipitation 
(mm/year)

<250 409260 255 15.668903 3.058287 0.05329154

0.14324

0.00763348
250-300 179532 169 6.873551 2.026865 0.0353187 0.005059051
300-350 711342 4785 27.234396 57.387863 1 0.14324
>350 1311790 3129 50.223111 37.526985 0.6539185 0.093667285

Distance to 
streams (m)

<100 1187425 5344 45.461681 64.092108 1

-0.69206

-0.69206
100  – 200 827835 2281 31.69444 27.35668 0.42683383 -0.29539462
200  – 300 426302 521 16.321372 6.248501 0.09749251 -0.06747067
300  – 400 141918 189 5.433464 2.266731 0.03536677 -0.02447592
400  – 500 25403 3 0.972578 0.03598 0.00056138 -0.00038851
>500 3041 0 0.116428 0 0 0

Land use

Urban 66130 0 2.531849 0 0

0.23182

0
Tree crops 25103 0 0.961092 0 0 0
Vegetable growing 2891 0 0.110685 0 0 0
Forest-maquis wooded- maquis 309301 441 11.841879 5.289038 0.080284 0.018611436
Big culture 1336674 2122 51.175819 25.449748 2.58859566 0.600088247
Olive growing 13515 0 0.517434 0 0 0
Wine-growing 713 0 0.027298 0 0 0
Bare soil 632357 5493 24.210381 65.879108 1 0.23182
Rivers 167799 282 6.424342 3.382106 0.05133807 0.011901191
Road network 58744 0 2.249069 0 0 0

Altitude (m)

<100 81259 0 3.111077 0 0

0.13794

0
100  – 200 408742 474 15.649071 5.684817 0.1621067 0.022360999
200  – 300 687331 1994 26.315112 23.914608 0.68194254 0.094067155
300  – 400 544439 2612 20.844358 31.326457 0.89329685 0.123221368
400  – 500 608334 2924 23.290638 35.068362 1 0.13794
>500 281820 334 10.789743 4.005757 0.11422709 0.015756484
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this study, the susceptibility to the landslide is increase 
with the altitude of the reliefs increasing.  

The application of the AHP method shows that the 
global landslide susceptibility index varies between 
5.647 and 31.332, their classification into five landslide 
susceptibility classes using natural break (jenks) shows 
that 17.87% of the total area characterized by null  
susceptibility to the landslide, 29.82% of the study 
area characterized by low susceptibility, 21.24% of the 
total area characterized by a moderate susceptibility, 
20.69% characterized by high susceptibility, the rest 
of the study area (10.38%) characterized by very high 
landslide susceptibility (Figure 9a, b).

According to the obtained LSM (Figure 9), the 
most landslide susceptibility areas are located in the 
east and the center part of the study area, whereas the 
northern part of the map characterized by low and null 
landslide susceptibility. 

For the weight of evidence model, the resulting 
weight contrast, are shown in (Table 5), the 

interpretation of this results demonstrate than the 
more susceptible classes correspond to slope greater 
than 40°, SE and NW facing slopes, very susceptible 
lithological formation (class 4), (1000 - 1500) class 
fault proximity field, rocks characterized by high 
density of lineament, area with high precipitation (300 
- 400), area near streams, barren land, and altitude 
range between 400 and 500 meters.  The values less 
or equal to zero of C indicate that this class does not 
affect the distribution of landslide in the Echorfa 
region. 

The final LSI of study area for WOE approach 
range between -19.1243 and 10.7522. The LSM of 
the Echorfa region was established by classification of 
LSI values into five levels (Figure 10a) using natural 
break method: Null with (27.97%) of total area, Low 
with 19.08%, Moderate with 20.63%, the High level 
20.47%, and 11.85% falls in very high level (Figure 
10b).

Figure 9- a) The AHP -landslide susceptibility map, b) distribution pie - chart of the landslide susceptibility classes.
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For the LR model and according to the Table 6 
and Equation 10, slope, lithology, lineaments density, 
precipitation, land use and altitude give positive values 
which mean that these factors contribute to occurrence 
of  the landslide. On the other hand, Aspect, distance 
to fault and proximity to streams has a negative role 
in landslides occurrence. By using Equation 10, the 
landslide occurrence probability is estimated.  The 
produced LSM using LR model indicate that 37.64 
% of the total area characterized by no susceptibility, 
30.52% presented by low susceptibility, 19.15% 
characterized by moderate susceptibility, 8.75% of 
the total area  falls in high susceptibility and the rest 
of the study area 3.93% represented by very high 
susceptibility (Figure 11).   

5. Validation 

The validation of the obtained LSMs presents an 
essential step in order to calculate the performance of 
the used method in landslides prone area zoning. In 
this context, Roc Curve validation technique is used 

to calculate the performance of the statistical models 
integrated in the landslide susceptibility mapping.   

 ROC curve method is used to validate the obtained 
LSMs established by the AHP, WOE and LR methods. 
This statistic method is based in the comparison of 
the obtained LSM and the produced inventory map 
(validation data). The realization of the ROC curve 
consists first in classifying the LSI into 100 classes 
with an interval of 1%, then, the reclassified map is 
combined with the landslide events map, and finally, 
the production of the ROC curve is based in statistical 
analysis of the converted combination result file into 
compatible Excel software format. 

To calculate the performance of the used methods, 
it is generally based on the evaluation of the area 
under curve (AUC) the ROC curve obtained. The 
AUC result is 95.13% for the WOE model, 91.92% 
for the AHP method and 83.57% for the LR model 
(Figure 12).  

Figure 10–a) The WOE - landslide susceptibility map, b) distribution pie - chart of the landslide susceptibility classes.
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ROC curve obtained for WOE, AHP and LR 
indicate that the used models in this research give 
good results in LSM. By comparing the ROC curve 
results we mentioned that the LSM produced by WOE 
method is the successful one.

6. Results

The landslides presented one of the most common 
geological hazards in the world; they cause annually a 
considerable damages and human losses. In Algeria, a 
few attempts at landslide are applied in the northeastern 
part of the country. These contributions are generally 
focused on the application of the geophysical methods 
for landslide investigations on locale scale and the 
application of statistical methods based in GIS for the 
landslide susceptibility zoning on medium scale. 

The investigations in the Echorfa region (NW of 
Algeria) indicate the lake on information about slope 
movements occurred in this area that involved the 
production of the landslide prone areas maps.       

The LSMs produced by the categories the GSI 
into five classes according to the susceptibility degree. 
High and very high susceptibility characterizes 
the reliefs of the east and central part of the study 
area. Insignificant and low susceptibility classes 

Figure 11– a) The LR - landslide susceptibility map, b) distribution pie - chart of the landslide susceptibility classes.

Figure 12- Diagram of ROC curve representing the performance of 
the statistical models.

6. Conclusion
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characterizes the northern part of this region (plains 
and plateaus) constituting the slope movements 
sheltered zones.      

The validation process of the obtained results of 
the ROC curve model indicates the aptitude of the 
three models in the landslide susceptibility mapping. 
Hence, the WOE approach gives reasonable good 
accuracy in predicting landslide susceptibility of the 
Echorfa region.     

The obtained LMSs can be considered as a 
basic document for the concerned authorities to 
take preventive measurements in the high and very 
high landslide susceptibility zones. In other hand, it 
provides a useful tool for the land use planner to select 
suitable fields for the future projects.  
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ABSTRACT
Metamorphites of Niğde Massif, which form the basis of study area covering the Niğde vicinity 
in Central Anatolia, are composed of Late Devonian Gümüşler, Carboniferous-early Permian 
Kaleboynu late Permian Kızıldağ formation and unconformable Triassic-Late Cretaceous cover 
units from bottom to the top, which are separated from each other with unconformities. The Triassic 
succession (Söğütlüdere formation) of phyllite-marble-schist alternations with common amphibolite 
levels is first distinguished in this study, unconformably overlies the Paleozoic succession. 
Thick homogeneous marbles of Jurassic-Cretaceous period, is defined by quartzite at the bottom 
representing the unconformity at the base, is defined as the Kırtepe formation. The succession 
probably ends with the Late Cretaceous metaflysch (Kırkpınar formation) constituting metaophiolite 
blocks with unconformable contact relationships. Amphibolite sample of the Söğütlüdere formation 
gives 239 Ma (Middle Triassic) age, which is interpreted as the crystallization age of the primary 
basic magmatism.  The youngest detrital zircon ages (223-224 Ma) obtained from the metaclastics of 
the same formation shows that the primary deposition age of the formation is probably Late Triassic, 
which is consistent with this data. Geochemical data indicate an extensional environment of the 
alkaline composition and anorogenic originated basic volcanism developed on the continental crust. 
When these results evaluated together with the regional data, the metabasites of the Söğütlüdere 
formation can be interpreted as the first phase products of rifting, which commenced with the rifting 
process of the Tauride-Anatolide Platform in the Triassic period and resulted in the opening of the 
Inner Tauride Ocean and the break off the Kırşehir Block.

Stratigraphy of the metamorphic rocks of Niğde Massif and new evidence of Triassic 
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1. Introduction

The study area located on the Kırşehir Block in 
Central Anatolia (Şengör and Yılmaz, 1981; Okay 
and Tüysüz, 1999) covers the Niğde vicinity. The area 
bounded by the İzmir-Ankara-Erzincan Suture Zone 
(North Anatolian Ophiolite Belt) in the north and the 

Inner Tauride Suture in the south form the Kırşehir 
Block, one of the main tectonic units of Türkiye. Tuz 
Gölü and Central Anatolian faults predominantly 
follow these suture zones (Figure 1). Kırşehir Block 
generally consists of ophiolites and nappes of oceanic 
origin emplaced on high grade metamorphic rocks and 
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granitic plutons together with their surface equivalents 
cutting cross those. All these units are covered by 
Paleogene and Neogene sedimentary rocks. The 
Niğde Massif has been the subject of detailed research 
for many years, but the ages and stratigraphies of the 
rocks that make up the massif remain debated.  In this 
study, the main aim is to reveal the lithofacies features 
and contact relationships of the above-mentioned 
rocks with a regional research, to determine their age 
with paleontological-radiometric data, and to discuss 
the evolution of the massif using the results. 

Detailed studies on the stratigraphy of the Niğde 
Massif were made by Göncüoğlu (1977, 1981). It was 

stated that Gümüşler formation, Kaleboynu formation 
and Aşıgediği formation, from bottom to top, is 
grouped under Niğde group and they are in cutting-
cross relationship with Üçkapılı granodiorite. In 
addition, it was argued that the metamorphism evolved 
from medium pressure-high temperature type to low 
pressure-high temperature type and PT conditions 
reached partial melting occassionally, and the main 
metamorphism phase and ophiolite emplacement in 
the massif took place before the Cenomanian. Yalınız 
and Göncüoğlu (1998) stated that the ophiolites on the 
Central Anatolian metamorphic rocks, despite being 
disturbed, preserved their primary ophiolitic sequence 
and they were cut-cross by granitoids. They argued 

Figure 1- Location map of the study area.
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that the ophiolites developed in the fore-arc basin due 
to an intraoceanic subduction in the İzmir-Ankara 
Ocean during the middle Turonian-early Santonian, 
and were emplaced onto the Central Anatolian 
metamorphic rocks following the early Santonian 
and prior to the Maastrichtian. Aydın et al. (1998) 
studied the Uppermost Late Cretaceous magmatism in 
the Central Anatolian Crystalline Complex. Whitney 
et al. (2001) suggested that the Central Anatolian 
Crystalline Complex can be divided into at least four 
tectonic blocks (Kırşehir, Akdağ, Niğde and Aksaray 
massifs) indicating different temperature-pressure-
time evolutions. They stated that the massifs were 
exposed to thrust and folding processes due to the 
collision in the north, and they slowly exhumed with 
following erosion. Whitney et al. (2007) studied the 
Yo-yo tectonics during the strike-slip faulting of the 
Niğde Massif. They stated that two complete burial/
exhumation cycles were present through the Massif in 
an oblique-slip deformation zone over a period longer 
than ~80 Ma, one observed at a regional scale and the 
other at a more local scale from the Cretaceous (burial) 
to Miocene (cooling and exhumation). Boztuğ et al. 
(2009) argued that Central Anatolian granitoid melts 
emerged after the collision, an oceanic arc emplaced 
on the Tauride-Anatolide platform during Campanian-
Maastrichtian and rapidly uplifting in the early-middle 
Paleocene resulted. Advokaat et al. (2014) mentioned 
block rotations in Paleocene. Cengiz Çinku et al. 
(2016) concluded that the Niğde-Kırşehir Massif 
rotated counterclockwise up to 25.5°±7.3° during 
the Middle Eocene in their paleomagnetism study. 
Demircioğlu and Eren (2003, 2017) determined that 
both the Niğde Massif and Paleocene-Eocene cover 
rocks were deformed together, based on mesoscopic 
tectonic analyses. They stated that the metamorphics 
forming the Niğde Massif underwent ductile 
deformation with at least four phases (D1, D2, D3 and 
D4). Çoban (2019) stated that the rocks of the Niğde 
Massif underwent multi-phase deformation and high-
grade metamorphism and acquired a foliated structure 
before the Late Cretaceous. Due to closure of the Inner 
Tauride Ocean, Ulukışla group and rocks of the massif 
were together exposed before the Oligocene and they 
stated strike-slip and normal faults developed in the 
region during the neotectonic period. Demircioğlu and 
Coşkuner (2021) argued that type-3 fold interference 
structures, especially branching to the northeast and 

southwest, developed in the rocks as a result of multi-
stage deformation of high-grade metamorphic rocks 
of the Niğde Massif.

In this study, the stratigraphic characteristics 
of the metamorphic masses of the Niğde Massif 
were revealed in detail using the new stratigraphic, 
sedimentological, petrographic, geochemical and 
geochronological data obtained within the scope of the 
project as well as the previous studies. Additionally, 
the meaning and importance of the Triassic succession, 
which is distinguished for the first time in this study, 
including the first phase products of the Inner Tauride 
Ocean rifting are discussed in terms of the regional 
geology. 

2. Regional Geology

The metamorphic, magmatic and ophiolitic rock 
assemblages in Central Anatolia were named as Central 
Anatolian Crystalline Complex (CACC) (Göncüoğlu 
et al., 1991, 1993). Considering the geographical areas 
where the metamorphic masses outcrop in the CACC 
were defined with different names; Akdağ Massif 
(Baykal, 1947), Kırşehir Crystalline Massif (Bailey 
and McCallien, 1950; Egeran and Lahn, 1951), 
Central Anatolia Massif, Kızılırmak Massif (Ketin, 
1955, 1963; Erkan and Ataman, 1981), Niğde group/
Niğde Massif (Göncüoğlu, 1977, 1981), Kaman group 
(Seymen, 1981a, b) and Central Anatolian Crystalline 
Complex (Erler and Bayhan, 1995). 

The rocks of İzmir-Ankara-Erzincan Zone 
(North Anatolian Ophiolite Belt) and Sakarya Zone 
(Permo-Triassic units) outcrop in the north of the 
Kırşehir Block whereas Inner Tauride Suture Belt 
and Anatolide-Tauride Block rocks in the westerly-
southerly and easterly (Figure 1). Sakarya Zone, 
İzmir-Ankara-Erzincan Zone, Kırşehir Massif, Inner 
Tauride Suture Belt and Anatolide-Tauride Block units 
are observed in tectonic relationship (nappe) with each 
other from north to south. The Niğde Massif units in 
Kırşehir Block, which will be explained in detail in 
this study, consitute the basement. Salt Lake Basin 
units represented by deep sea sediments consisting of 
the remains of the Inner Tauride Ocean are observed 
in the western part of the Kırşehir Block whereas 
the presence of the basin and post-collisional basin 
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sediments of the Inner Tauride Ocean is observed in 
the southern part. Görür et al. (1998) suggested that 
Ulukışla Basin developed as a fore-arc basin due to 
subduction of the Inner Tauride Ocean between Bolkar 
carbonate platform and Kırşehir-Niğde microplates 
towards northerly direction. On the other hand, 
some researchers argued that this basin developed 
resulting with the extensional (Göncüoğlu et al., 
1991; Çemen et al., 1999) or transtensional tectonic 
regime (Alpaslan et al., 2006) due to collision within 
Anatolide-Tauride platform following the closure of 
the Neotethys Ocean. Clark and Robertson (2002) 
stated that Ulukışla Basin is a basin that developed 
under the effect of extensional tectonics on the 
Inner Tauride Suture Zone. In the south of the Inner 
Tauride Suture Belt separating the Kırşehir Block and 
the Tauride-Anatolide Block, the Tavşanlı Zone and 
Afyon Zone units of the Tauride-Anatolide Block crop 
out with tectonic contacts. The units of the Kırşehir 
Block and the Anatolide-Tauride Block are bounded 
by the Tuzgölü Fault towards west and by the Central 
Anatolian Fault Zone (Ecemiş Fault Zone) towards 
easterly direction. In the study area covering the Niğde 
Massif, metamorphic rocks, ophiolitic rocks, granitoid 
and cover units of the Ulukışla Basin and Ürgüp Basin 
crop out in the most general sense (Figure 2).

3. Material and Methods

Detailed geologial mapping was conducted in the 
study area between Niğde and Çamardı (1/100000 in 
scale, Adana-M33 sheet) and correlations together 
with observations were also made out of the study 
area if needed. Thin sections of the samples collected 
from the study area were prepared and examined 
in detail under the polarizing microscope and their 
petrographic properties were defined. Chemical 
analyzes (major, trace and rare earth element) of 
selected 12 samples using field observations and 
petrographic examinations were carried out at 
Department of Mineral Analysis and Technology 
Laboratories of General Directorate of Mineral 
Research and Exploration (MTA). The samples were 
first grounded into powders in the laboratory. The 
powdered sample (0.2 g) was mixed with 1.5 g of Li-
BO2 and dried at 105°C, and major oxide analyzes 
were performed in a Thermo-ARL brand XRF device. 
The samples were solved according to TS ISO 14869-

1 and TS ISO 14869-2 and analyzed in ICP-OES and 
ICP-MS devices. Zircon U/Pb dating of two samples 
from the metabasite member of the Söğütlüdere 
formation was conducted at the University of Arizona, 
Department of Geosciences Laboratory (USA). 
After the rock samples had gone through standard 
mineral separation processes, the zircons were hand-
picked in alcohol and placed in epoxy with reference 
materials. The discs containing the grains were then 
wet abraded with sandpaper of various thicknesses 
and polished with diamond paste. Followingly, 
cathodoluminescence (CL) images were captured 
on a Philips XL-30 scanning electron microscope 
(SEM) equipped with the Bruker Quanta 200 energy 
dispersion X-ray microanalysis system at the Electron 
Microbeam/X-Ray Diffraction Laboratory (EMXDF), 
University of British Columbia. An operating voltage 
of 15 kV with a spot diameter of 6 µm and a peak 
count time of 30 seconds was used. After removal 
of the carbon coating, the grain holding surface was 
washed with mild soap and rinsed with high purity 
water. Prior to analysis, the disc surface was cleaned 
with 3 N HNO3 acid and rinsed again with high-purity 
water to remove any superficial Pb contamination that 
might interfere with the early part of spot analyses.

4. Stratigraphy of the Metamorphic Rocks of Niğde 
Massif

The metamorphic rocks of the Niğde Massif, 
which form the basis of the study area and can be 
correlated with the Yahyalı nappe (Blumenthal, 
1952) located in the Taurus Mountains in terms of 
stratigraphic characteristics, constitute conformable 
and transitional contacts of the Late Devonian 
Gümüşler, Carboniferous-early Permian Kaleboynu, 
late Permian Kızıldağ formation unconformably 
overlying the Triassic Söğütlüdere formation which 
is first distinguished and defined, Jurassic-Cretaceous 
Kırtepe and Late Cretaceous Kırkpınar formations 
from the bottom to the top. The Late Devonian-Early 
Cretaceous sequence has undergone metamorphism 
under amphibolite and above facies progradely and 
occasionally greenschist facies retrogradely. The 
metamorphics of the Niğde Massif, from bottom to 
top, consist of quartzite, quartz schist, mica schist, 
calc schist, occasionally plaque-like marble, dolomitic 
marble, metabasite, talc schist, metasiltstone, 
metamudstone, cherty marble and schist, marble and 
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Figure 2- Geological map of the study area.

metaophiolite blocks in a metaclastic-metapelitic 
matrix (Figure 3).

The Gümüşler formation, located at the base of 
the Niğde Massif and named by Göncüoğlu (1981), 

is generally greenish, gray in color, with partially 
migmatized sillimanite-garnet mica schist at lower 
sections, paragneiss, amphibolite, quartz schist, 
quartzite, and amphibolite intercalations in the upper 
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Figure 3- Generalized columnar section of the Niğde Massif.
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Figure 3- Generalized columnar section of the Niğde Massif.
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parts within the calcschist-marble levels (Figure 4). 
Considering its stratigraphic position and correlating 
it with similar facies in the Taurus Mountains (Late 
Devonian successions in the Geyikdağı unit and 
Aladağ nappe and their metamorphic equivalents in 
the Bolkardağı Nappe and Yahyalı Nappe), age of 
the unit was determined as Late Devonian. The unit 
can be correlated with Yahyasaray formation located 
at the base of the Akdağmadeni Massif (Beyazpirinç 
and Akçay, 2017), metapelites in the Akdağmadeni 
metasedimentary group (Şahin, 1991), a part of 
Köklüdere formation (Dökmeci, 1980) in the Akdağ 
metamorphic group and Kalkanlıdağ formation 
(Seymen, 1982) at the base of Kırşehir Massif. 

The Kaleboynu formation, named by Göncüoğlu 
(1981), is generally yellowish gray in color and 
consists of calcschist, plaque marble-dolomitic marble, 
quartzite, quartz schist, mica schist, sericite-schist, 
with occasionally marble lenses and bituminous schist 
intercalations (Figure 5). Hornfels and calc-silicate 
fels rocks were occasionally developed depending 

on the granite intrusions. The Kızıldağ formation 
conformably overlies the Kaleboynu formation, 
which overlies the Gümüşler formation conformably 
and transitionally, and the Söğütlüdere formation 
unconformably. Fusulinid molds, brachiopoda and 
macrofossil shell fragments were observed in the 
unit, and Carboniferous-early Permian age has been 
suggested considering their correlation with similar 
facies in the Taurus Mountains (Carboniferous-
early Permian successions in the Geyikdağı unit 
and Carboniferous-early Permian sequences in the 
Aladağ nappe and their metamorphic equivalents 
in the Bolkardağı nappe and Yahyalı nappe) for the 
Kaleboynu formation. The unit can be correlated with 
Akçakışla formation (Beyazpirinç and Akçay, 2017) in 
Akdağmadeni Massif, semimetapelites (Şahin, 1991) 
in Akdağmadeni metasedimentery group, parts of the 
Köklüdere and Özerözü formations (Dökmeci, 1980), 
Tamadağ formation (Seymen, 1981b) defined around 
Kaman district (Kırşehir province) and Kervansaray 
formation (Kara and Dönmez, 1990) in Kırşehir 
Massif.

Figure 4- a) Schist-calcschist-marble alternation in the upper levels of the Gümüşler formation, b) metabasites cutting-cross quartz mica schists 
and c) migmatized metapelites.

Figure 5- a) Schist-calcschist-marble intercalation containing bituminous schist intercalations in the Kaleboynu formation, b) brachiopodas and 
c) marbles containing fusulinid molds.
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The Kızıldağ formation, which is equivalent 
of a part of the Aşıgediği formation (Göncüoğlu, 
1981) and was distinguished for the first time in 
this study, is gray, blackish gray in color, thin-thick 
bedded, medium-coarse crystalline and joint systems 
have commonly developed. Dissolution voids are 
observable. It consists of marble levels occasionally 
intercalated with bituminous schist and dolomitic 
marble. Considering its stratigraphic position 
and correlating with similar facies in the Taurus 
Mountains, late Permian age has been suggested for 
the unit, which conformably overlies the Kaleboynu 
formation. The unit can be correlated with Topaktaş 
formation in Akdağmadeni Massif (Beyazpirinç 
and Akçay, 2017), metacarbonates in Akdağmadeni 
metasedimentary group (Şahin, 1991) and Bozçaldağ 
formation in Kırşehir Massif (Seymen, 1982). Triassic 
Söğütlüdere, Jurassic-Cretaceous Kırtepe and Late 
Cretaceous Kırkpınar formations, which overlie all 
these Paleozoic successions and are unconformably 
separated from each other, were distinguished for 
the first time in this study. Kırtepe formation, with 
quartzite units reaching up to 50 m in thickness and 
defining the unconformable contact relation at the base, 
is composed of occasionally dolomitized homogenous 
marble. General characteristics of the formation are 
that weathering colour is gray and fresh surface is in 
different colours i.e. yellow, cream, gray and white. It is 
thick-bedded and massive in texture, and joint-fracture 
systems are also present. Jurassic-Cretaceous age was 
suggested considering the stratigraphic position of 
the unit, which unconformably overlies the Gümüşler 
formation, Kervansaray formation and Söğütlüdere 
formation, and correlations with similar facies in the 
Taurus Mountains. The unit can be correlated with a 
part of the Saytepe formation in the Kırşehir Massif 
(Beyazpirinç et al., 2020), the Hisarbey formation in 
the Akdağmadeni Massif (Beyazpirinç and Akçay, 

2017) and the Aşıgediği formation in the Niğde Massif 
(Göncüoğlu, 1981).

Kırkpınar formation, which is the upper-most 
part of the Niğde Massif and is distinguished for 
the first time in this study, generally presents the 
Late Cretaceous blocky metaflysch characteristics 
consisting of quartzite, quartz schist, mica schist and 
metabasite with metaophiolite, marble, schist blocks 
and rarely observed metaconglomerate (channel 
fillings) (Figure 6). The unit can be considered as 
the metamorphic equivalent of the Cenomanian 
Karaböğürtlen formation in the Western Taurus 
Mountains, which is first named by Philippson (1915) 
and it can be correlated with Davulbaz formation in 
Akdağmadeni Massif (Beyazpirinç and Akçay, 2017) 
and partly correlated with blocky levels of Özerözü 
formation (Dökmeci, 1980) in Akdağ metamorphic 
group. 

Triassic metamorphics in the study area constituting 
the main subject of this study is distinguished for the 
first time in this study and named as Söğütlüdere 
formation. Quartzite, quartz-schist and sericite-
schists at the base of the Söğütlüdere formation is 
distinguished as Quartzite member. Amphibolite/
metabasites with marble intercalations are defined as 
Metabasite member. Thick marble levels as interbeds 
and lenses are defined as Marble member. The unit 
generally starts with a quartzite unconformity and is 
represented by quartz mica schist, mottled coloured 
phyllite, amphibolite (metabasite), talc schist, mica 
schist, calc schist intercalated with chert and red 
coloured, brecciated-like, occassionally fossiliferous 
(Ammonite-like forms, gastropoda, pelecypoda and 
macrofossil molds) marble, cherty marble in the 
upper sections (Figure 7). One of the distinguishing 
characteristics of the Söğütlüdere formation is that 

Figure 6- a) Unconformable contact between Kırkpınar formation (Kk) and Kırtepe formation (JKk), b) metaconglomerate within Kırkpınar 
formation, c) metaophiolite and marble blocks.
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Figure 7- a) Measured section of Söğütlüdere formation (SW of the Özyurt Village; Adana-M33b1 sheet; UTM ED50 Zone 36 661558, 
4200722), b) measured section of the metabasite member (East of Sazlıca, Söğütlüdere; Adana-M33a2 sheet; UTM ED50 Zone 36 
4193697, 650638).
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claret red-mottled coloured, thin to medium foliated, 
marble intercalated phyllites are most likely Early 
Triassic in age and predominantly forms the base of 
the unit. Cherty marble is gray, cream, beige in color, 
medium-thick bedded, fractured and contains chert 
in the form of nodules, staining and occasionally 
intercalations (Figure 8).

In the measured section of Söğütlüdere, which is 
the key site for the metabasite member, amphibolite/

metabasites with light gray, pinkish white colored, 
thick-very thick bedded marble interlayers were 
observed (Figure 9). It was determined that the samples 
collected from the metabasite member are mostly 
composed of hornblende-plagioclase composition 
and weakly oriented amphibolites. These minerals are 
accompanied by clinopyroxenes in the hornfels-like, 
fine-grained granoblastic texture and non-oriented 
sections of metabasites, where they are more massive 
in texture and fine-grained.

Figure 8- a) General view from the Söğütlüdere formation, b) Mottled phyllites with marble intercalations derived from metamudstone-
metasiltstone-metaclaystone, representing the Lower Triassic sections of the unit, c) Red colored, brecciated-like, occassionally 
fossiliferous (Ammonite-like forms, gastropoda, pelecypoda and macrofossil shell fragments) marble and d) cherty marbles.

Figure 9- General view from the metabasite member of the Söğütlüdere formation.
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The metabasites in the unit consist of oriented, 
relatively coarse crystalline common amphibolites 
with fels appearance and fine grained massive 
texture. Diopsidefels detected in petrographic 
analysis shows nematogranoblastic texture and 
consists of clinopyroxene, plagioclase, epidote 
and small amounts of quartz and calcite minerals 
as main components. Clinopyroxene minerals are 
medium-grained, anhedral, commonly fissured, 
and they display green pleochroism. Plagioclase 
minerals are typical with polysynthetic twinning and 
are highly sericitized. Epidote minerals are typical 
with medium to fine grained, in anhedral forms with 
yellowish pleochroism. Small amounts of quartz and 
calcite minerals are medium grained and anhedral. 
Titanite minerals (sphene/leucoxene) are observed 
as accessory components in the rock. In addition, 
there are secondary calcite minerals as fillings in 
vein-shaped cracks in the rock. Amphibolite has 
nematogranoblastic texture and consists of medium-
grained, prismatic, green pleochroic hornblendes and 
plagioclase feldspars with medium-grained, subhedral, 
occasionally sericitized, displaying polysynthetic 
twin lamellae. Quartz minerals are rarely observed 
and they are fine-grained and anhedral. Anhedral 
epidotes are medium-grained and rarely fine-
grained. Titanites (sphene) are mostly common as 
accessory minerals in the rock and secondary calcite 
minerals are also present. The well-oriented rock was 
probably metamorphosed under the conditions of 
lower amphibolite facies. Clinoamphibole minerals 
in hornblende composition are medium-grained, 
subhedral, in prismatic forms and they display green 
pleochroism. Clinopyroxene minerals are medium-
grained, anhedral, and heavily fissured. Plagioclase 
minerals are medium grained and highly sericitized. 
Quartzs are medium grained and anhedral. Calcite 
minerals are medium-grained and observed in anhedral 
forms. In addition, titanite minerals as accessory 
minerals are highly abundant and opaque minerals 
in the rocks are also highly observable. Calc-silicate 
fels have nematogranoblastic texture and consist of 
clinopyroxene, quartz and calcite minerals as the major 
components. Clinopyroxene minerals are medium-
grained, anhedral, and heavily fissured. Quartz is 
medium grained and anhedral. Calcite minerals are 
medium and locally fine-grained, and they are in 
anhedral forms. Plagioclase minerals are common 

with their polysynthetic twinning. Clinozoisite 
minerals, which are rarely observed, are fine-grained 
and anhedral. Titanite minerals are found in the rock 
as an accessory component. The rock was probably 
metamorphosed under the lower amphibolite facies 
conditions. Tremolite actinolite schist has fibroblastic 
texture and consists of medium-grained, prismatic 
structure, light green pleochroism actinolite and 
colorless tremolite minerals as the major component. 
Plagioclase mineral has polysynthetic twin lamellae. 
The muscovite minerals, which are observed in small 
amounts, are fine-grained and flaky. Titanite minerals 
are observable in the rock as an accessory component. 
Minerals show parallel arrangement in the rocks with 
well-developed orientation. The rock was probably 
formed as a result of retrograde metamorphism of 
a basic rock under greenschist facies conditions. 
The Jurassic-Cretaceous Kırtepe formation with 
highly folded and fractured structure unconformably 
overlying the Kaleboynu formation and the Kızıldağ 
formation unconformably overlies the unit (Figure 
10). The unit, which partially corresponds to a part 
of the Aşıgediği formation (Göncüoğlu, 1981) in the 
Niğde Massif, can be correlated with the Demirtepe 
formation (Beyazpirinç et al., 2020) in the Kırşehir 
Massif. 

5. Geochemistry 

Major, trace and rare earth element analyzes of a 
total of nine samples were carried out in Department 
of Mineral Analysis and Technology (MTA) to 
determine the geochemical and petrological properties 
of marble intercalated amphibolite/metabasites, 
which are distinguished at the member level within 
the Söğütlüdere formation. The graphs used in 
geochemical interpretations were generated using 
Excel and the GCDkit program, and the analysis 
results are given in Table 1.

5.1. Classification

In order to determine whether the amphibolite/
metabasites separated at a member level in the 
Söğütlüdere formation, which might display 
sedimentary (para-amphibolite) or magmatic (ortho-
amphibolite) origin, the results of the analyses were 
presented by the Ni-TiO2 and Ni-Zr/TiO2 graphs 
developed by Winchester et al. (1980) and Winchester 
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and Max (1982). The results shown that the Ni contents 
of metabasites are between 91.00 and 377.60 ppm, the 
Zr contents are between 15.20 and 43.50 ppm, and the 
Zr/TiO2 ratios vary between 0.0006 and 0.0016. As a 
result, the metabasites are originated from magmatic 
rocks following the plots into that can be seen in the 
trends which are created by the plots in the Ni-TiO2 
and Ni-Zr/TiO2 graphs (Figure 11).

The samples of the Metabasite member samples 
of the Söğütlüdere formation (magmatic in origin) 
are classified by using the the total alkali versus silica 

(TAS) (Le Bas et al., 1986) diagram (Figure 12a), the 
origin rock of the metabasites is alkaline and basaltic 
in composition. In addition to this, the samples are 
classified as basalt and trachybasalt. Moreover, the 
loss on ignition (LOI) values of the analyzed samples 
vary between 0.85-5.05. Since it is possible to have 
some changes through major element oxide values   
of the rocks (especially SiO2, CaO, K2O and Na2O) 
during hydrothermal alteration processes, metabasites 
are also classified in the Zr/Ti-Nb/Y diagram 
modified by Pearce (1996), in which elements that 
cannot be mobilized easily under low alteration and 

Figure 10- a) Unconformable contact relationship with the Jurassic-Cretaceous Kırtepe formation (JKk) overlying the Söğütlüdere formation 
(Trs) and quartzites derived from pure quartz arenite in the basement of quartzite along the contact, and b) Unconformable contact 
relationship with the late Permian Kızıldağ formation (Pk) located at the base of the Söğütlüdere formation.

Figure 11- The rock samples of the Metabasite member of the Söğütlüdere formation; a) Winchester and Max (1982), b) Winchester et al. 
(1980) diagrams.
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Table 1- Whole rock (major, trace and rare earth elements) chemical analysis results of the rock samples from the Metabasite member of the 
Söğütlüdere formation.

SAMPLE 17N13A 17N13C 17N13E 17N13G 17N13K 17N13N 17N13T 17N14A 17N14C
Major Oxides Wt. %
SiO2 46.30 44.20 43.60 48.10 44.80 43.10 46.60 45.00 46.80
Al2O3 13.40 13.60 13.00 14.40 10.70 12.30 12.60 13.10 13.00
Fe2O3 11.30 13.30 11.90 11.50 12.10 11.00 12.90 12.30 13.00
CaO 12.40 12.60 14.00 9.40 13.90 15.40 12.00 13.50 11.50
MgO 3.90 5.70 5.40 5.30 8.30 4.90 7.00 5.90 6.30
Na2O 3.70 3.20 3.40 4.40 2.90 3.10 3.30 3.20 3.30
K2O 1.60 1.00 1.10 1.10 0.50 1.80 0.40 1.00 0.90
TiO2 2.30 3.10 2.60 2.70 2.30 2.30 3.00 2.80 2.60
MnO 0.10 0.20 0.20 0.10 0.20 0.10 0.20 0.20 0.20
P2O5 0.60 0.90 0.60 1.00 0.60 0.70 0.70 0.80 0.50
SrO 0.05 0.06 0.05 0.03 0.03 0.03 0.06 0.08 0.06
BaO 0.02 0.02 0.01 0.02 <0.01 0.03 0.01 0.03 0.03
Loss on ignition 4.20 2.05 4.00 1.80 3.30 5.05 0.85 1.90 1.55
Total 99.87 99.93 99.86 99.85 99.63 99.81 99.62 99.81 99.74
Trace Elements ppm
Ba 160.00 164.60 118.00 133.90 60.80 162.90 76.80 211.00 165.10
Nb 35.90 58.40 60.40 70.70 45.50 41.30 60.30 62.10 40.80
Zr 25.40 34.70 43.50 15.20 31.80 34.90 28.80 42.70 28.70
Cs 1.10 0.30 0.40 0.20 0.20 0.30 <0.1 0.30 0.20
Ga 16.80 17.40 18.40 16.70 13.40 16.50 16.30 17.30 16.80
Hf 1.00 1.20 1.40 0.70 1.10 1.10 1.20 1.40 1.00
Rb 41.80 22.00 27.00 16.00 <10 24.00 <10 30.40 15.00
Sn <10 <10 <10 <10 <10 <10 <10 <10 <10
Sr 463.00 428.50 415.00 247.30 249.60 256.90 470.80 665.00 485.40
Ta 1.90 3.00 2.70 3.50 2.20 1.90 2.90 2.60 2.10
Th 2.60 3.00 3.20 3.90 2.30 1.10 2.50 2.10 0.60
Tl 0.20 0.10 0.10 <0.1 <0.1 <0.1 <0.1 0.10 <0.1
U <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
V 48.40 57.10 56.50 54.90 49.60 43.40 52.60 53.00 54.80
W <10 <10 <10 <10 <10 <10 <10 <10 <10
Y 19.10 19.30 21.60 22.10 16.10 18.80 22.80 20.90 20.20
As 13.60 12.00 11.50 9.80 10.20 9.90 9.90 12.00 10.10
Be 1.80 1.50 2.20 1.50 2.10 1.60 2.30 1.30 2.30
Cd 0.10 0.10 <0.1 0.10 <0.1 0.10 0.10 <0.1 <0.1
Co 49.00 48.10 53.30 43.80 59.90 47.70 52.20 49.80 48.40
Cr 399.40 298 395.10 155 669 283 402 451.00 279
Cu 69.20 94.30 120.40 53.10 97.20 89.60 96.30 71.70 78.50
Ge 3.30 3.20 3.10 3.10 3.00 2.90 3.00 3.10 3.00
Mo <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ni 293.10 100.80 151.50 91.00 377.60 222.80 143.20 164.90 125.60
Pb <0.1 1.70 <0.1 <0.1 <0.1 <0.1 0.10 <0.1 <0.1
Sb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sc 29.10 32.80 35.90 24.10 31.20 23.00 35.00 32.40 40.00
Zn 127.50 129.10 125.80 129.80 123.70 132.10 132.80 136.60 121.00
La 16.90 27.00 27.60 31.10 19.70 19.50 27.80 28.80 17.80
Ce 38.90 56.40 57.20 64.40 42.70 40.40 60.40 57.30 37.70
Pr 4.10 5.60 5.70 6.60 4.40 4.30 6.30 5.70 4.20
Nd 17.30 22.30 22.30 25.90 17.00 17.80 24.40 22.10 16.30
Sm 3.80 4.30 4.50 5.00 3.60 3.70 4.90 4.40 3.50
Eu 1.40 1.40 1.70 1.60 1.20 1.40 1.60 1.60 1.40
Gd 4.70 4.50 5.10 5.20 3.80 3.90 5.70 4.50 4.30
Tb 0.70 0.60 0.70 0.70 0.50 0.60 0.80 0.60 0.60
Dy 3.60 3.40 4.10 4.20 3.00 3.30 4.30 3.40 3.70
Ho 0.60 0.60 0.70 0.90 0.60 0.60 0.80 0.60 0.70
Er 1.70 1.70 1.90 2.00 1.50 1.50 1.90 1.80 1.70
Tm 0.20 0.20 0.20 0.20 0.20 0.20 0.30 0.20 0.20
Yb 1.10 1.00 1.20 1.50 0.90 0.90 1.30 1.00 1.20
Lu 0.10 0.10 0.20 0.20 0.10 0.10 0.20 0.10 0.20
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metamorphism conditions are used, indicating that the 
origin rock is determined as alkali basalt (Figure 12b).

5.2. Tectonic Environment

Tectonic discrimination diagrams are used in order 
to analyze the Metabasite member of the Söğütlüdere 
formation (Figure 13). The tectonic discrimination 
diagram proposed by Agrawal et al. (2008)  (Figure 
13a) that used trace elements (La, Sm, Yb, Nb and 
Th) which tend to not behave mobile in low grade 
alteration and metamorphism, and the tectonic 
discrimination diagram proposed by Cabanis and 
Lecolle (1989) diagram that used La/10-Y/15-Nb/8 
ternary diagram (Figure 13b) for basic and ultrabasic 
rocks indicate that the Söğütlüdere formation is 
assosiated with the. Moreover, the Nb/Yb-TiO2/Yb 
diagram (Pearce, 2008) was also used to determine 
tectonic environment that indicates the island arc 
basalts field with alkali composition are the tectonic 
environment (Figure 13c).

5.3. Distribution of Trace and Rare Earth Elements 
(REE)

The multi-element spider diagrams normalized 
to MORB and chondrite (Figure 14) were used 
to determine the magma source and nature of the 
Metabasite members of the Söğütlüdere formation. 
The main pattern shown that is formed by the samples 
in the MORB normalized multi-element spider 

diagram indicate the enrichment of large ion radius 
lithophile elements (Sr, K, Rb, Ba and Th) and the 
depletion of Zr, Hf, Y and Yb elements. Since crustal 
assimilation causes positive Zr and Hf anomalies 
during magma emplacement (Zhou et al., 2004), the 
negative Zr-Hf anomalies in the trace element diagram 
normalized according to MORB can be interpreted as 
the main magma might not have exposed to crustal 
contamination. The depletion of Y and Yb indicates 
the presence of amphibole and/or some garnet in the 
source (Figure 14a). It is also observed that the light 
rare earth elements (LREE) are enriched compared 
to heavy rare earth elements (HREE) in the multi-
element distribution diagram normalized to chondrite 
(Figure 14b).

When the relations between the regional-
geological location and the results of the chemical 
analyses chemical analysis results are examined, the 
rocks of the metabasite member of the Söğütlüdere 
formation can be interpreted as the first phase products 
of rifting that started with the breaking-away of the 
Tauride-Anatolide Platform in the Triassic period.

6. Geochronology 

Two samples were used in order to determine the age 
of schist and amphibole of the Söğütlüdere formation, 
using the U/Pb zircon method. Zircons obtained from 
quartz-rich micaschist (17 N 16 sample) were used 

Figure 12- The rock samples of the metabasite member of the Söğütlüdere formation; a) Le Bas et al. (1986), b) Pearce (1996) classification 
diagrams.
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Figure 13- Rock samples of the Metabasite member of the Söğütlüdere formation in the tectonic environment discrimination diagrams; a) 
Agrawal et al. (2008), b) Cabanis and Lecolle (1989), c) Pearce (2008).
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Figure 14- The rock samples of the Metabasite member of the Söğütlüdere formation; a) Multi-element spider diagram of trace elements 
normalized to MORB (Pearce, 1983), b) Multi-element spider diagram of rare earth elements normalized to chondrite (Boynton, 
1984).
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Figure 14- The rock samples of the Metabasite member of the Söğütlüdere formation; a) Multi-element spider diagram of trace elements 
normalized to MORB (Pearce, 1983), b) Multi-element spider diagram of rare earth elements normalized to chondrite (Boynton, 
1984).
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for the determine the U-Pb age with the help of LA-
ICP-MS technique. The samples were collected from 
approximately 1 km north of Agapınar Hill and south 
of Gümüşler village (Adana M33 sheet; UTM ED50 
Zone 36 0656960; 4199853). The sample is composed 
of biotite-muscovite-quartz-plagioclase-rutile-apatite-
zircon and shows characteristic lepidoblastic texture. 
The zircons are acicular-like and not corroded much 
in the cathodoluminescence images of the examined 
sample (Figure 15). Grains with slightly rounded 
edges (gr 35) are also observed in the sample. Most 
of the grains have oscillating zoning reflecting the 
magmatic origin. Some grains (i.e gr 25 and 40) 
contain residual cores.

Analysis results of the samples are given in 
Table 2. From the analysis of 68 zircons selected 
from the sample, it was observed that 67 of them 
gave ages compatible between 90-110% (206Pb/238U 
age/207Pb/235U age *100) (Figure 16). Carboniferous 
zircons (301-342 Ma) (37%) (25 grains) and 
Neoproterozoic zircons (542-979 Ma) (28%) (19 
grains) constitute the most abundant age group (Figure 
17). Following those, 9% (6 grains) of Permian (253-
292 Ma), 6% (4 grains) of Paleoproterozoic (1904-
2100 Ma) and Ordovician of (453-473 Ma), 5% (3 
grains) of Cambrian (512-532 Ma), 3% (2 grains) 
of Silurian (423-442 Ma) and Triassic (223-224 Ma) 

grains are present. Mesoproterozoic (1012 Ma) and 
Devonian (402 Ma) ages were obtained from only one 
zircon grain. Considering the two grains that yield the 
youngest age (223-224 Ma), the deposition age of the 
primary rock can be interpreted as Norian or earlier.

The amphibolite (metabasite) sample 17 N 18 was 
collected from 2 km SW of Keçikalesi Hill, located 
on the southern border of the study area (Adana M33 
sheet; UTM ED50 Zone 36 0651685; 4193730). The 
rock is predominantly composed of hornblende. It also 
contains biotite, sphene apatite and opaque minerals. 
Nematoblastic texture resulting from the parallel 
orientation of the acicular-like amphiboles is observed 
in the sample. In order to find the crystallization age 
of the basaltic rock that forms the primary rock of 
amphibolite, zircon grains was tried to be enriched, 
but only two zircons were obtained from the sample. 
In the cathodoluminescence images of these two 
zircons (Figure 18), it is observed that the gr 2 zircon 
has acicular-like texture and oscillating zoning 
reflecting the magmatic origin. In the second grain (gr 
1), only a small section reflecting magmatic zoning 
remains, while the other sections are zoneless and 
bright. This shows that this grain has been affected 
by metamorphism and its textural properties have 
disturbed. The age obtained based on these textural 
data was interpreted as the age of metamorphism.

Figure 15- Cathodoluminescence photographs of zircons of quartzschist sample (17 N 16) and analysis spots in selected zircon grains for age 
determination.
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Table 2- Isotope ratios of sample 17 N 16.

17 N 16 number isotope ratios Ages (Ma)

SAMPLE 206Pb•/ 
207Pb• ± (%) 207Pb•/ 

235U• ± (%) 206Pb•/ 
238U ± (%) Error 

correlation
206Pb•/ 
238U ± (Ma) 207Pb•/ 

235U• ± (Ma) 206Pb•/ 
207Pb• ± (Ma) % 

Concordia 6/8-7/5
gr 1 18.0312 1.2796 0.2684 1.7869 0.0351 1.2473 0.6980 222.5 2.7 241.5 3.8 429 .8 28.5 92
gr 2 18.3990 0.7063 0.2654 1.2802 0.0354 1.0678 0.8341 224.4 2.4 239.0 2.7 384.6 15.9 94
gr 3 18.8394 0.7398 0.2931 1.3880 0.0401 1.1744 0.8461 253.2 2.9 261.0 3.2 331.2 16.8 97
gr 4 14.2255 2.2493 0.4007 2.6097 0.0414 1.3235 0.5071 261.3 3.4 342.2 7.6 936.1 46 .1 76
gr 5 18.0575 1.2200 0.3445 1.5557 0.0451 0.9653 0.6205 284.6 2.7 300.6 4.0 426 .6 27.2 95
gr 6 17.8689 1.1290 0.3569 1.7548 0.0463 1.3435 0.7656 291.6 3.8 309.9 4.7 449 .9 25.1 94
gr 7 18.7095 0.6860 0.3518 1.1575 0.0478 0.9323 0.8055 300.7 2.7 306.1 3.1 346.9 15.5 98
gr 8 18.5659 0.9941 0.3562 1.5904 0.0480 1.2415 0.7806 302.1 3.7 309.4 4.2 364.3 22.4 98
gr 9 18.7384 0.7106 0.3588 1.2253 0.0488 0.9982 0.8147 307.0 3.0 311.3 3.3 343.4 16.1 99
gr 10 18.6591 0.5217 0.3641 1.0264 0.0493 0.8839 0.8612 310.2 2.7 315.3 2.8 353.0 11.8 98
gr 11 18.6286 0.6831 0.3663 1.2864 0.0495 1.0900 0.8473 311.5 3.3 316.9 3.5 356.7 15.4 98
gr 12 18.7706 0.7390 0.3643 1.3765 0.0496 1.1613 0.8437 312.2 3.5 315.4 3.7 339.5 16.7 99
gr 13 18.7375 0.6931 0.3676 1.225 1 0.0500 1.0101 0.8246 314.3 3.1 317.8 3.3 343.5 15.7 99
gr 14 19.0143 0.7577 0.3698 1.3580 0.0510 1.1270 0.8299 320.8 3.5 319.5 3.7 310.3 17.2 100
gr 15 19.0768 0.9015 0.3687 1.5717 0.0510 1.2874 0.8191 320.9 4.0 318.7 4.3 302.8 20.5 101
gr 16 18.9931 1.1023 0.3730 1.3177 0.0514 0.7220 0.5479 323.1 2.3 321.9 3.6 312.8 25.1 100
gr 17 18.9882 0.7490 0.3735 1.4990 0.0515 1.2985 0.8662 323.5 4.1 322.2 4.1 313.4 17.0 100
gr 18 19.0954 0.6534 0.3726 1.3736 0.0516 1.2083 0.8796 324.5 3.8 321.6 3.8 300.6 14.9 101
gr 19 18.8406 0.8230 0.3789 1.3972 0.0518 1.1290 0.8081 326.0 3.6 326.2 3.9 331.1 18.7 100
gr 20 18.6996 0.7232 0.3823 1.2943 0.0519 1.0734 0.8293 325.5 3.4 328.7 3.6 348.1 16.3 99
gr 21 18.5120 0.8065 0.3868 1.5797 0.0519 1.3583 0.8599 326.5 4.3 332.0 4.5 370.8 18.1 98
gr 22 18.7850 0.8483 0.3816 1.2948 0.0520 0.9782 0.7555 326.9 3.1 328.2 3.6 337.8 19.2 100
gr 23 18.2897 0.8611 0.3944 1.4118 0.0523 1.1188 0.7925 328.8 3.6 337.5 4.1 398.0 19.3 97
gr 24 18.3783 1.4207 0.5327 1.6956 0.0710 0.9256 0.5459 442 .4 4.0 433 .6 6.0 387.1 31.9 102
gr 25 17.2123 0.6596 0.6102 1.2637 0.0762 1.0779 0.8530 473 .4 4.9 483 .7 4.9 532.5 14.4 98 
gr 26 17.3014 1.9686 0.6588 2.3061 0.0827 1.2012 0.5209 512.2 5.9 513.9 9.3 521.2 43.2 100
gr 27 16.5881 1.4880 0.7034 1.7386 0.0847 0.8992 0.5172 523.9 4.5 540.8 7.3 612.8 32.1 97
gr 28 17.0671 1.0978 0.6940 1.5104 0.0859 1.0374 0.6868 531.5 5.3 535.2 6.3 551.0 24.0 99
gr 29 17.5189 0.8791 0.6893 1.3120 0.0876 0.9739 0.7423 541.5 5.1 532.4 5.4 493 .7 19.4 102
gr 30 16.6802 0.4470 0.7683 0.9069 0.0930 0.7892 0.8701 573.2 4.3 578.8 4.0 600.9 9.7 99
gr 31 15.9337 0.8860 0.8126 1.6329 0.0940 1.3717 0.8400 578.9 7.6 603.9 7.4 699.2 18.9 96
gr 32 16.4480 0.7987 0.8472 1.4905 0.1011 1.2584 0.8443 620.9 7.4 623.1 6.9 631.2 17.2 100
gr 33 15.7785 1.0693 1.0599 1.3738 0.1213 0.8625 0.6278 738.3 6.0 733.8 7.2 720.0 22.7 101
gr 34 8.143 1 0.6641 5.6289 1.3298 0.3326 1.1521 0.8664 1850.9 18.5 1920.5 11.5 1996.6 11.8 96
gr 35 18.8049 1.3748 0.3032 2.3747 0.0414 1.9362 0.8154 261.3 5.0 268.9 5.6 335.4 31.1 97
gr 36 18.5560 0.4013 0.3076 1.1608 0.0414 1.0892 0.9383 261.6 2.8 272.3 2.8 365.5 9.0 96
gr 37 18.6095 0.6384 0.3235 1.1626 0.0437 0.9717 0.8358 275 .6 2.6 284.6 2.9 359.0 14.4 97
gr 38 18.7040 0.5981 0.3649 1.2222 0.0495 1.0659 0.8721 311.6 3.2 315.9 3.3 347.6 13.5 99
gr 39 18.5132 0.7191 0.3729 1.1979 0.0501 0.9580 0.7998 315.1 2.9 321.8 3.3 370.7 16.2 98
gr 40 19.0286 0.6519 0.3648 1.2612 0.0504 1.0796 0.8561 316.8 3.3 315.8 3.4 308.6 14.8 100
gr 41 18.7707 0.5561 0.3702 1.0185 0.0504 0.8532 0.8378 317.1 2.6 319.8 2.8 339.5 12.6 99
gr 42 18.9276 0.6718 0.3674 1.3087 0.0505 1.1231 0.8582 317.3 3.5 317.7 3.6 320.7 15.3 100
gr 43 18.9005 0.6472 0.3764 1.0706 0.0516 0.8528 0.7966 324.5 2.7 324.4 3.0 323.9 14.7 100
gr 44 18.7608 0.7296 0.3826 1.2919 0.0521 1.0662 0.8253 327.3 3.4 328.9 3.6 340.7 16.5 99
gr 45 19.0557 0.7013 0.3931 1.1803 0.0543 0.9493 0.8043 341.2 3.2 336.6 3.4 305.3 16.0 101
gr 46 16.8281 0.7336 0.5272 1.2282 0.0644 0.9851 0.8020 402 .2 3.8 430.0 4.3 581.8 15.9 94
gr 47 16.8797 0.9412 0.5543 1.3166 0.0679 0.9207 0.6993 423 .4 3.8 447 .8 4.8 575.1 20.5 95
gr 48 17.3661 0.9232 0.5771 1.3556 0.0727 0.9926 0.7322 452 .5 4.3 462 .6 5.0 513.0 20.3 98
gr 49 17.5598 0.6366 0.5753 1.3201 0.0733 1.1564 0.8760 456 .0 5.1 461.4 4.9 488.6 14.1 99
gr 50 17.5902 0.7147 0.5930 1.1788 0.0757 0.9374 0.7952 470.3 4.3 472 .8 4.5 484 .8 15.8 99
gr 51 17.1681 0.6047 0.7050 1.1999 0.0878 1.0364 0.8637 542.6 5.4 541.8 5.0 538.1 13.2 100
gr 52 17.5675 1.2434 0.7126 1.8607 0.0908 1.3842 0.7439 560.4 7.4 546.3 7.9 487 .6 27.4 103
gr 53 16.8581 0.6371 0.7523 1.1544 0.0920 0.9627 0.8339 567.5 5.2 569.6 5.0 577.8 13.8 100
gr 54 17.3496 0.9455 0.7312 1.3545 0.0920 0.9699 0.7161 567.6 5.3 557.3 5.8 515.1 20.8 102
gr 55 16.8241 0.7006 0.7587 1.2697 0.0926 1.0588 0.8340 571.0 5.8 573.2 5.6 582.2 15.2 100
gr 56 16.5935 0.6732 0.7853 1.2257 0.0945 1.0243 0.8357 582.4 5.7 588.5 5.5 612.1 14.5 99
gr 57 16.8288 0.7002 0.7990 1.1253 0.0976 0.8810 0.7828 600.1 5.0 596.3 5.1 581.6 15.2 101
gr 58 17.4206 2.2674 0.8180 2.6551 0.1034 1.3815 0.5203 634.3 8.3 606.9 12.1 506.1 49.9 105
gr 59 15.8591 0.7981 1.0076 1.1225 0.1159 0.7894 0.7032 707.2 5.3 707.7 5.7 709.2 17.0 100
gr 60 15.7177 0.6148 1.0294 1.0855 0.1174 0.8946 0.8241 715.6 6.1 718.6 5.6 728.2 13.0 100
gr 61 14.9947 0.8572 1.1786 1.2408 0.1282 0.8971 0.7230 777.8 6.6 790.7 6.8 827.2 17.9 98
gr 62 13.9566 0.8013 1.6199 1.3584 0.1640 1.0969 0.8075 979.2 10.0 978.0 8.5 975.1 16.3 100
gr 63 13.9518 0.7371 1.4430 1.6049 0.146 1 1.4256 0.8883 878.9 11.7 907.0 9.6 975.9 15.0 97
gr 64 13.8720 0.7699 1.6899 1.1580 0.1701 0.8650 0.7470 1012.6 8.1 1004.7 7.4 987.5 15.7 101
gr 65 13.8123 0.6730 1.6290 0.9840 0.1633 0.7179 0.7295 974.8 6.5 981.5 6.2 996.3 13.7 99
gr 66 8.5774 0.6563 5.3987 1.0497 0.3360 0.8192 0.7804 1867.4 13.3 1884.7 9.0 1903.7 11.8 99
gr 67 8.3839 0.7987 5.2208 1.4162 0.3176 1.1695 0.8258 1778.0 18.2 1856.0 12.1 1944.6 14.3 96
gr 68 7.6819 0.6584 6.7624 1.1874 0.3769 0.9882 0.8322 2061.9 17.4 2080.8 10.5 2099 .6 11.6 99
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An age of 238.5±2.8 Ma (Middle Triassic) was 
obtained from a zircon grain (gr 2) with a magmatic 
texture with 99% compatibility (Table 3; Figure 
19). The other zircon grain (gr 1) yields an age of 
82.7±0.8 Ma (Campanian). It is observed that the 
first age is compatible with the Triassic depositional 
age obtained from the previous sample. Campanian 
can interpreted as metamorphic age considering the 
tectono-metamorphic evolution of the region. 

Figure 17- Histogram of sample 17 N 16 showing the age 
distribution.

Figure 18- The cathodoluminescence photographs of the zircons of the 17 N 18 amphibolite sample and the analysis spots through the age 
determination.

Figure 16- a) All zircons of the sample 17 N 16 on the concordia diagram, and b) the grains younger than 600 Ma on the concordia diagram.
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7. Results

The findings obtained from this study and their 
meaning in terms of regional tectonics can be grouped 
under four headings:

7.1. Stratigraphy of the Niğde Massif

Paleozoic-Mesozoic was given for the age of the 
metamorphics of the Niğde Massif which displays 
very wide range, and it was accepted that it consists 
of three formations with a conformable contact 
relationship with each other in previous studies. In 
this study, the Late Devonian, Carboniferous-early 
Permian and late Permian deposits representing 
a conformable and transitional succession and a 
total of six Triassic, Jurassic-Cretaceous and Late 
Cretaceous formations overlying and unconformably 
separated from each other were distinguished. Niğde 
group by Göncüoğlu (1981) and the Kaleboynu 
and Gümüşler formations defined by Atabey et al. 

(1990) under Niğde metamorphic sequence were 
generally distinguished in the same way in this study, 
although there are minor differences in the definition. 
However, a significant part of the marbles, which 
is included in the Gümüşler formation by Atabey et 
al. (1990), was distinguished as the Jura-Cretaceous 
Kırtepe formation, which unconformably overlies 
the older units in the metamorphic succession. On 
the other hand, previous researchers have defined 
the Aşıgediği formation considering very different 
lithofacies together; however, four formations within 
this unit have been defined in this study as the Triassic 
Söğütlüdere, Jurassic-Cretaceous Kırtepe, Late 
Cretaceous Kırkpınar formation and late Permian 
Kızıldağı formation seperated with unconformable 
contacts (Figure 20). Thus, the stratigraphy of the 
Niğde Massif is completely renewed and the Late 
Devonian-Late Cretaceous formation partly separated 
from each other by unconformities that have been 
distinguished. 

7.2. Age and Tectonic Environment of  Basic Volcanism

The unit (Söğütlüdere formation) of the 
amphibolite sample used for radiometric dating. 
This unit is unconformably underlain by the 
marbles of late Permian Bozçaldağ formation and is 
unconformably overlain by the Jurassic-Cretaceous 
marbles. Furthermore, it displays characteristics that 
can be correlated with similar Lower-Middle Triassic 
successions in the Taurus Mountains (Geyikdağı 
unit, Aladağ nappe, also Bodrum nappe, Bolkardağı 
nappe). The 239 Ma (Middle Triassic) zircon U/
Pb age obtained from the amphibolite sample is 
consistent with these stratigraphic data and shows that 
the common basic magmatism in the Niğde Massif is 
Triassic in broad sense. The geochemical results of 
the amphibolites indicate that the basic magmatism 
is associated with alkaline composition and displays 
anorogenic character. Geochemical, geochronological 

Figure 19- Two zircons aged in sample 17 N 18 on the concordia 
diagram.

Table 3- Isotope ratios of sample 17 N 18.

 Isotope Ratios Apparent Ages (Ma)  

206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* :!: Best 
age ±

207Pb* (%) 235U* (%) 238U (%) corr_ 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma)

19.0356 6.0 0.0935 6.1 0.0129 1.0 0.16 82.7 0.8 90.8 5.3 307.7 137.5 82.7 0.8

19.4177 0.7 0.2676 1.3 0.0377 1.2 0.87 238.5 2.8 240.7 2.9 262.3 15.0 238.5 2.8
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data and stratigraphic observations show that 
volcanism during the Triassic indicates an extensional 
tectonic environment that developed in a continental 
crust. 

7.3. Source Rock Problem of the Triassic Metaclastics 

In recent years, studies on the determination 
of source rocks of clastic rocks have become very 
popular and many articles have been published on 
this subject. Detritic zircon geochronology has been 
widely used for these type of further provenance 
studies (Fedo et al., 2003), which helps to approach 
paleogeographic position of a tectonic unit in a given 
period of time. The Istanbul Zone (Okay et al., 2011), 
Sakarya Zone (Akdoğan et al., 2019; Ustaömer et 
al., 2016), Taurus (Ustaömer et al., 2019), Menderes 
(Zlatkin et al., 2013) and Bitlis (Ustaömer et al., 2012) 
massifs and Karaburun-Chios (Meinhold et al., 2008; 
Löwen et al., 2017) have been especially studied 
using this technique. For this purpose, clastic zircon 
dating was carried out using the U/Pb method from a 
schist sample of the Middle-Late Triassic Söğütlüdere 
formation in the Niğde Massif. Results of 67 analysis 
spots with 90-110% concordance are as they are given; 

4 grains of (6%) Paleoproterozoic (1904-2100 Ma), 
1 grain of Mesoproterozoic (1012 Ma), 19 grains of 
(29%) Neoproterozoic (542-979 Ma), 3 grains of (5%) 
Cambrian (512-532 Ma), 4 grains of (6%) Ordovician 
(453-473 Ma), 2 grains of (3%) Silurian (423-442 
Ma), 1 grains of Devonian (1%) (402 Ma), 25 grains 
of (38%) Carboniferous (301- 342 Ma), 6 grains of 
(9%) Permian (253-292 Ma) and 2 grains of (3%) 
Triassic (223-224 Ma) (Figure 17). Neoproterozoic 
(29%) and Carboniferous (38%) zircons constitute 
the two dominant populations in the rock. Some 
zircons of the Paleozoic period are also present apart 
from those. Among the Precambrian zircons in the 
sample, Neoproterozoic ones constitute the dominant 
group, while 4 Paleoproterozoic zircons accompany 
them. The sample clearly contains voids in terms 
of Mesoproterozoic zircon (1 unit) (Figure 17). It is 
commonly accepted that the Gondwana completed its 
amalgamatiom process in the early Cambrian (Torsvik 
and Cock, 2013). Magmatic and metamorphic 
processes along the northern margin of supercontinent 
has critical importance to understand the positions of 
primary paleogeographic positions of the microplates, 
which was broken away from that margin and drifted 

Figure 20- Correlation sections of the Niğde Massif metamorphics.
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towards northerly.  The region around the Amazon 
Craton to the west is characterized by the widespread 
presence of Mesoproterozoic (1600-1000 Ma) zircons 
associated with the Greenville Orogeny (1250-980 
Ma). The West African Craton is defined by the 
presence of approximately 2000 Ma of magmatic 
activity (Altumi et al., 2013). The Arabian-Nubian 
Shield and the Saharan Metacraton are characterized by 
the presence of extensive Neoproterozoic (Cryogenic-
Ediacaran) magmatism (Johnson and Kattan, 2007; 
Johnson et al., 2011; Robinson et al., 2014; references 
therein) towards east especially throughout the 
Northeast Africa. Considering the zircon population 
in the sample used for geochronological studies, 2000 
Ma and 1250-980 Ma (Mesoproterozoic) grains are 
extremely poor in terms of zircon (2 in total), on the 
contrary, Neoproterozoic zircons constitute the second 
dominant peak with a rate of 29%. These data point 
to the Saharan Metacraton and the Arabian-Nubian 
Shield in Northeast Africa as the source rock of the 
Precambrian zircons for the sample of the Söğütlüdere 
formation. This possibility is also compatible with 
the modern idea of   the north of Arabia, which was 
proposed for the pre-Triassic paleogeographic location 
of the Taurus Mountains based on various geological 
data (Şengör and Yılmaz, 1981; Şengör et al., 1984; 
Stern, 1994; Stampli and Borel, 2002; Monod et al., 
2003; Gessner et al., 2004; Linnemann et al., 2007; 
Ustaömer et al., 2009). The most dominant zircon 
assemblage in the sample is Carboniferous with a rate 
of 38%.

As well documented (Okay and Topuz, 2017, 
references therein), the southern margin of Laurussia is 
characterized by the Pelagonian Zone in Greece (315-
275 Ma; Anders et al., 2007) and the Cyclades (317 
Ma; Engel and Reischmann, 1998) (Central European 
crystalline basements in the West),  Caucasus in the 
east (331-325 Ma; Gamkrelidze et al., 2011), the 
Carboniferous high temperature metamorphism of the 
Variscan basement of the Sakarya Zone (345-310 Ma; 
Topuz et al., 2007; Ustaömer et al., 2013) and existence 
of accompanying widespread syn-post metamorphic 
plutons (325-310 Ma; Topuz et al., 2010, 2020; 
Ustaömer et al., 2013). In recent years, Carboniferous 
zircons form an extremely dominant assemblage, 
especially in the zircon dating of the Taurus (Ustaömer 
et al., 2019), Konya mélange (Löwen et al., 2018, 
2019) and Karaburun-Chios mélange (Löwen et al., 

2017) clastics and the Variscan crystalline basement 
was predicted as the source rock and the southern edge 
of Laurussia as the paleogeographic location based on 
the data obtained.  However, new findings obtained 
in recent years indicate the presence of Carboniferous 
magmatism, which is generally associated with 
a short-term subduction or extensional regime in 
the northern margin of the Gondwana (Teke Dere; 
Robertson and Ustaömer, 2009; Feke unit/Saimbeyli; 
Dalkılıç, 2009; Çataloturan/Eastern Taurus; 
Göncüoğlu et al., 2007; Afyon Zone; Candan et al., 
2016; Binboğa metamorphics; Robertson et al., 2021). 
Ustaömer et al. (2019) revealed that these zircons 
do not match with the Laurussian magmatic activity 
based on the Hf isotope values   of the zircons selected 
in Triassic sandstones of the Taurus Mountains. When 
the stratigraphic similarities of the Niğde Massif 
metamorphites with the Taurus units and the data that 
the Anatolide-Tauride Block remained connected to 
Gondwana until the Triassic are evaluated together, 
Carboniferous magmatism development on the 
northern margin of the Gondwana can be predicted 
as the source rock of the zircons in the Söğütlüdere 
formation clastics. In the aged sample, the presence of 
Ordovician, Silurian and Devonian zircons was also 
detected in addition to these zircons. Until recently, 
problems have been experienced in the source rock 
interpretations of these aged detrital zircons in the 
Taurus units. However, radiometric data in recent 
years have revealed the presence of magmatism at 
these ages on the northern margin of the Gondwana. 
Topuz et al. (2021) suggested the 430-440 Ma (Late 
Ordovician-Silurian) aged anorogenic metagranites 
associated with the opening process of the Paleotethys 
Ocean in Ağrı/Taşlıçay. The presence of the Ordovician 
metagranites (467 Ma) is also known in the Tavşanlı 
Zone  (Okay et al., 2008). In addition to these, two 
Triassic zircon grains were dated in the sample. 
Widespread presence of Triassic magmatic activity in 
the north of Gondwana (Karaburun 247 Ma, Akal et 
al., 2011; Menderes Massif 246-235 My, Koralay et 
al., 2001; Afyon Zone 250-229 Ma, Akal et al., 2012; 
Özdamar et al., 2013). ) has been documented in many 
studies.

The Northeast African/Saharan Metacraton and 
the Arabian-Nubian Shield can be interpreted as the 
source area of   the Precambrian zircons from the sample 
dated based on the data and results presented above. 
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For the Paleozoic-Triassic zircons in the sample, the 
periodic extensional regimes and magmatic activities 
associated with short-term subduction on the northern 
margin of Gondwana can be suggested as the source 
rocks.

7.4. The Position of Basic Volcanism in Regional 
Tectonics

The similarities of the Paleozoic succession of 
the Niğde Massif within the Kırşehir Block, which 
was defined as the continental block in previous 
studies, to the Arabian Plate (Perinçek, 1990) and 
Taurus units (Özgül, 1976; Özgül and Kozlu, 2002) 
indicate that this continental block remained attached 
to north of the Gondwana during the Paleozoic. 
The findings until nowadays show that the northern 
margin of the Gondwana has been affected by periodic 
extensional regime since the Early Paleozoic and 
short-term subduction in the Carboniferous (Candan 
et al., 2016; Robertson et al., 2021). As a result of 
these extension processes, it is widely accepted that 
continental fragments broke away from the north 
of the Gondwana during the Early Paleozoic-Early 
Mesozoic interval and were drifted northward and 
amalgamated to the continental fragments in the 
north (the fragments constituing the Laurussia in 
broad sense) (Von Raumer and Stampfli, 2008; 
Stampfli et al., 2013; Torsvik and Cocks, 2013 and 
references therein). It is suggested that Avalonia was 
the first continental fragment broken away from the 
north of the Gondwana (the part of Amazonia and 
West African cratons) associated with the opening 
of the Reich Ocean in the Middle Ordovician (~470 
Ma), which is resulted in Caledonian Orogeny, and 
amalgamated with Laurentia and Baltica to form 
Laurussia in the north during late Silurian (~420 Ma) 
(Stampfli and Borel, 2002; references in Von Raumer 
and Stampfli, 2008). The second continental fragment 
broke away from the northern part of Gondwana is 
called the Armorica Continent, especially in Central 
Europe, although it is defined by different names in 
many studies (Stampfli and Borel, 2002; Stampfli 
et al., 2013 and references therein). It is generally 
accepted this continental fragment was broken away 
from the North Africa and breaking-away processes 
resulted in the opening of the Paleotethys Ocean. 
However, the timing of the opening of the Paleotethys 
Ocean and whether this opening occurred at the same 

time along the North Africa is still controversial today. 
New geochemical and geochronological findings 
indicate that this opening took place in the Balkans 
and Türkiye around 440 Ma (Late Ordovician-early 
Silurian) (Topuz et al., 2020, 2021). This continental 
fragment collided with Laurussia in the north and 
Pangea was formed during the Late Carboniferous 
in the following stage (Muttoni et al., 2003; Stampfli 
et al., 2013). High-grade metamorphism and 
accompanying widespread magmatism (Variscan 
Orogeny) commonly observed in Central Europe and 
its eastern extension, Balkan countries, Sakarya Zone 
and Caucasus (Okay and Topuz, 2017) are associated 
with this collision and supercontinent formation. The 
extension process that was present along the northern 
margin of the Gondwana in the Early Triassic is 
associated with the opening of the Neotethys oceans, 
which largely shaped the present geological structure 
of the Eastern Mediterranean, and the breaking-away 
of the Anatolide-Tauride Block from the Gondwana. 
It is suggested that the Neotethys Ocean system was 
formed by the formation of two new oceans as the 
northern and southern branches in the previous studies 
(Şengör and Yılmaz, 1981; Okay et al., 2006). However, 
the new findings especially from the Sakarya Zone in 
recent years indicate Paleotethys Ocean subducted 
beneath southern margin of the Laurassia during 
the late Carboniferous or late Permian (Topuz et al., 
2004) towards north and commenced to closure  and 
it is suggested that this oceanic area existed until the 
continental collision in the Eocene (Okay, 2000; Okay 
and Nikishin, 2015; Okay et al., 2020). In summary, 
the current dominant suggestion is that the northern 
branch of the Neotethys Ocean did not open and the 
Anatolide-Tauride Block was broken away from the 
Gondwana as a result of the Southern Branch of the 
Neotethys Ocean opening in the Triassic (Göncüoğlu 
et al., 2003; Okay et al., 2006). The Kırşehir Block is 
interpreted as an isolated continental fragment within 
the Tethys Ocean in almost all of the paleogeographic 
maps within this general tectonic framework (Barrier 
et al., 2018). The boundary between the Kırşehir 
Block and the Anatolide-Tauride Block is defined as 
a suture zone in the tectonic map of Türkiye (Okay 
and Tüysüz, 1999). This boundary corresponds a 
former subduction zone considering the suggestions 
of the Late Cretaceous high-pressure metamorphism 
belt (Afyon Zone) along this boundary (Candan et al., 
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2005; Pourteau et al., 2010) and the ophiolitic rocks 
in Mersin region derived from the same area (Parlak 
ve Robertson, 2004) and it indicates existence of an 
oceanic area between the Anatolide-Tauride Block and 
the Kırşehir Block in Mesozoic period. Only limited 
data is available for the opening of this oceanic area, 
which is called the Inner Tauride Ocean and Görür et 
al. (1984) suggests Early Jurassic. 

Field observations and geochemical/
geochronological data on the studied amphibolites 
indicate that initiation of the rifting in Anatolide-
Tauride block, opening of the Inner Tauride Ocean 
and breaking-away processes of the Kırşehir Block 
occured during Middle-Late Triassic period in terms 
of long-term periodic extensional processes along 
the northern margin of the Gondwana. These new 
findings reveal that the Anatolide-Tauride Block and 
the Kırşehir Block were contemporaneously broken-
away from the northern part of Gondwana. 
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ABSTRACT
In this study, the production technology of barite, fluorite, rare-earth elements, and thorium-bearing 
rare-earth oxides from the Eskişehir-Beylikova were investigated, and the processes that can be 
used in the production of thorium-free mixed rare earth oxides were tested. The applied processes 
are roasting, leaching, solvent extraction and precipitation methods, respectively. After all studies, 
the optimum roasting temperature and roasting duration are determined as 600 °C and 1 hour. In 
the extraction stage, the highest leaching efficiency is achieved with 5 M HCl, 1-hour leaching 
duration, 1/3 solid/liquid ratio and 35 °C leaching temperature. While methyl tri C8-C10 ammonium 
chloride (Adogen 464) is used for the removal of iron from produced solution, di-(2-ethylhexyl) 
phosphoric acid (D2EHPA) is used for the removal of thorium. As a result of solvent extraction 
studies, the solution containing rare earth elements is precipitated under optimum conditions. After 
precipitation, the product contains 99.65% rare earth oxides.
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1. Introduction

Today, engineering studies in the fields of geology, 
mining, metallurgy and materials have accelerated to 
balance the supply and demand of rare earth elements 
(REE), which is one of the main sources of technological 
developments. Especially the development and 
usage of permanent magnets made of an alloy of 
neodymium, iron and boron NdFeB, providing better 
magnetic properties than the ones before them have 
had a big impact on improving this field. Due to 
the usage of these magnets in fields such as electric 
vehicles and wind turbines, the demand for REEs is 
constantly increasing. Today, the biggest supplier is 
China (Cheisson and Schelter, 2019). Considering 
the increasing worldwide demand and environmental 
problems caused by REE mines in China, in recent 
years, the trends towards recycling and alternative 
mineral resource has started (Sprecher et al., 2014; 

Swain and Mishra, 2019). These trends also arise 
because of strategic reasons. For example, according 
to the European Commission and other studies, REE 
is classified as a critical raw material since the price 
fluctuations in 2011 (European Commission, 2020). 
The 11th Development Plan, set Türkiye development 
vision, and used it as a basic roadmap, aims to develop 
projects for REEs to meet the raw material needs of 
the industry, and studies were started for this purpose. 
The primary REE resources are bastnaesite, monazite 
and xenotime. Although parisite mineral [Ca(Ce, 
La)2(CO3)3F], contains lanthanum and cerium and is 
similar in structure to bastnaesite, cannot be used to 
produce REE (Obuz et al., 2018). In previous studies, 
the ore mineral observed in the Eskişehir-Beylikova 
area were mentioned as barite, fluorite and bastnaesite 
(Altaş et al., 2018). However, as a result of the recent 
mineral liberation analysis on the Eskişehir-Beylikova 
ore, it was determined that the REE-bearing main 
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mineral is Th-parisite (Yeşilören Görmüş et al., 2021). 
For the evaluation and separation of REE-bearing ores, 
hydrometallurgy is one of the main methods (Erdem 
et al., 2021). For the separation and purifications to 
be carried out in the further stages, the REEs must be 
transferred to the solution. The process is solving of 
ores in different solvents such as acids and bases and 
getting the valuable elements into a solution is called 
leaching (Krishnamurthy and Gupta, 2015). 

In the literature for REE extraction from solids, the 
soluble forms of REE-bearing minerals are formed by 
applying a roasting process at first. These processes 
can be classified as oxidising roasting (Zhao et al., 
2018), heating with sulfuric acid (Kul et al., 2008) and 
chlorination roasting (Chi et al., 2004). In this step in 
the solution extracted from solid, other elements in 
the ore structure are also observed depending on ore 
type and extraction conditions. The solvent extraction 
technique is used in the separation and purification of 
the REEs by utilizing some characteristic chemical 
properties of them (Qi, 2018). This technique is carried 
out to ensure dispersion of the intended amounts of the 
required elements by creating two immiscible liquid 
phases. While one of the phases that are used, includes 
REE ions the other is the organic components that 
dissolved in an apolar solvent. 

The mentioned organic components are structures 
that form complexes with metal ions, also called 
ligands. In this technique, the metal-ligand complexes 
that are produced by coordination bonds transfer 
to the organic phase and the desired separation are 
achieved (Choppin and Morgenstern, 2000; Rydberg 
et al., 2004; Lawrence, 2010). Sadri et al. (2017) 
obtained rare earth oxalates by roasting with sulfuric 
acid at 200 °C, taking to the solution with water, and 
precipitating with oxalic acid from monazite collected 
from Marvasat (Iran) placer deposit. Walawalkar et al. 
(2016), on the other hand, studied REE enrichments 
from phosphogypsum which is the main by-product of 
phosphoric acid the leaching by three different acids.  

Although the best efficiency is with nitric acid, 
they argued that hydrochloric acid is more suitable 
due to the cost of extraction (Walawalkar et al., 2016). 

Kursunoglu et al. (2021) used the sulfuric acid 
roasting technique on bastnaesite-bearing ore instead 

of the direct acid leaching method. Then, they obtained 
rare earth oxalates by taking the obtained solid into 
a solution with water and precipitating it with oxalic 
acid directly. After the calcination of these oxalates, 
the obtained rare earth oxide (REO) product contains 
6 % thorium (Th). It is known that this high thorium 
content will be a problem the matter such as operation 
and waste management, and so dangerous for human 
health (Judge and Azimi, 2020). The elements like Fe 
and Th that come from the mineral after the solution 
will affect the purity of the solution and may cause 
problems in the process and must be taken away. For 
thorium components to be by-products, iron which 
can display co-execution is emphasized. El Afifi et 
al. (2019) achieved the elimination of the Th and Fe 
from chloride solutions containing REE by applying 
direct precipitation with potassium sulfate and sodium 
sulfide. However, this technique was not able to 
provide enough explanation of the output of Th as a 
by-product. In the study done by Erdem et al. (2020), 
after the removal of Fe, U and Th from the solution by 
solvent extraction, the Th recovery process is started. 
REE solutions which are purified from impurities, 
can be evaluated by both direct solvent extraction and 
precipitation-dissolving. In this study, solving and 
precipitation steps are examined for the next studies in 
which REE separation will be made. After eliminating 
the Fe, U and Th impurities from the solution, 
using the solubility product values, a precipitation 
method is applied in which impurities that have high 
concentrations such as Al, Ca, Mn are not present.

2. Raw Material and Technique

2.1 Raw Material and Equipment

The raw ores taken from the Eskişehir-Beylikova 
area are first subjected to a beneficiation process 
in General Directorate of Mineral Research and 
Exploration laboratories. Because of the differences in 
the grain sizes of the minerals and abrasion resistance, 
the pre-concentrate production scrubbing method 
is used primarily. The -10 µm sample obtained as a 
result of abrasion was subjected to barite flotation 
and the samples to be used in metallurgical studies 
were prepared. The pre-concentrate produced as 
a result of these processes was used in roasting. 
After the processes, the concentration of fluorite-
REE produced from raw minerals is determined 
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with the X-Ray Fluorescence Spectrometer (XRF) 
and Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICPAES). The roasting temperatures of 
ore are determined by Differential Thermal Analysis-
Thermal Gravity (DTA-TG). All of the acids and 
chemicals used and di-2-Ethylhexyl phosphoric acid 
(D2EHPA), tri octyl amine (Alamine 336), and decyl 
alcohol (1-Decanol) are of analytic quality. Kerosene 
is acquired from local sources. All of the solvents are 
directly used without any purification process.

Metal concentration in the solution is determined 
with the Agilent 725 Series ICP-OES. Concentrations 
in the solid material were determined with the Thermo 
Scientific ARL Perform’x 388 XRF. Energy and 
weight changes with the temperature were determined 
by SETARAM brand labSys evo model TG-DTA-
DSC device.

2.2. Hydrometallurgical Processes

Before solving the solid sample, the roasting 
experiments are done by a rotary furnace at different 
temperatures, based on the data obtained from DTA 
analysis. In these experiments, 700g of sample for 
each temperature is fed into the preheated oven. By 
rotating the oven at 30 rpm, the sample was mixed 
homogeneously at the specified temperature. The 
sample is placed in a homogeneous temperature 
area inside the oven and does not overflow. The 
temperature in the homogeneous temperature area 
inside the furnace was measured by a thermocouple. 
After the roasting temperature was determined, 
experiments were carried out to determine the roasting 
time at the same temperature. To examine the effect 
of roasting temperature and time, the extraction time 
was kept constant for one hour with 5 M HCl with a 
1/3 solid/liquid ratio. As a result of the experiments 
with sulphuric acid (H2SO4), hydrochloric acid (HCL) 
and nitric acid (HNO3) at different concentrations, the 
most suitable acid and solid/liquid ratio (1/3,1/4,1/5), 
extraction time and temperature parameters are 
determined. The solids prepared at the determined 
roasting temperature and time were weighed in the 
required quantities. Then, the solids were slowly 
added to the acids prepared in the glass beaker placed 
on the magnetic mixer. After the addition of all the 
solids, the extraction process is commenced. During 
the extraction, a Teflon-coated magnetic mixer 

was used to ensure that the suspension between the 
solid-liquid particles was homogeneous. The same 
diameter beakers and the same mixer were used for 
all experiments. All experiments were carried out 
in the same type of magnetic mixer and the mixing 
speed was kept constant at 550 rpm. When extraction 
was completed, samples were taken and filtered by 
using Whatman No: 3 filter paper, a Bühner funnel 
and Nuce flask. The solid remaining on the filter 
paper was washed with pure water. The volume of 
the solution produced from solid-liquid separation is 
determined and analysed in the ICP-OES device. The 
remaining solid was dried at 105 °C for 24 hours. The 
remaining solid was weighed and analysed by XRF. 
Solvent extraction experiments were carried out in a 
glass beaker and mixed with a Teflon propeller in a 
two-phase mechanical mixer. As a result of solvent 
extraction experiments performed with determined 
parameters (Erdem et al., 2020), inlet and outlet 
solutions were analysed and loading rates were 
determined. 

For REE precipitation from the solution, 0,8 mole/l 
oxalic acid solution was used. REE/oxalate mole 
ratio, precipitation temperature and time parameters 
were investigated. As a result of the examination, the 
parameters with the most REE and the least impurity 
precipitated were determined. To determine the mixing 
time, the sample was taken and filtered by calculating 
the time elapsed since the oxalic acid was added. The 
filtrate was concentrated with nitric acid to prevent 
further precipitation.

2.3. Evaluation of the Data

The weight loss values observed in the roasting 
step are calculated by the formula in Equation 1. In 
this formula the minput represents the mass entering the 
roasting and the moutput represents the mass of the final 
product.

 (1)

The solving rate calculated over the metal 
concentration at the extraction stage is presented in 
Equation 2. In equation 2 Csol represents the metal 
concentration as mg/l in the solution detected by ICP-
OES, Vstock represents the volume of solution after 
washing as litre, Csolid represents the concentration of 
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the metal as mg/kg in the input solid which wishes to 
take into to solution, and minput is the weight of input 
solid as kg.

 (2)

The data obtained from the measurement XRF was 
evaluated in Equation 3.

In Equation 3, Cinput represents the percent 
concentration of metal wished to calculate to solving 
rate in the input solid material, minput weight of the 
input solid, Coutput percent concentration of the metal 
wish to calculate to solving rate in the output solid 
material, moutput weight of the output solid.

 (3)

The precipitation rate is calculated by Equation 4. 

In Equation 4, Coutput represents the metal 
concentration value in mg/l of remain in solution after 
precipitation, Cinput metal concentration value in 
mg/l of solution before precipitation, Voutput is the 
measured volume after precipitation, Vinput is the 
volume of precipitated solution in litre.

 (4)

3. Experimental Results

3.1. Raw Material Categorization

The contents of the fluorite-REE pre-concentrate 
obtained from the Eskişehir-Beylikova complex ore 
determined by the XRF are presented in Table 1. The 
pre-concentrated ore contains a total of 8.55% rare 
earth oxide (TREO). DTA-TG analysis was carried 
out to determine the roasting temperature before the 
extraction experiments. The DTA-TG analysis result 
is presented in Figure 1.

Figure 1- DTA-TG analysis of the Fluorite-REE pre-concentrate obtained from the Eskişehir - Beylikova region. 

Table 1- Composition of Fluorite-REE pre-concentrate obtained from Eskişehir - Beylikova region.

Oxide CeO2 La2O3 Nd2O3 Pr6O11 Y2O3 Er2O3 ThO2 U3O8

Composition (%) 4.52 2.92 0.75 0.26 0.09 0.01 0.38 0.03
Oxide BaO Fe2O3 CaF2 SiO2 Al2O3 MnO MgO LOI
Composition (%) 5.81 9.84 31.8 14.2 6.6 1.66 1.08 12.6
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As a result of the DTA analysis, it was observed 
that an endothermic reaction happens at a temperature 
of 414°C. This reaction was compared with later 
X-Ray diffraction analysis (XRD) analyses and it 
was determined that the roasting process should be 
started at 400 °C. The weight loss data obtained in TG 
analysis is determined as 1.3% in the 210 - 330°C and 
2% in the 365 - 470°C range.

3.2. Roasting and Extraction Optimisation

The ore samples were roasted for 1 hour at 400, 
500 and 600°C, respectively, and then extracted 
with HCl. The results obtained with Equation 3 are 
presented in Figure 2.

As seen in Figure 2, the solving rate increases 
between the temperatures of 400-600°C, and the 
rate decreases when the temperature is increased 
further. The solving rate of total rare earth element 
(T-REE) increased to 89%, at 600 °C which is the 
maximum temperature in the roasting process. After, 
the roasting temperature is determined as 600 °C, at 
this temperature, with the same extraction parameters, 
the effect of roasting duration on solving rate was 
investigated. The results are presented in Figure 3.

While examining the effect of roasting time on 
taking REEs into solution, while an increase in the 
solving amount between no roasted 0 points with the 
1-hour roasting point in the roasting duration axis, 
after this, solving rate remained stable at the continued 

roasting after 1 hour. In this process, the weight loss is 
calculated as %6 on average.

Direct leaching and post-roasting leaching 
experiments were carried out to take REEs into 
solution. In these experiments, the most suitable 
roasting parameters are used that were determined 
in the previous steps. The obtained solving rates 
by extraction with three different acids are given in 
Figure 4.

In the leaching experiments performed with HCl 
(Figure 4a), a 40% difference is observed in the 
solving rate between the non-roasted and roasted 
samples. It wasn’t observed any differences in solving 
rate after 5 mole/l in the extraction experiments with 
roasting. In the experiments performed with HNO3 
(Figure 4b), the difference is less between the non-
roasted and roasted samples. The solving rate obtained 
from HNO3 leaching on the roasted sample is not 
at the same level as HCl leaching even if used at 8 
mole/l. The solving rate in the leaching experiments 
performed with H2SO4 (Figure 4c) sharply decreased 
after 4 mol/l concentration. The reason for this is the 
high calcium (Ca) ratio contained in the concentrate. 
Because of the Ca ratio, calcium sulphate (gypsum) is 
formed in sulphuric acid extraction.

The 5 M HCl concentration, which was determined 
as the most suitable parameter, negatively affects the 
hydrodynamic interactions between the acid and the 
concentrate during the extraction. As a result, a sharp 

Figure 2- The effect of roasting at different temperatures on the 
solving rate (1-hour roasting time, 5M HCL, 1/3 solid/
liquid ratio, 1-hour extraction time).

Figure 3- The effect of roasting time on REE dissolution (600 °C 
roasting temperature, 5 M HCL, 1/3 solid to liquid ratio, 
room temperature).
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decrease is observed in the REE dissolution. According 
to the differences between these three acids, a higher 
solving rate with HCl at a lower concentration was 
determined. The parameters where the effect of 5 
M HCl with solid/liquid is observed are tested. The 
results are presented in Figure 5.

When the effect of the solid/liquid ratio was 
examined, only a 0.2% increase was observed after the 
1/4 ratio. For this reason, 1/4 of the solid/liquid ratio 
is used for the following steps. Then, the experiments 
were carried out to examine the effect of leaching 
temperature on solving rate and the results given in 
Figure 6. 

Figure 4- Extraction of unroasted (dashed line) and roasted samples with a) HCl, b) HNO3, c) H2SO4 acids.

Figure 5- The effect of solid/liquid ratio on the solving ratio in the 
pre-concentrate sample that was roasted at 600 °C for 1 
hour and extracted with 5 M HCl acid for one hour at 
room temperature.

Figure 6- The effect of leaching temperature on solving rate on 
the pre-concentrate sample which is 1 hour roasting at 

 600 °C and, one hour leached with 5 M HCl acid and ¼ 
solid/liquid ratio.
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When the extraction temperature was increased 
from room temperature to 35 °C, 6% increase was 
observed in solving rate. Subsequently, as the 
extraction temperature was increased lower increases 
were observed in the solving rate. Even though the 
solving rate was increased in the extraction at 80 °C, 
because of heating costs for keeping extraction at 
high temperatures, it is evaluated as disadvantageous. 
For this reason, it was concluded that the optimum 
extraction temperature is 35 °C. To examine the 
effect of the extraction time on the determined 
optimum parameters, the solving rates obtained in the 
experiments carried out between 15-120 minutes are 
presented in Figure 7.

When the extraction time was increased from 
15 minutes to 60 minutes, an increase of 10% was 
observed in the solving rate, while an additional 2% 
increase in the solving rate was observed when the 
extraction time was increased from 60 minutes to 120 

minutes. Considering these data, it was determined that 
the extraction time of 60 minutes was sufficient for the 
rate of taking REEs into solution. The concentrations 
of waste products of input, roasted and extraction 
solids are presented in Table 2.

The extraction was done in three repetitions under 
optimum conditions which are 1 hour roasting at 
600 °C temperature, and then 1/4 solid/liquid ratio, 
35 °C temperature for 60 minutes with 5 M HCl. 
During these repetitive extractions, different stock 
volumes are acquired. Concentrations varying 
according to stock volumes were determined with the 
ICP-OES. The mean and standard deviations of these 
values were calculated. The results are presented in 
Table 3.

Table 3- The content of the solution obtained as a result of roasting 
and extraction under optimum conditions, determined by 
ICP-OES.

Element Average 
concentration (g/l)

Standard 
deviation ( g/l)

TREE 22.00 0.68

Al 5.30 0.46

Ba 0.67 0.10

Ca 5.09 0.35

Fe 10.58 1.60

Mn 3.91 0.09

Si 0.16 0.01

Th 0.63 0.01

3.3 Solvent Extraction Studies

For REO production from the solution obtained 
by roasting and extraction of the above-mentioned 
pre-concentrate, the oxalic acid was added until 
precipitated all REEs, at first. The precipitation rate of 

Figure 7- The effect of extraction time to take REE into solution 
from pre-concentrate under the determined optimum 
parameters (1 hour roasting at 600 °C, 5 M HCl, 1/4 solid/
liquid ratio,  35 °C extraction temperature).

Table 2- XRF results of concentrate, roasted concentrate and residue samples.

Sample CeO2 La2O3 Nd2O3 Pr6O11 Y2O3 Er2O3 ThO2 U3O8

Concentrate (%) 4.52 2.92 0.75 0.26 0.09 0.01 0.38 0.03

Roasted (%) 4.82 3.18 0.80 0.26 0.10 0.02 0.40 0.03

Waste(%) 0.78 0.44 0.05 <0.01 0.04 0.02 0.14 0.01

Sample BaO Fe2O3 CaF2 SiO2 Al2O3 MnO MgO LOI

Concentrate (%) 5.80 9.80 31.80 14.20 6.60 1.70 1.10 12.60

Roasted( %) 5.90 10.50 32.60 15.50 7.30 1.80 1.20 7.70

Waste(%) 6.10 10.60 44.00 18.30 4.20 0.60 1.20 5.30



Bull. Min. Res. Exp. (2023) 170: 87-97

94

Bull. Min. Res. Exp. (2022) 170: 87-97

94

REE oxalates is much higher than that of impurities. 
The reason of this, the differences solubility product 
among metal-oxalate salts. Therefore, the solubility of 
the formed REE oxalates in water is much lower than 
the oxalates of other elements. For this reason, when 
the pH value of the solution was 0, the oxalate product 
obtained from the precipitation with the addition of 
30% oxalic acid was calcined until it was completely 
oxidized and XRF analysis was carried out. The results 
of the XRF analysis are shown in Table 4.

Table 4-  XRF analysis of the final REO concentrate obtained when 
the pH value is 0, with the addition of 30% oxalic acid 
direct precipitation from the pre-concentrate obtained 
by roasting and extraction, under determined optimum 
conditions. 

Element Composition (%)

TREO 96.20

CeO2 53.04

La2O3 28.9

Nd2O3 9.02

Pr6O11 3.69

Sm2O3 0.52

Y2O3 0.53

Al2O3 0.15

CaO 0.79

Fe2O3 0.40

MnO 0.06

SiO2 0.24

ThO2 1.85

Minor Oxides 0.80

The solubility product values of the compounds 
formed by the oxalate ions of Fe, Ca, Al, Th and 
Mn elements, which have high concentrations in the 
solution content, cause precipitation, albeit to some 
extent. When Fe and Th elements are removed from 
the solution, the REO contents of the obtained solid 
material will increase. During the Fe and Th removal 
process, applied optimum parameters determined by 
Erdem et al. (2020). While 20% in volume Adogen 
464 in kerosene with 1/1 organic/aqueous ratio at the 
-0,58 pH was used for Fe removal, for Th removal was 
used 30% D2EHPA, solved in kerosene, with the 1/3 
organic/aqueous ratio. The contents of the Fe and Th 
removed solution are given in Table 5.

Table 5- Contents of the Fe and Th removed solution which used 
the parameters determined by Erdem et al. (2020), from 
the final concentrate mentioned in Table 4. 

Element Average 
concentration (g/l)

TREE 22.50

Al 4.91

Ba 0.74

Ca 4.38

Fe <0.001

Mn 4.24

Si 0.14

Th 0.01

3.4 Precipitation Studies

After oxalate precipitation, directly from the 
extraction solution, the major impurity was determined 
to be Th, followed by Ca and Fe. Fe and Th removal 
provide obtaining valuable by-products, and higher 
purity REO concentrate. For this reason, from the 
Fe and Th free solution, oxalic acid precipitation 
studies were carried out. The effects of different initial 
pH values and different oxalic acid adding ratio are 
presented in Figure 8.

The acquired data shows that oxalic acid mol 
ratios cause precipitation in all pH values. In these 
parameters,  where fixed 30 minutes mixing time, and 
at -0.3 pH and 0 pH values, it is observed that as the 
oxalic acid mol ratio increases T-REE precipitation 
ratio also increases rapidly.

Figure 8- The effect of REE/oxalate mol ratio in different pH values 
on precipitation ratio of REE in the final REO concentrate 
(30 minutes of mixing time, 20 °C precipitation 
temperature). 
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If at the 0.3 pH, between 1.00/1.55 and 1.00/1.80 
REE/oxalate mole ratios, the precipitation ratio 
increasing speed is decreased. The effect of time 
parameters, which was getting the maximum 
precipitation ratio when adding 1.00/1.80 REE/
oxalate mole ratio at 0.3 pH value, are observed and 
presented in Figure 9.

Table 6- XRF analysis of REO solid obtained by precipitation after 
solvent extraction

REOs Composition (%)
TREO 99.65
CeO2 53.91
La2O3 29.09
Nd2O3 11.59
Pr6O11 4.31
Sm2O3 0.44
Y2O3 0.31

Minor Oxides 0.35

4. Discussion

As a result of the DTA analyses on the 
concentration obtained from the Eskişehir-Beylikova 
complex mineralization in the ore dressing laboratory 
of MTA, the reaction at 400 °C was taken as a 
basis and the roasting temperatures were studied at 
400-700 °C. After roasting, extraction was done 
with 5 M HCl at 1/3 solid/liquid ratio for 1 hour.  
According to the test results, the highest solubility rate 
was determined at 600 °C.  In the roasting time tests 
carried out at 600 °C, it was determined that sufficient 
solubility rate was achieved in 1 hour roasting time. 
In the experiments performed with HCl, H2SO4 and 
HNO3 at the determined roasting temperatures, it was 
understood that roasting was necessary to increase the 
solubility rate. Compared to other acids, it has been 
observed that a higher solubility rate is achieved at 
lower concentrations in studies with HCl acid. As a 

Figure 9- The effect of mixing time of the obtained solution on the 
REE precipitation ratio (1.00/1.80 REE/oxalate mol ratio, 
20 °C precipitation temperature).

Figure 10- The effect of temperature on REE precipitation ratio 
(1,00/1,80 REE/oxalate mol ratio, 300 seconds mixing 
duration). The study of the effect of precipitation 
temperature revealed a change between 20-40 °C. 

When the effect of mixing duration is observed, 
it is revealed that there is an increment until the 
120th second. Between 120-300 seconds there is a 
2% increase in the REE precipitation ratio but there 
is not increasing in the further times. For this reason, 
300 seconds is determined as the most suitable for 
mixing time for precipitation. Then, the parameters 
were tested to examine the effect of temperature on 
precipitation, and the results are presented in Figure 
10.

The increase of less than 1% was observed 
between 40-60 °C. After that, precipitation rate is 
decreased. Since the temperature changes have not 
been significantly different in the REE precipitation 
rate, it is decided that the room temperature is the 
optimum parameter for the experiment. Rare earth 
oxides were obtained by calcining the rare earth 
oxalates obtained from the precipitation process using 
these parameters. The obtained REO was analysed by 
the XRF and presented the results in Table 6.
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result of increasing in the concentration by studies 
with H2SO4, the free sulphate ions in the environment 
combine with the Ca+2 ions to form gypsum. Thus, 
it causes insufficient dissolution of REEs in the 
environment. Cost and high concentrations are 
disadvantages of the solution to be made with HNO3. 
5 M is preferred as the HCl concentration, and in the 
experiments performed with this constant parameter, 
it is determined that the most effective parameter 
is temperature. After the solution experiments, the 
optimum parameters are determined as 5 M HCl, 1/4 
solid/liquid ratio and 35 °C extraction temperature. 
The solubility rate for the whole REE is calculated as 
%91.55. As a result of the serial experiments, solution 
contains 22 g/l REE, 10 g/l Fe+n and 0.63 g/l Th+4. 
When oxalate precipitation and calcination are made 
directly from the solution, it is determined that only 
Th, Ca and Fe elements among the impurities in the 
solution caused large impurities in the final product. 
From these impurities, Fe and Th are removed from 
the solution because of they may affect the price and 
marketability of the final product.

Kursunoglu et al. (2021) used the roasting technique 
with sulfuric acid on the ore-bearing bastnaesite, 
which they obtained from this region. Then, this solid 
material is dissolved in water, precipitated with oxalic 
acid directly, and obtained rare earth oxalates. Rare 
earth oxide (REO) product obtained as a result of the 
calcination of these oxalates contain 6% Th (thorium). 
It is known that high Th contents will be problem for 
operation and waste management, and very dangerous 
for human health (Judge and Azimi, 2020).  

A purified solution was obtained by applying the 
optimum parameters used in previous studies for Th 
and Fe removal (Erdem et al. 2020). The precipitation 
parameters from the purified solution were tested. 
After the appropriate REE/oxalate mole ratio was 
determined, it is understood that the precipitation 
took place in a quick time. When precipitation was 
made with the determined optimum parameters, just 
0.35% non-REE oxides were determined in the final 
product. In this study, parisite has been detected in 
addition to bastnaesite in complex mineralization 
(Yeşilören Görmüş et al., 2021). Contrary to known, 

REO recovery from parasite-bearing complex ore has 
been demonstrated in the laboratory application. 

5. Conclusion

This study examined the production of REO from 
fluorite concentration obtained from barite, fluorite, 
and REE-bearing Eskişehir-Beylikova complex ore. 
The concentration is firstly roasted and the optimal 
roasting temperature is determined as 600 °C for 
extraction. In this temperature, the extraction tests with 
three different acids showed that most suitable acid for 
extraction is HCl. The optimal HCl concentration is 
determined as 5 M mol/l.

After this stage, the optimum conditions obtained 
with 5 M HCl are 1/3 solid/liquid ratio, 35°C 
extraction temperature and 60 minutes extraction 
time. With these parameters, the solubility rate of 
TREE is determined as 91.55%. T-REE concentration 
in the solution is measured at 22 g/l. At these stages, 
obtained REO purity after direct oxalate precipitation 
and calcination is determined as 96.20%.  In this step, 
ThO2 is a greatest impurity. 

For the minimize ThO2 and other impurities, the 
solvent extraction technique is applied. After the 
extraction with the optimum parameters determined in 
the previous studies, the precipitation parameters are 
optimized. To that, optimisation of the precipitation 
experiments is done. After this optimization, the most 
suitable precipitation parameters are determined as 
1.00/1.80 REE/oxalate mol ratio with a mixing time 
of 300 seconds at room temperature. REE oxalates 
obtained with these parameters are calcined and REO 
concentration is produced. The TREO content of the 
concentration is determined as 99.69%.
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ABSTRACT
The Monitoring of the Ganos Fault data presents significant opportunities and challenges for 
earthquake detection, location and magnitude calculations, source mechanism solutions, and 
discovery of fault zone waves. This study indicates mostly of preliminary data analysis and 
seismological evaluations. While narrow distance aperture installation has an opportunity to detect 
microearthquakes, it also causes significant difficulties in determining the source parameters of 
micro-earthquakes. Extracting microearthquakes from continuous data shows that special strategies 
need to be used. MONGAN data revealed the presence of many earthquakes with magnitude M<1.0 
in the study region. These earthquakes are mostly out of network earthquakes and it is very difficult 
to obtain reliable solutions due to the insufficient azimuthal distribution of the stations. It is obvious 
that different network techniques and wave particle motion analyzes are contributed to the location 
and source parameters. Although the fault zone structure consists of two different lithologies that 
make significant differences in seismic wave phase arrival times and wave amplitudes, we observe 
fault zone head waves on both sides along the Ganos fault. Moment tensor analyzes depict that 
reliable source mechanism solutions can be obtained using a small number of station records.
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1. Introduction

The segment of the North Anatolian Fault Zone 
(NAFZ) within Marmara Sea (the section between the 
1999 İzmit and 1912 Mürefte earthquake ruptures) 
is one of the best-known seismic gaps in the world 
(Figure 1). The westward migration of earthquakes 
along the NAFZ in the last century arrived in 
the Marmara Sea after the 1999 İzmit and Düzce 
earthquakes (Stein et al., 1997). Further west of the 

fault, the Ganos Fault segment was broken by the 
1912 Mw=7.4 Şarköy/Mürefte earthquake (Aksoy et 
al., 2010). The last known major earthquake along the 
Marmara Fault is the 1766 earthquake (Mw7.2) and 
it has been characterized as an expired seismic cycle 
since approximately 250 years have passed (Bohnhoff 
et al., 2016; Bulut et al., 2019). In fact, the main 
Marmara fault is not a single segment consisting of 
several parts with different dynamic characteristics. It 
is claimed that the Tekirdağ segment in the west was 
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broken by the 1912 earthquake (Armijo et al., 2005; 
Uçarkuş et al., 2011). The parts of Central Marmara 
and Princes Islands are the segments that are expected 
to be ruptured (Bohnhoff et al., 2013; Ergintav et 
al., 2014). While the Tekirdağ segment has intense 
seismicity and shows partly creep (Schmittbuhl et al., 
2016; Bohnhoff et al., 2017; Uchida et al., 2019), the 
on-shore segment of the Ganos Fault together with the 
Saros Bay extension is an aseismic (non-earthquake-
producing) and fully locked (Aksoy, 2021). Similarly, 
the Central Marmara segment exhibits an aseismic-
locked feature (Bohnhoff et al., 2013; Lange et 
al., 2019), while the Princes Islands segment has 
high seismicity (Wollin et al., 2018). It is extremely 
important to investigate these multi-part and dissimilar 
seismic features of the main Marmara Fault in order to 
predict the real seismic hazard in the region.

One of the most important data in understanding 
the behavior of fault segments is to reveal different 
stress states by following the detailed geodetic and 
seismological features on the fault. However, this kind 
of detailed analyzes of the segments in the Marmara 
Sea is only possible with the sea floor observations 
close to the fault. In recent years, prominent studies 
focused on this subject are ocean bottom seismometer 
(OBS) (Özalaybey, 2010; Yamamoto et al., 2017) 

and seafloor geodetic measurement networks (Sakic 
et al., 2016; Yamamoto et al., 2019). The number of 
microearthquakes recorded with OBS observation 
stations is approximately 5 times than obtained from 
conventional land observation networks (Yamamoto 
et al., 2022).

Revealing the velocity distribution of the opposite 
blocks and the crushed zone in a fault structure is 
crucial for many seismological analyzes and fracture 
mechanics. The velocity contrast between the fault 
blocks affects the progression and velocity of a rupture 
during an earthquake (Andrews and Ben-Zion, 1997). 
In addition, it is effective in terms of the estimation 
of earthquake location and rupture mechanisms 
(McGuire and Ben-Zion, 2005). In recent years, dense 
seismic networks along fault zones have allowed 
seismologists to verify the presence of fault zone head 
waves (FZHW) and fault zone trapped waves (FZTW) 
(Li and Leary, 1990; Ben-Zion and Malin, 1991).

An earthquake monitoring network consisting 
of 40 stations was established on-shore segment of 
the Ganos Fault (MONGAN- MONitoring of the 
GANos Network) in 2018 (Figure 2). The project was 
supported by the bilateral cooperation of the Scientific 
and Technological Research Council of Türkiye 

Figure 1- Main structural features of the study region and its surroundings. Red lines represent fault map (Armijo et al., 2005), arrows represent 
GPS vectors (McClusky et al., 2000), and thick black lines represent 1912 Mw7.4 Şarköy/Mürefte and 1999 İzmit earthquake 
ruptures. The MONGAN seismic network stations (MONGAN-1, white triangle) are enlarged in Figure 2.
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(TÜBİTAK) and the German Ministry of Education 
and Research (BMBF). The aim of the network is 
to observe a possible micro-seismic activity along 
the Ganos Fault where exhibits aseismic-locked 
behavior according to the data obtained from the 
national seismic networks (Kandilli Observatory 
and Earthquake Research Institute (KOERI) and the 
Disaster and Emergency Management Presidency 
(AFAD) and to image the bimaterial fault structure by 
analyzing fault zone waves. The seismic network is 
operated in two stages, in the first stage the stations are 
operated at the eastern end of the fault (MONGAN-1), 
in a narrow area for 2 years (Figure 2). In the second 
stage, the stations are shifted to the western part of 
the fault (MONGAN-2) and expanded to a wider area 
for approximately one year (Yalçınkaya et al., 2022). 
Two different types of sensors (Mark 1Hz L4C and 
Geophone 4.5Hz) and two different types of recorders 
(EarthData EDL PR6-24 and DATA-CUBE3) are 
used at the stations. In the first conjugate article, the 
characteristics of the seismic network, data collection 
and data quality were discussed (Yalçınkaya et al., 
2022). In this second article, our primary aim is 
to compose initial tests of seismological analyzes 
using MONGAN-1 network data. We can list the 

general characteristics of earthquakes recorded by the 
network as follows: They consist of mostly small or 
microearthquakes, they are also recorded at the stations 
located on the opposite fault blocks and directly fault 
zone which have different velocity structures. Lastly, 
they have mostly not good azimuthal station coverage 
for reliable location estimation. This study includes 
preliminary analyzes on the detection of earthquakes 
recorded by the network, magnitude and location 
estimation, the discovery of FZHW, and source 
mechanism solutions for small earthquakes.

2. Earthquake Detection

The process of detecting possible earthquakes from 
the continuous data recorded within the MONGAN 
network can be done in two ways, automatic and 
manual. Manual scanning of data is a very tedious and 
time-consuming process. Effective use of automatic 
detection is a priority in order to reduce the workload 
as much as possible and to use time efficiently. For this 
purpose, the first 3 months of the collected data were 
used to test the effectiveness of automatic detection. 
First, the continuous data were scanned with automatic 
detection, and then it was manually controlled for the 

Figure 2- Station locations of MONGAN seismic network (MONGAN-1, triangles) along the Ganos 
Fault (red line). In order to avoid confusion, only the codes of external stations are given.
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events missed or incorrectly detected. In the automatic 
process, the Short Term Average/Long Term Average 
(STA/LTA) method, which is one of the most basic 
applications, is used (Allen, 1978).

The parameters used in the STA/LTA method are 
tested many times in this study and the parameters that 
are decided to be the most successful ones are presented 
in Table 1. Generally, the STA is selected 1-2 seconds 
for regional events, while it can be reduced to 0.3-0.5 
seconds for local events. The LTA can be tried starting 
from 60 seconds up to 30 seconds for local events. The 
STA/LTA triggering ratio, on the other hand, can be 
used around 3-4s for small earthquakes at stations with 
low-noise levels. As seen in Table 1, the automatic 
detection process starts with a band-pass filter in the 
range of 2-20 Hz. STA, LTA, and triggering ratio 
were determined as 0.3 s, 30 s, and 5, respectively. If 
triggering is provided at least 7 stations in the entire 
network, it is listed as an event. An event is cut from 
the continuous data for 180 seconds and stored as a 
separate file. These parameters may vary depending 
on the noise levels in the recordings and the number 
of operating stations at that time. In the second stage, 
an operator visually scans the data in 30-60 minute 
windows, using filters in different frequency bands, to 
delete the incorrectly determined events from the list 
and add the missed events to the list.

Table 1- Parameter values used in the STA/LTA method within 
condet subroutine used in the SEISAN (Havskov and 
Ottemoller, 1999) software.

Parameters Values
Filter
STA time length
LTA time length
Triggering ratio (STA/LTA)
Triggering length (at least)
Triggering length (at least)
Number of triggered stations (at least)
Time length before triggering
Cut-off window length

2-20 Hz
0.3 s
30 s
5
1 s
10 s
7
30 s
180 s

Table 2 shows the comparison of automatic
detection and manual control results for the first 
three months of the data. In general, it is seen that 
there are 40-50% of differences between automatic 
detection and manual control. Some of them are in 
the form of adding events that the automatic method 
could not detect, while the other part is in the form 
of deleting events due to false triggering. The high 
difference between automatic and manual detection 
indicates that the automatic method is not succeeded 
adequately. One of the main reasons for this is that the 
target earthquakes are too small. Microearthquakes 
generally remain in environmental noise and STA/
LTA ratios are not successful enough to determine 
them. Testing different filters and viewing many 
station records simultaneously on the screen during 
manual control only made it possible to detect these 
earthquakes. Figure 3 displays two earthquakes 
discovered by automatic detection and manual 
control by using different filters, respectively. It may 
be possible to design the STA/LTA operator with the 
appropriate parameters for both earthquakes, but this 
time the number of false detection is highly increased. 
For more successful detection, it is aimed to use 
different automatic detection methods such as cross-
correlation of waveforms in the next future of this 
study (Gibbons and Ringdal, 2006; Yoon et al., 2015; 
Bentz et al., 2019).

3. Phase and Amplitude Readings

In order to make the location and magnitude 
calculations of the selected earthquakes, the arrival 
times and amplitude values of the P and S wave 
phases are needed from the seismograms. While these 
readings can be made with high precision in data with 
a high signal-to-noise ratio, the error in the readings 
increases as signal-to-noise ratio decreases. Although 
automatic phase reading methods developed in recent 
years have produced very successful results, manual 
readings remain valid in terms of precision, especially 

Table 2- The number of events obtained as a result of automatic detection and manual control of the data collected in the first three months of 
the seismic network.

Dates of Event
Automatic
detection Manuel deleted Manuel added

Ratio of 
difference

Exact number of 
events

01-31 October 2017
01-30 November 2017
01-31December 2017

592
403
477

203
22
131

69
172
84

46%
48%
45%

458
575
417
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in cases where the signal-to-noise ratio is low and 
the waveforms between stations do not show many 
similarities.

In this study, phase and amplitude readings are done 
manually on unfiltered-raw data as much as possible. 
However, some readings can be made using different 
bandpass filters (e.g. 2-20 Hz, 5-30 Hz), especially in 
small earthquakes with the low signal-to-noise ratio. 
It should be noted that each filtering process creates 
some shifts in phase times and decreases in wave 
amplitudes. For these reasons, the selected filters 
are not distorted the general structure of the signal 
as much as possible. Very small apertures between 
seismic stations in the MONGAN-1 network require 
very high precision phase readings. Considering that 
the longest distance between stations is approximately 
4 km, for a planar wave with a velocity of 6 km/s, 
the time difference occurs at these stations only 
0.7 s. It should not be forgotten that this difference is 
much less at the near-vertical upcoming angles to the 
stations in close earthquakes.

Another important point in seismic phase reading 
is to distinguish different wave phases. The availability 
of different phases, as long as they are determined 
correctly, increases the accuracy of earthquake 
locations. These phases are the marking of the arrival 
times as Pn and Sn phases refracted from Moho, 
PS, SP phases transformed at the sediment-bedrock 
boundary, and the crustal Pg and Sg phases come 
directly to the receiver. Depending on the source-
receiver geometry, it is not always possible to observe 
these phases in the seismograms. In some cases, these 
phases can be mixed with each other and may cause 
incorrect location solutions. Figure 4 shows sample 
phase markings for a three-component seismogram.

The local magnitude (ML) scale is preferred in 
the magnitude calculation since local and small 
earthquakes are generally targeted in this study. First, 
the seismograms are simulated to a Wood-Anderson-
type instrument using response functions and then 
displacement waveforms are calculated. As mentioned 
in Yalçınkaya et al. (2022), wave amplitudes clearly 

Figure 3- a) Discovered by automatic detection at the c0ATU station vertical component seismogram, and b) manually detected a second event 
using a 5-10 Hz range filter within the red marked area of the same recording.
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have near-surface soil effects, since the stations have 
different site properties. In order to minimize these 
effects, it is preferred to read the S wave amplitudes 
from the vertical component records in the ML 
magnitude calculation (Equation 1) (Havskov and 
Ottemoller, 2010).

4. Location and Magnitude Calculations

The hypocenter algorithm (Lienert and Havskov, 
1995) included in the SEISAN software (Havskov and 
Ottemoller, 1999) is used for location and magnitude 
calculations. In the first stage, 344 earthquakes that 
occurred between October 1 and November 30, 2017 
are used as a test study. Different velocity models are 
tested in the analyses. In order to compare with KOERI 
solutions, which have a denser network in the region, 
Kalafat et al. (1987) velocity model is preferred.

The used equation for ML;

  (1)

In this equation, A: amplitude of S wave (mm) and 
R: distance of source (km). Regression coefficients 

defined in Equation 1 are taken from Kılıç et al. (2016) 
which are obtained for earthquakes in Türkiye.

The earthquakes recorded by the MONGAN 
network and made solutions in this study are evaluated 
under three groups:

i.  Earthquakes detected and located by the national 
network

ii.  Earthquakes not located by the national network, 
but detected in both MONGAN and national 
network records

iii.  Earthquakes were detected only by the MONGAN 
network 

The epicenter distribution of the located events 
(within the first 100 km radius) is shown in Figure 5. 
The minimum number of stations used in the locations 
is 19. Root mean error (RMS) values are generally 
below 0.3, but azimuthal gaps can reach up to 350 
degrees, especially in the third group earthquakes. 
Calculated ML magnitudes range from -0.7 to 4.3.

Figure 4- Three component earthquake seismogram and marking of P, S, and SP phases.
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The first group of data contains earthquakes 
recorded by MONGAN, AFAD and/or KOERI 
stations, and also location-magnitude calculations 
done by these national agencies. The magnitudes for 
the first group of earthquakes are generally ML>0.5. 
The inclusion of MONGAN and national network 
stations together in the solution gives more reliable 
locations since they have a less azimuthal gap and 
more phase readings (Figure 5 yellow circles). The 
second group of earthquakes consists of events first 
discovered in the MONGAN network records and 
then included a limited number of national network 
station recordings (usually 1-5 stations) in the vicinity. 
These locations are shown in Figure 5 as red circles. 

Their magnitudes are mostly ML<1.0 and their 
location accuracy which varies depending on the used 
station distribution is less reliable. Our third group 
of earthquakes represents events recorded only by 
MONGAN network stations (Figure 5 blue circles). 
These seismograms have relatively low signal-to-
noise ratios. We use a different type of filters for 
their phase readings. Moreover, generally, they have 
very high azimuthal gaps. It is difficult to distinguish 
seismic phases due to the effects of the bimaterial fault 
zone properties. The magnitudes of these earthquakes 
are mostly below ML<0.5 and even negative values.

The epicenter and magnitude comparisons of the 
earthquakes for the first group of data, which are listed 

Figure 5- Location map of earthquakes analyzed in this study. The blank and white-filled triangles show the national 
network and the Ganos Fault monitoring network (MONGAN-1) stations used in the locations, respectively. 
Yellow circles represent earthquakes that are relocated by using the national network and MONGAN-1 
network stations together. Red circles display earthquakes that are located by using the national network and 
MONGAN-1 network stations together in this study. These locations are not included in the national catalogs. 
Blue circles represent earthquakes located only by MONGAN-1 network. These events are also not listed in 
the national catalogs.
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in the national catalog as well, are shown in Figures 
6a and 6b, respectively. As can be seen, the epicenter 
solutions obtained in this study and listed in the 
KOERI catalog are very close to each other except for 
a few earthquakes. The magnitudes obtained in this 
study are slightly smaller than the KOERI catalog. 
Especially, these differences are obvious in small-
magnitude earthquakes. The main factor causing 
this difference may be using the vertical seismogram 
amplitudes in the magnitude calculation. Amplitude 
readings are used from vertical components due to 
local site effects, especially at stations located on soft 
soils.

The magnitude-distance comparison of the 
earthquakes for the three groups is given in Figure 
7. As seen in the figure, the main contribution of the 
MONGAN-1 network to the determination of the 
seismicity in the region occurs at distances of less than 
about 100 km and in events with magnitude ML<1.0 
(Figure 7 red and blue circles). The earthquakes 
located by the national networks (excluding OBS) can 
detect in the region are generally observed as ML>1.0 
earthquakes (Figure 7 black circles).

The third group of earthquakes based only on 
MONGAN-1 network recordings have high location 
errors. The biggest factor for this case is that 
MONGAN-1 stations do not provide good azimuthal 
coverage for most events, furthermore, azimuthal 
gaps are so high. The short distances between stations 
mean that in most earthquakes that occur outside the 
network, the network acts as a point receiver.

Another finding that is thought to cause errors 
in the locations is that the wave phases arrive at the 
stations located in the north of the fault systematically 
earlier than the stations located in the south. It is 
known that the Ganos Fault separates two different 
geological units in the region (Okay et al., 2010). The 
block in the north of the fault consists of Eocene-aged 
harder rocks, while the block in the south consists of 
Miocene-aged softer units. Therefore, it is normal for 
these units to have different seismic velocities, and for 
the northern block to have a higher wave propagation 
velocity than the southern block. In the sample 
seismogram examined, early wave phase arrivals to 
the stations in the northern block are clearly seen, 
although the source distance is the same at both station 

Figure 6- a) Comparison of earthquake locations (blank circles) in the KOERI catalog with the solutions obtained for this study (yellow circles) 
by including MONGAN-1 network. Thin lines represent differences in the solutions for the same earthquakes. The blank and white 
filled triangles show the national network and the Ganos Fault monitoring network (MONGAN-1) stations used in the locations, 
respectively,  b) a comparison of earthquake magnitudes (ML) in the KOERI catalog with the magnitudes obtained in this study by 
including MONGAN-1 network. The orange line represents 1:1 harmony.
respectively and b) a comparison of earthquake magnitudes (ML) in the KOERI catalog with the magnitudes obtained in this study by
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Figure 7- Magnitude-distance relationship of earthquakes obtained in this study for the three different groups.

groups. In Figure 8, the P wave delays at the stations 
for two examples of earthquakes occurring outside the 
network are shown with reference to the ATY station 
where the waves first arrived. As can be seen from the 
figure, the arrivals of P waves to the stations located 
in the north of the fault are significantly earlier than 
those in the south.

These early arrivals at the stations on the 
northern block cause a significant northward shift of 
the epicenters, especially when only MONGAN-1 
seismograms are used. This is the reason why the 
epicenters represented by blue circles and partially 
red circles in Figure 5, unexpectedly emerge north of 
the main fault where no fault structure and no seismic 
activity in the national catalogs.

5. Analysis of Fault Zone Head Waves 

In bimaterial fault blocks, FZHWs are observed 
at stations on the slow block, in addition to the early 
phase arrivals observed at stations on the fast block as 
exemplified above. These waves propagate along the 
interface using the fast block and reach the stations 
on the slow block (Figure 9). FZHW carries important 

information about the fault zone to seismic stations 
(Ben-Zion and Aki, 1990). While the P wave directly 
reaching the station on the slow block from the source 
has a sharp initial (impulsive) form in the records, the 
FZHW reaching the station by refracting along the 
fault zone has a soft onset (emergent) form. FZHW 
spending a part of its journey in the fast block reaches 
before the direct P wave to the station located on 
the slow block of the fault and had a perpendicular 
distance to the fault x < xc (Figure 9);

 
(2)

where xc: critical distance from the fault, r: 
wave propagation distance along the fault, α1 and α2 
represent fast and slow block velocities, respectively. 
The time difference (∆t) between the FZHW and the 
direct incident wave depends on the travel distance of 
the FZHW in the fault zone and the velocity difference 
between the blocks.

 
(3)

FZHW and direct P waves have opposite polarities 
in earthquakes occurring close to the fault zone 
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Figure 9- Schematic representation of the wave paths of fault zone head wave (FZHW) and direct P waves; a) Bennington et al. (2013), 
and b) Allam et al. (2014) have been modified.

Figure 8- a), b) Contour maps of P wave delay times at network stations for two sample earthquakes (25.10.2017 and 11.10.2017) located in the 
east of MONGAN-1 network.  Cross symbols and dashed lines indicate network station locations and the Ganos Fault, respectively. 
The delay times are normalized according to the arrival time of the first station (for both earthquakes at ATY station), c) P wave 
arrivals at sample stations for the 25 October 2017 earthquake marked with red lines, d) locations of the earthquakes (stars) and 
network stations (crosses).
arrivals at sample stations for the 25 October 2017 earthquake marked with red lines and d) locations of the earthquakes (stars) and
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(Ben-Zion, 1989, 1990). Another difference between 
these waves is the particle motion direction in the 
horizontal medium. While the particle motion is in the 
direction of the source in the direct incoming wave, 
this orientation is towards the fault zone in the FZHW 
(Bulut et al., 2012).

FZHW and direct P wave discrimination on 
the waveforms at stations close to the fault zone 
are generated by controlling for these differences. 
Software developed by Ross and Ben-Zion (2014) 
was used in the analysis, and the process flow chart 
is shown in Figure 10a. The program determines the 
first arrival time of the seismic motion in the vertical 
component using the STA/LTA ratios. Then, the 
arrival of a second wave phase is checked by using 
the Kurtosis and Skewness functions (Saragiotis et 
al., 2002). After determining these wave arrivals, their 
polarity is checked by looking at the particle motion of 
the waves. If the polarity direction of both waves is the 
same, no FZBD separation is made and the first arrival 
is directly marked as P wave. If these waves have 
opposite polarity with respect to each other, the first 
phase is marked as FZHW, and the following phase 
is marked as a direct P wave. Figure 10b indicates 

the discrimination of FZHW and direct P waves in a 
sample earthquake seismogram. While the STA/LTA 
ratio marks the first wave phase, the second wave 
phase arrival in the Kurtosis function is very sharp. 
In the skewness function, the polarity transformation 
between the first and second wave phases occurs.

In this study, 68 earthquakes between October 2017 
and May 2018 recorded by MONGAN-1 network 
stations were analyzed. As a result of this analysis, 
FZHW was found in 25 earthquake records. In Figure 
11, analyzed and FZHW-detected earthquakes are 
shown in different colors.

As can be seen, the locations of the analyzed 
earthquakes are generally distributed in the extension 
of the fault in the Marmara Sea. FZHW detected 
earthquakes scattered among the others. While some 
of them are directly along the fault zone, the others are 
located in south of the fault zone. A distinctive feature 
related to the locations, magnitudes, and depths of 
earthquakes with and without FZHW could not be 
found for the analyzed dataset. In the continuation 
of the study, it was investigated which stations had 
more FZHW and which ones were not (Figure 12). 

Figure 10- a) Processing steps in determining the fault zone head wave (FZHW), b) markings of the P wave (blue line) and FZHW (red line) 
arrivals directly on a sample earthquake seismogram with the help of short time average/long time average (STA/LTA), Kurtosis and 
Skewness functions. 

Figure 10- a) Processing steps in determining the fault zone head wave (FZHW) and b) markings of the P wave (blue line) and FZHW (red line)
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Figure 11- Locations of the analyzed earthquakes. Earthquakes with a fault zone head wave (FZHW) are shown by a red circle 
and earthquakes without an FZHW are represented by a black circle. The recording stations are indicated by blue 
triangles.

Figure 12- Distribution of stations for 25 earthquakes with fault zone head waves (FZHW). Seismic 
stations indicated by the red triangle recorded the highest number of FZHW. Seismic 
stations shown by gray triangles display none of FZHW.
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As a result of this research, 36% of 25 earthquakes 
are observed at e3077, e3081 and e3089 stations. 
No FZHW could be obtained at ATW, AU3, e3067, 
and e3073 stations. Theoretically, FZHWs should 
be recorded at stations on the slow block. However, 
the analysis shows that FZHWs can be seen on both 
sides of the fault. Moreover, FZHW is observed in 
one of the two stations located on the slow side of 
the fault and very close to each other. According to 
our analysis, this case is common in stations with low 
signal-to-noise ratios.

6. Source Mechanism Solutions

The general feature of MONGAN network is 
that it detects small-magnitude earthquakes with 
large azimuthal gaps. In contrast, the signal-to-noise 
ratios are relatively high. In order to understand 
the stress conditions in the region, it is important 
obtaining reliable source mechanism solutions of 
these earthquakes. Since the moment tensor analysis 
method uses the entire waveform, it enables source 
mechanism solutions of small earthquakes with a 
small number of records (Fojtíková et al., 2010).

In this study, the ISOLA program developed by 
Sokos and Zahradnik (2008) was used for moment 
tensor analysis. ISOLA seismic moment tensor analysis 
is similar to Kikuchi and Kanamori (1991)’s multi-
point source and iterative deconvolution method, but 
it uses the entire waveform differently. The inversion 
process starts with the calculation of Green’s functions 
using the discrete wavenumber method defined by 
Bouchon (1981) for the displacement seismogram 
at each station, and the process is performed using 
the iterative deconvolution method. In the inversion 
process, synthetic seismograms are created in 
accordance with the initial parameters. Synthetic and 
observational seismograms are approximated to each 
other and the source mechanisms of earthquakes are 
tried to be determined. Since the method is based on a 
multi-source definition, a separate solution is generated 
for each source. Solutions with the smallest difference 
and the highest correlation between observational and 

synthetic seismograms are preferred. The agreement 
between the observational and synthetic seismograms 
is measured by variance reduction (VR). In selecting 
the two most accurate double couple (DC) models 
representing the source mechanism, the variance 
values as well as the DC component ratio are taken 
into account.

As input parameters to the program; three 
components of each station’s earthquake record in 
SAC (Seismic Analysis Code) format, crustal model 
information, earthquake occurrence time, magnitude 
and latitude, longitude information, and the duration 
of the earthquake are entered. In this study, different 
crustal models were tested and Yamamoto et al. 
(2015)’s crustal model was used. Figure 13 shows the 
moment tensor analysis of the Mw=1.8 earthquake 
that occurred on October 3, 2017, at 04:38 (GMT). 
In the analysis, recordings of at least 3 stations with 
a high signal-to-noise ratio are used. The analyzes are 
repeated in different frequency ranges from 0.5 Hz 
to 4 Hz, and the obtained values are compared. The 
time forms of the 1.6-3.3 Hz frequency range, where 
the best fit is achieved, are shown in Figure 13. As 
can be seen, synthetic observational fit (VR) > 0.40, 
Condition Number (CN) <10, Source Mechanism 
Variation Index (FMVAR) < 30, and Spatial-Time 
Variation Index (STVAR) < 0.3 values indicate the 
success of the solution.

In Figure 14, the moment tensor solutions of 5 
earthquakes with moment magnitudes 2.9≤Mw≤3.7 
are compared with the source mechanism solutions 
obtained with the zSacWin program (Yılmazer, 2003) 
using the first P wave polarities. While moment tensor 
solutions are calculated using MONGAN network 
seismograms with stations at a very narrow azimuth, 
first motion P wave polarities are calculated using 
national network station recordings surrounding the 
source. As can be seen, the solutions of both methods 
are quite similar. This result indicates that the moment 
tensor solutions obtained using a limited number of 
station coverage are reliable.
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Figure 13- Moment tensor solution obtained by three station seismograms for the Mw=1.8 earthquake that occurred on 03.11.2017 at 04:38 
(GMT). While the upper figure shows the solution parameters, the lower figure indicates the synthetic-observed waveform fitting.
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Figure 14- Comparison of source mechanisms obtained from first motion P wave polarity (green) with moment 
tensor analysis (red).

7. Results

MONGAN network data presents significant 
challenges and opportunities for earthquake 
detection, location and magnitude calculations, source 
mechanism solutions, and fault zone head wave 
detections. Reliable analyzes from the obtained data 
can make important contributions to the determination 
of the current seismicity of the Ganos Fault, the 
investigation of the fault zone structure, and the 
understanding of the local stress conditions. This 
study, which can be considered as a test analysis, has 
provided the opportunity to see the success limits of 
the applied analyzes and the necessity of alternative 
applications.

In the earthquake detection process from 
continuous data, there were 40%-50% differences 
between the STA/LTA method and manual check. 
The method is not achieved in sufficient success, 
especially in the detection of micro-earthquakes, 
due to low signal-to-noise ratios. By using different 
filters during the manual check, the simultaneous view 
of multiple station records is allowed us to observe 
microearthquakes. Since the manual check is a very 
laborious and time-consuming way, it is aimed to use 

cross-correlation methods in the future stages of the 
study, especially in the detection of microearthquakes.

The presence of a sufficient number of stations 
surrounding the source region in earthquake analyses 
is very important in terms of increasing the quality 
of the location. Since MONGAN-1 network data is 
established in a very small area, it has large azimuthal 
gaps and produces high vertical/horizontal errors. At 
the same time, as a result of the very small distances 
between the stations, there is no difference between 
the observed wave arrivals in sufficient sensitivity. In 
addition, the fact that the stations are located on two 
different fault blocks, fast and slow, cause the waves 
to reach the stations on the fast block earlier than the 
stations on the slow block. All these reasons reduce 
the quality of earthquake solutions. On the other hand, 
there are many earthquakes that are not included in 
the national earthquake catalog and are recorded only 
by the MONGAN-1 network. These earthquakes are 
generally with M<1 magnitude and are very local 
earthquakes. In order to increase the solution quality 
of these earthquakes, it seems essential to use different 
network techniques, such as beamforming, F-K, or 
including the source-azimuth directions to be obtained 
from the P wave first motion polarities (Havskov and 
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Ottemoller, 2010). In addition, it is expected that the 
calculation of the regional 3D velocity model and 
its inclusion in the event locations will increase the 
quality of the solution.

The effects of the bimaterial structure of the Ganos 
Fault zone are clearly observed in the seismic wave 
phases. While early phase arrivals are observed on 
the fast block in the north of the fault, FZHW arrivals 
are observed at the stations on the southern block. A 
systematic distinction regarding FZHW has not been 
revealed yet. When the number of discovering FZHW 
increases, the relationship between FZHW arrivals 
and structural elements can be established.

The results obtained regarding the moment 
tensor solutions of small earthquakes are remarkably 
promising. A comparison of different methods in 
the sample solutions shows that reliable source 
mechanism solutions can be obtained even with 
limited data which have a high signal-to-noise ratio. 
Using high-resolution crustal velocity models and 
high-frequency intervals are extremely important in 
testing microearthquakes by using small number of 
station recordings.

Acknowledgements

We would like to thank Patricia Martinez GARZON, 
Virgine DURAND, Amandine AMEMOUTOU, 
Felix KASTNER for their valuable contributions 
during the establishment of the MONGAN network. 
Moreover, we are also thankful to Mr. Sevim AVCI, 
Tekirdağ Metropolitan Municipality, and Dr. Murat 
NURLU, AFAD Presidency and Head of Earthquake 
Department who provide precious support to the field 
studies. This work is supported by TÜBİTAK-BMBF 
bilateral cooperation project number 118R019.

References

Aksoy, M. E., Meghraoui, M., Vallée, M., Çakır, Z. 2010. 
Rupture characteristics of the AD 1912 Mürefte 
(Ganos) earthquake segment of the North 
Anatolian Fault (western Turkey). Geology 
38(11), 991-994.

Aksoy, M. E. 2021. The 9 August 1912 Mürefte-Şarköy 
earthquake of the North Anatolian fault. 
Mediterranean Geoscience Reviews 3, 95–114. 

Allam., A. A., Ben-Zion, Y., Peng, Z. 2014. Seismic imaging 
of a bimaterial interface along the Hayward Fault, 
CA, with fault zone head waves and direct P 
arrivals. Pure and Applied Geophysics 171, 2993-
3011.

Allen, R. 1978. Automatic earthquake recognition and timing 
from single traces. Bulletin of the Seismological 
Society of America 68, 1521-1532.

Andrews, D. J., Ben-Zion, Y. 1997. Wrinkle-like slip pulse 
on a fault between different materials. Journal of 
Geophysical Research 102, 553–571.

Armijo, R., Pondard, N., Meyer, B., Uçarkus, G., Mercier 
de Lépinay, B., Malavieille, J., Dominguez, S., 
Gutscher, M-A.,  Schmidt, S., Beck, C., Cagatay, 
N., Cakir, Z., Imren, C., Eris, K., Natalin, B., 
Özalaybey, S., Tolun, L., Lefèvre, I., Seeber, L.,  
Gasperini, L., Rangin, C., Emre, O., Sarikavak, 
K. 2005. Submarine fault scarps in the Sea of 
Marmara pull-apart (North Anatolian Fault): 
implications for seismic hazard in Istanbul. 
Geochemistry, Geophysics, Geosystems, AGU 
and the Geochemical Society 6, Q06009. 

Ben-Zion, Y. 1989. The response of two joined quarter 
spaces to SH line sources located at the material 
discontinuity interface. Geophysical Journal 
International 98, 213–222.

Ben-Zion, Y. 1990. The response of two half spaces to point 
dislocations at the material interface. Geophysical 
Journal International 101, 507–528.

Ben-Zion, Y., Aki, K. 1990. Seismic radiation from an SH 
line source in a laterally heterogeneous planar 
fault zone. Bulletin of the Seismological Society 
of America 80(4), 971-994.

Ben-Zion, Y., Malin, P. 1991. San Andreas fault zone head 
waves near Parkfield, California. Science 251, 
1592–1594.

Bennington, N. L., Thurber, C., Peng, Z., Zhang H., Zhao 
P. 2013. Incorporating fault zone head wave and 
direct wave secondary arrival times into seismic 
tomography: Application at Parkfield, California. 
Journal of Geophysical Research: Solid Earth 
118, 1008-1014.

Bentz, S., Martínez-Garzón, P., Kwiatek, G., Dresen, G., 
Bohnhoff, M. 2019. Analysis of microseismicity 
framing ML > 2.5 earthquakes at the Geysers 
geothermal field, California. Journal of 
Geophysical Research: Solid Earth 124, 8823–
8843. 

Allam,



115

Bull. Min. Res. Exp. (2023) 170: 99-116

115

Bull. Min. Res. Exp. (2022) 170: 99-116

Bohnhoff, M., Bulut, F., Dresen, G., Malin, P. E., Eken, 
T., Aktar, M. 2013. An earthquake gap south of 
İstanbul. Nature Communication 4, 1999. 

Bohnhoff, M., Martínez-Garzón, P., Bulut, F., Stierle, 
E., Ben-Zion, Y. 2016. Maximum earthquake 
magnitudes along different sections of the North 
Anatolian fault zone. Tectonophysics 674, 147–
165. 

Bohnhoff, M., Wollin, C., Domigall, D., Küperkoch, L., 
Martínez-Garzón, P., Kwiatek, G., Dresen, 
G., Malin, P. E. 2017. Repeating Marmara 
Sea earthquakes: indication for fault creep. 
Geophysical Journal International 210(1), 332–
339.

Bouchon, M. 1981. A simple method to calculate Green’s 
functions for elastic layered media. Bulletin of 
the Seismological Society of America 71(4), 
959–971. 

Bulut, F., Ben-Zion, Y., Bohnhoff, M. 2012. Evidence for a 
bimaterial interface along the Mudurnu segment of 
the North Anatolian fault zone from polarization 
analysis of P waves. Earth and Planetary Science 
Letters 327, 17–22.

Bulut, F., Aktuğ, B., Yaltırak, C., Doğru, A., Özener, H. 
2019. Magnitudes of future large earthquakes near 
İstanbul quantified from 1500 years of historical 
earthquakes, present-day microseismicity and 
GPS slip rates. Tectonophysics 764, 77-87. 

Ergintav, S., Reilinger, R. E., Çakmak, R., Floyd, M., 
Cakir, Z., Doğan, U., King, R. W., McClusky, S., 
Özener, H. 2014. Istanbul’s earthquake hot spots: 
Geodetic constraints on strain accumulation along 
faults in the Marmara seismic gap. Geophysical 
Research Letters 41, 5783– 5788.

Fojtíková, L., Vavryáuk, V., Cipciar, A., Madarás, J. 2010. 
Focal mechanisms of micro-earthquakes in 
the Dobrá Voda seismoactive area in the Malé 
Karpaty Mts. (Little Carpathians), Slovakia. 
Tectonophysics 492(1-4), 213-229. 

Gibbons, S. J., Ringdal, F. 2006. The detection of low 
magnitude seismic events using array-based 
waveform correlation. Geophysical Journal 
International 165, 149–166.

Havskov, J., Ottemoller, L. 1999. SeisAn Earthquake 
Analysis Software. Seismological Research 
Letters 70, 532–534.

Havskov, J., Ottemoller L. 2010. Routine Data Processing in 
Earthquake Seismology. Springer, 347.

Kalafat, D., Gürbüz, C., Üçer, S. B. 1987. Batı Türkiye’de 
kabuk ve üst manto yapısının araştırılması. 
Deprem Araştırma Bülteni 59, 43-64.

Kikuchi, M., Kanamori, H. 1991. Inversion of complex 
body waves. III. Bulletin of the Seismological 
Society of America 81, 2335–2350.

Lange, D., Kopp, H., Royer, J.Y., Henry, P., Çakir, Z., 
Petersen, F., Sakic, P., Ballu, V., Bialas, J., Özeren, 
M. S., Ergintav, S., Géli, L. 2019. Interseismic 
strain build-up on the submarine North Anatolian 
Fault offshore İstanbul. Nature Communications 
10(1), 3006.

Li, Y. G., Leary, P. C. 1990. Fault zone trapped seismic 
waves. Bulletin of the Seismological Society of 
America 80(5), 1245-1271.

Lienert, B. R., Havskov, J. 1995. A computer program for 
locating earthquakes both locally and globally. 
Seismological Research Letters 66(5), 26-36.

Mcclusky, S., Balassanian, S., Barka, A., Demir, C., Ergintav, 
S., Georgiev, I., Gurkan, O., Hamburger, M.,  
Hurst, K., Kahle, H.G., Kastens, K., Kekelidze, 
G., King, R., Kotzev, V., Lenk, O., Mahmoud, 
S., Mishin, A., Nadariya, M., Ouzounis, A., Veis, 
G. 2000. Global positioning system constraints 
on plate kinematics and dynamics in the eastern 
Mediterranean and Caucasus. Journal of 
Geophysical Research 105, 5695-5719. 

McGuire, J., Ben-Zion, Y. 2005. High-resolution imaging of 
the bear valley section of the San Andreas fault 
at seismogenic depths with fault zone head waves 
and relocated seismicity. Geophysical Journal 
International 163, 152–164.

Okay, A., Özcan, E., Cavazza, W., Okay, N., Less, G. 2010. 
Basement types, Lower Eocene aeries, Upper 
Eocene Olistostromes and the initiation of the 
Southern Thrace Basin, NW Turkey. Turkish 
Journal of Earth Sciences 19, 1–25.

Özalaybey, S. 2010. Marmara Denizi’nde depremsellik 
gözlem altyapı kapasitesinin güncellenmesi 
sonuç raporu. TÜBİTAK, Proje No: CAYDAG-
105Y369.

Ross, Z. E., Ben-Zion, Y. 2014. Automatic picking of direct 
P, S seismic phases and fault zone head waves. 
Geophysical Journal International 199(1), 268-
381.

Sakic, P., Piété, H., Ballu, V., Royer, J. Y., Kopp, H., Lange, 
D., Petersen, F., Özeren, M. S., Ergintav, S., Geli, 
L., Henry, P., Deschamps, A. 2016. No significant 



Bull. Min. Res. Exp. (2023) 170: 99-116

116

Bull. Min. Res. Exp. (2022) 170: 99-116

116

steady state surface creep along the North 
Anatolian Fault offshore İstanbul: results of 6 
months of seafloor acoustic ranging. Geophysical 
Research Letters 43(13), 6817–6825. 

Saragiotis, C., Hadjileontiadis, L., Panas, S. 2002. PAI-
S/K: a robust automatic seismic P phase arrival 
identification scheme. IEEE Transactions on 
Geoscience and Remote Sensing 40, 1395–1404.

Schmittbuhl, J., Karabulut, H., Lengliné, O., Bouchon, 
M. 2016. Seismicity distribution and locking 
depth along the main Marmara Fault. Turkish 
Geochemistry, Geophysics, Geosystems 17, 954–
965.

Sokos, E., Zahradník, J. 2008. ISOLA- A Fortran code 
and Matlab GUI to perform multiple point 
source inversion of seismic data. Computers and 
Geosciences 34, 967–977.

Stein, R. S., Barka, A. A., Dieterich, J. H. 1997. Progressive 
failure on the North Anatolian fault since 1939 by 
earthquake stress triggering. Geophysical Journal 
International 128, 594–604.

Uchida, N., Kalafat, D., Pınar, A., Yamamoto, Y. 2019.  
Repeating earthquakes and interplate coupling 
along the western part of the North Anatolian 
Fault. Tectonophysics 769, 228185. 

Uçarkuş, G., Çakır, Z., Armijo, R. 2011. Western termination 
of the Mw 7.4, 1999 İzmit earthquake rupture: 
Implications for the expected large earthquake 
in the Sea of Marmara. Turkish Journal of Earth 
Sciences 20, 379–394.

Wollin, C., Bohnhoff, M., Martínez-Garzón, P., Küperkoch, 
L., Raub, C. 2018. A unified earthquake catalogue 
for the Sea of Marmara Region, Turkey, based 
on automatized phase picking and travel-
time inversion: seismotectonic implications. 
Tectonophysics 747-748, 416-444. 

Yalçınkaya, E., Bohnhoff, M., Görgün, E., Alp, H., Bentz, 
S., Pınar, A., Alver, F., Kılıçarslan, Ö., Tamtaş, 
B.D., Görgün, B. 2022. Ganos fayı güncel deprem 
etkinliğinin değerlendirilmesi: MONGAN sismik 
ağ yapısı ve veri kalitesi. Hacettepe Yerilimleri 
Dergisi 43(1), 37-60.

Yılmazer, M. 2003. Deprem kaynak parametrelerinin 
online belirlenmesi, Yüksek Lisans Tezi, İstanbul 
Üniversitesi, Fen Bilimleri Enstitüsü, Jeofizik 
Mühendisliği Ana Bilim Dalı, İstanbul, 57.

Yamamoto, Y., Takahashi, N., Çıtak, S., Kalafat, D., Pınar, 
A., Gürbüz, C., Kaneda, Y. 2015. Offshore 
seismicity in the western Marmara Sea, Turkey, 
revealed by ocean bottom observation. Earth 
Planets Space 67, 147. 

Yamamoto, Y., Takahashi, N., Pınar, A., Kalafat, A., Çıtak, 
S., Comoğlu, M., Polat, R., Kaneda, Y. 2017. 
Geometry and segmentation of the North Anatolian 
Fault beneath the Marmara Sea, Turkey, deduced 
from long-term ocean bottom seismographic 
observations. Journal of Geophysical Research: 
Solid Earth 122. 

Yamamoto, R., Kido, M., Ohta, Y., Takahashi, N., Yamamoto, 
Y., Pınar, A., Kalafat, D., Özener, H., Kaneda, Y. 
2019. Seafloor geodesy revealed partial creep of 
the North Anatolian Fault submerged in the sea 
of Marmara. Geophysical Research Letters 46(3), 
1268–1275.

Yamamoto, Y., Kalafat, D., Pınar, A., Takahashi, N., Polat, 
R., Kaneda, Y., Özener, H. 2022. Seismic velocity 
structure along the North Anatolian Fault beneath 
the Central Marmara Sea and its implication for 
seismogenesis. Geophysical Journal International 
228(1), 396–411. 

Yoon, C. E., O’Reilly, O., Bergen, K. J., Beroza, G. C. 2015. 
Earthquake detection through computationally 
efficient similarity search. Science Advances 1, 
e1501057.



117

Bull. Min. Res. Exp. (2023) 170: 117-146

117

Bull. Min. Res. Exp. (2022) 170: 117-146

Citation Info: Gürer, F. Ö. 2023. A new look at the origin of N-S trending young basins of western Anatolia. Bulletin of the Mineral Research 
and Exploration 170, 117-146. https://doi.org/10.19111/bulletinofmre.1066949

*Corresponding author: Ömer Feyzi GÜRER, ofgurer@kocaeli.edu.tr

Keywords:
Western Anatolia, Late 
Cenozoic, Contractional 
Tectonic, N-S Basins, 
Neotectonic.

Received Date: 10.11.2021
Accepted Date: 31.01.2022

ABSTRACT
In the western Anatolia, the tectonic regime transitioned from crustal shortening to extension during 
Late Cenozoic time and evidence of this event was imprinted on basement lithologies and N-S 
and E-W oriented two distinct basin sub-types. Here, we examined the exhumation mechanism of 
the Menderes massif that forms the basement of these basins from a different perspective. The N-S 
oriented basins overlying different basement rock types were re-evaluated based on new evidence 
that has potential to put new constrains for interpreting the tectonic evolution of the area. Unroofing 
of the Menderes Massif must have developed due to compressional core complex. Per the model 
generated from our observations, we propose that the western Anatolia underwent a N-S contraction 
during the Early-Middle Miocene time. In this period from Marmara Sea at north to Mediterranean 
Sea at south, numerous basins, as in Gördes and Demirci, were bound by N-S oriented oblique 
faults. Evidence of contraction in the region during Early Middle Miocene time is understood by 
N-S oriented obique, strike-slip faults, folds, and reverse faults. Starting from the Plio-Quaternary 
time, the contractional regime was shifted to extension and ensuing E-W oriented grabens were 
formed in Gediz, Büyük Menderes, and Gökova. The structural deformation associated with these 
E-W oriented grabens are normal faults and related open folds. Geological evidence of multi-
generation extension is recognized in the basins and basin-filling deposits throughout the Neogene 
to Quaternary time.

A new look at the origin of N-S trending young basins of western Anatolia 
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1. Introduction

Western Anatolia was exposed to the mutual 
interaction of contraction and extension systems 
during the Late Cenozoic. According to their 
position, two groups of basins are mainly present in 
the region as E-W and N-S trending, and there are 
several discussions on them. The most important 
of the major issues is to reveal the main data of the 
compressional and extensional tectonics and their 
relations and, accordingly, dating the initial ages of 
compressional and extensional tectonics. There is 
no consensus has yet been reached on these issues 
(Şengör, 1979; Seyitoğlu and Scott, 1991; Yılmaz et 

al., 2000; Bozkurt, 2003; Gürer et al., 2001, 2009, 
2014; Sözbilir et al., 2011; Özburan and Gürer, 2012; 
Gürbüz et al., 2012; Sangu et al., 2020). Three main 
problems have not been fully reconciled regarding the 
Neogene-Quaternary geology and structural elements 
of the region. These are;

1) What is the origin of extension? 

Six different models have been proposed to 
answer this question: a) the southward rollback of 
the African plate or the back-arc spreading model 
(McKenzie 1978; Jackson and McKenzie 1988), b) 
orogenic collapse model (Dewey 1988; Seyitoğlu 
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Sinem AYKAÇ, Abdullah GÜRER, İmam ÇELİK, Batuğhan YIKMAZ, Erdoğan ERYILMAZ, Erdi APATAY,                             
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and Scott 1991; McClusky et al., 2000), c) tectonic 
escape model (Dewey and Şengör 1979; Şengör 
1987), southward retreat of the northward subducting 
African slab due to post-orogenic collapse (Gautier 
et al., 1999; Jolivet, 2001), e) two-phased extension 
model (orogenic collapse/rollback of the subducting 
slab and tectonic escape) (Koçyiğit et al., 1999; 
Yılmaz et al., 2000; Bozkurt 2000, 2001b, 2003, 2004; 
Purvis and Robertson 2004; Bozkurt and Rojay 2005), 
f) extension in the Aegean Region due to different 
convergence rates towards the northeast between 
African slab and the Eurasian lithosphere. The faster 
southwestward motion of Greece than that in Cyprus 
and Anatolia resulted in the Aegean-West Anatolian 
Rift (Doglioni et al., 2002).

2) What is the origin of the N-S basins? 

For the origin of N-S trending basins, one of 
the following six models has been suggested: a) the 
basins developed as paleotectonic Tibetan type cross-
grabens under N-S compression, then changed into 
neotectonic Aegean type cross-grabens under N-S 
extensional regime (Şengör et al., 1985; Şengör, 1987; 
Görür et al., 1995). b) the basins developed as Aegean-
type cross-grabens, similar to the strike-slip basins 
associated with syn-sedimentary volcanism (Bozkurt, 
2003). c) the third model suggests that the N-S basins 
are related to the strike-slip faults developed under 
N-S compression and E-W extension (Yılmaz et al., 
2000; Gürer et al., 2009, 2013; Özburan and Gürer, 
2012). d) The basins in N-S and E-W directions 
developed simultaneously during the N-S extensional 
regime since the late Oligocene-Early Miocene. The 
extension was attributed to late orogenic collapse, 
which occurred just after the Paleogene compression 
had been ended (Seyitoğlu and Scott, 1991, 1994). 
e) N-S trending basins are not extension-related, 
they are intermountain basins (İnci, 1998, 2002). 
f) the basins are either supradetachment basins or 
depositions occurred in transtensional basins (Purvis 
and Roberston, 2004; Seyitoğlu et al., 2004; Ersoy et 
al., 2011; Sözbilir et al., 2011; Sümer et al., 2020).

3) Is the extension in the region continuous or 
discontinuous? 

a) According to some researchers, the extensional 
system was continuously active from the Late 
Oligocene to the Quaternary (Seyitoğlu and Scott, 

1991; Işık et al., 2003). Seyitoğlu and Işık (2015) 
claimed that there was no compressional regime in 
the region that continued until the Late Pliocene or 
between Miocene-Pliocene, even for a short period. 
b) Some other authors have proposed a multistage 
extensional history with two different suggestions. 
The first group suggested that the Late Oligocene-
Early Miocene stretching could not be responsible for 
all extensional tectonic history and that continental 
extension in the region was not a continuous event 
(Purvis and Robertson, 2004; Bozkurt and Sözbilir, 
2004; Bozkurt and Rojay, 2005). According to this 
model, the stretching direction in Western Anatolia 
has always been N-S. The second group suggested 
multiple stretching phases in different directions 
(Koçyiğit et al., 1999; Yılmaz et al., 2000; Genç et al., 
2001; Gürer and Yılmaz 2002; Ring et al., 2003; Gürer 
et al., 2001, 2003, 2006, 2009, 2021; Koçyiğit, 2005; 
Kaymakçı, 2006; Çemen et al., 2006; Koçyiğit and 
Deveci, 2007; Alçiçek and Ten Veen, 2008; Gürbüz 
et al., 2012; Özburan and Gürer, 2012; Gürboğa et al., 
2013).

The largest E-W trending grabens are Bakırçay, 
Kütahya, Simav, Gediz, Küçük Menderes, Büyük 
Menderes and Gökova grabens. These grabens 
and the normal faults restricting them are the most 
seismically active structures of western Anatolia. 
There is no consensus on the onset of the formation 
of E-W trending grabens. However, some researchers, 
based on paleontological and geochronological data, 
suggested that grabens began to develop in the Early 
Miocene (Seyitoğlu and Scott, 1991, 1996), in the 
Late Miocene (Şengör and Yılmaz, 1981; Şengör et 
al., 1985; Şengör 1987; Kaymakçı, 2006), or in the 
Plio-Quaternary (Dewey, 1988; Yılmaz et al., 2000; 
Sarıca, 2000; Bozkurt, 2000, 2001b; Gürer et al., 2009; 
2013; Özburan and Gürer, 2012; Yılmaz, 2017a, b). 
Other structural elements of Western Anatolia are the 
N-S trending basins and uplifts. These basins, mainly 
Urla, Çubukludağ, Seyitömer, Sabuncupınar, Gördes, 
Demirci, Selendi-Uşak, Ören, Eskihisar and Tınaz, 
join-up with the E-W grabens at high angles.

This article aims to give brief information about 
the basins in Western Anatolia and reevaluate the 
debates, particularly on the formation of N-S trending 
basins. These evaluations will be discussed within the 
scope of the author’s studies in the region and other 
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publications from the literature. Although the origin 
of the crustal extension is controversial, it is possible 
to examine the hypotheses about the continuity of the 
extension with detailed geological studies, especially 
in the basins.

2. Regional Geological Setting

There are two main types of rock groups in 
Western Anatolia as the pre-Neogene basement and 
the Neogene-Quaternary sequences (Figure 1). From 

north to south, the main tectonic units are a) Sakarya 
Continent, b) İzmir-Ankara Suture Zone, c) Menderes 
Massif, d) Lycian Nappes, and e) Taurides. These 
tectonic units were amalgamated by the closure of the 
northern branch of Neo Tethys (Vardar-İzmir-Ankara) 
in the Late Cretaceous-Eocene interval.

2.1. Pre-Neogene Basement Units

In Western Anatolia, pre-Neogene structural units 
with different geological features such as Sakarya 

Figure 1- a) Outline map of Türkiye, b) Simplified geological map of Western Anatolia (simplified from Konak, 2002, Konak and Şenel, 
2002). D: Denizli, M: Muğla, AH: Alaşehir Basin, KSH: Kuşadası-Söke Basin, ÖG: Ören Basin, BH: Bakırçay Basin, KMG: Küçük 
Menderes Graben, İAKZ: İzmir-Ankara Suture Zone.

Figure 1- a) Outline map of Türkiye and b) Simplified geological map of Western Anatolia (simplified from Konak, 2002, Konak and Şenel,
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Continent, İzmir-Ankara Suture Zone, Menderes 
Massif, Lycian Nappes, and Taurides are present. 
These structural units will be briefly introduced below, 
from north to south.

2.1.1. Sakarya Continent

Sakarya Continent is characterized by a 
strongly deformed Triassic basement with various 
metamorphics, namely the Karakaya Complex, 
which is covered by an extensive unconformity by 
Liassic conglomerate and sandstones, which pass to 
middle Jurassic-Lower Cretaceous carbonates and to 
Upper Cretaceous flysch (Bingöl et al. 1975; Okay, 
1989; Genç and Yılmaz, 1995). Sakarya Continent 
is a unit bounded by the İzmir-Ankara Suture to the 
south and the Intra-Pontide Suture to the north. Based 
on consisting of several pre-Alpine sequences as 
tectonic assemblages presenting completely different 
geological ages in the basement, the unit is assumed as 
a composite terrane (Göncüoğlu et al., 1997).

2.1.2. İzmir-Ankara Suture Zone

İzmir-Ankara Suture Zone represents the northern 
branch of Neo-Tethys. This suture, which separates 
the Sakarya Zone from the Anatolide-Taurides, is 
generally accepted as the major Tethys suture in Türkiye 
(Yılmaz, 1981). The northern branch of Neo-Tethys 
was consumed beneath the Sakarya Continent by 
northward subduction during the Cretaceous-Eocene. 
This suture zone contains intense HP/LT blueschist 
facies metamorphism in some parts (Sherlock et al., 
1999; Okay, 2002; Çelik et al., 2011). It also contains 
a number of fragmented ophiolite slices, which 
are interpreted to represent remnants of the Tethys 
oceanic lithosphere (Göncüoğlu et al., 2000). These 
oceanic lithosphere fragments were thrusted over the 
passive margin of Anatolide-Tauride platform (Şengör 
and Yılmaz, 1981; Gürer and Aldanmaz, 2002; Çelik 
et al., 2011).

2.1.3. Menderes Massif

The Menderes Massif is accepted as one of 
the metamorphic core complexes in which lower-
middle crustal rocks outcrop (Bozkurt et al., 1993; 
Bozkurt and Park, 1994; Hetzel et al., 1995; Emre 
and Sözbilir, 1997; Gessner et al., 2001a, b; Ring 
et al., 2003; Seyitoğlu et al., 2004). This crystalline 

complex is tectonically overlain by different tectonic 
units or zones such as the Lycian nappes in the south, 
and in the north and northwest by the Tavşanlı zone, 
Selçuk mélange, the Dilek Nappe, the Afyon zone, 
Ören   Unit with high pressure metamorphism (Okay, 
1981; Sherlock et al., 1999; Candan et al., 2001, 2005; 
Önen and Hal, 2000; Güngör and Erdoğan, 2001; 
Pourteau et al., 2010; Yılmaz, 2017a). In the west, 
the metamorphic rocks extending along the Dilek 
Peninsula are accepted as the eastern continuation of 
the Central Aegean Region Cycladic Massif, based 
on their geological and metamorphic characteristics 
(Candan et al., 2005; Rimmele et al., 2003, 2005; 
Gessner et al., 2001a, b; Van Hinsbergen and Schmid, 
2012; Yılmaz, 2017a). The massif is covered by 
Neogene-Quaternary sedimentary/volcanic units in 
many areas.

The tectonic position and evolution of the Menderes 
massif is controversial. The ongoing debates about the 
massif concerns the type and timing of metamorphism, 
magmatism, and deformation (Yılmaz, 2017a), the 
overall structure of the massif, how and when the 
massif’s lower-middle crustal rocks were exhumed, 
and the relationship of the massif to the other 
surrounding massifs (Whitney and Bozkurt, 2002). 
The debates are especially related to the structural 
position of the southern part of the Menderes Massif. 
Suggested models are mainly as follows: a series of 
north-vergent thrusts within the massif (Bozkurt and 
Park, 1994) (Figure 2a), southern Menderes sub-
massif as a large north-vergent recumbent fold (Okay, 
2001) (Figure 2b), a series of nappes stacked during 
south-directed thrusting (Ring et al., 1999; Gessner et 
al., 2001b). It has been suggested that the Menderes 
Massif, which was thought to have a simple structure in 
previous studies, presents a complex internal structure 
defined by the Late Alpine compressional tectonic 
product thrust faults (Partzsch et al, 1998; Candan and 
Dora, 1998; Gessner et al., 1998; Ring et al., 1999, 
2003; Dora et al., 2001; Regnier et al., 2003; Ring 
and Collins, 2005; Bozkurt, 2007). The metamorphic 
rocks of the Central Menderes Massif consist of 
four nappes stacked during plate convergence from 
Late Cretaceous to Eocene along the İzmir-Ankara 
Suture Zone (Ring et al., 1999; Van Hinsbergen, 
2010; Gessner et al., 2013). From the bottom to the 
top, these nappes include the Bayındır, Bozdağ, Çine 
and Selimiye nappes that are structurally overlain 
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Figure 2- a) the north-vergent thrust model in the Menderes Massif (Bozkurt and Park, 1999), b) a schematic cross-section illustrating the 
recumbent fold in the Menderes Massif (Okay, 2001), c) the interpreted cross-section of the Menderes Massif by Gessner et al. 
(2001c), Lips et al. (2001), Regnier et al. (2007). 40Ar/39Ar white mica ages for the Selimiye shear zone were taken from Hetzel 
and Reischmann (1996). The Bayındır low-grade mylonite zone is shown with a thick dashed line. BMG: Büyük Menderes Graben, 
GG: Gediz Graben, KMG: Küçük Menderes Graben (Regnier et al., 2007), d) an interpreted cross-section showing the positions of 
different thrust slices along the Menderes Massif (Yılmaz, 2017a). 
GG: Gediz Graben, KMG: Küçük Menderes Graben (Regnier et al., 2007) and d) an interpreted cross-section showing the positions of
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by the Cycladic blueschist unit in the west (Ring et 
al., 1999; Gessner et al., 2013; Heineke et al., 2019). 
Regnier et al. (2007) demonstrated the napped internal 
structure of the massif by conducting a study focusing 
on metamorphic conditions along the contact of 
orthogneiss and surrounding metasedimentary rocks in 
the southern Menderes Massif (Figure 2c). According 
to Yılmaz (2017a), the Menderes Massif has been 
subjected to semi-brittle to brittle, N-S compressional 
deformation, which causes the shortening, thickening 
and imbrication in the entire region. Thick-skinned 
deformation has occurred in the Menderes Massif 
and its tectonic components have been structurally 
rearranged. Deep-seated metamorphic rocks (core 
rocks) were thrusted over the cover rocks (Figure 2d, 
Yılmaz, 2017a).

A large number of studies have been conducted on 
the metamorphisms and deformations of the Menderes 
Massif and its surrounding massifs (Table 1). In these 
studies, different opinions have been put forward about 
the deformation times of the massif. Ages varying 
from Eocene to Miocene for compression, while from 
Miocene to Pliocene for N-S trending extension in the 
massif have been suggested.

2.1.4. Lycian Nappes

The Lycian nappes form a nappe stack consisting 
of fragmented ophiolites forming the uppermost 
nappe, together with the slices of the Western Tauride 
metamorphic basement and the overlying Mesozoic 
platform carbonates. Lycian nappes are widespread in 
the south of the Menderes Massif (Figure 3). Lycian 
nappes as in tectonic slices tectonically overlie the 
Beydağı parautochthon of the Western Taurides at 
the south (Poisson, 1977, Gutnic et al., 1979; Ricou 
et al., 1979; Collins and Robertson, 1998; Ersoy, 
1990). It has been accepted that the Lycian nappes 
were transported from the Neo-Tethys Ocean at the 
north of the Menderes Massif in the Late Cretaceous-
Late Miocene interval as tectonic slices, over the 
massif from north to south and emplaced in the region 
(Şengör and Yılmaz, 1981; Şengör et al., 1985; Okay, 
1989; Collins and Robertson, 1998).

2.1.5. Taurides

In the west of the Taurides, located in the south of 
Türkiye, rock units, which are mostly allochthonous, 

developed in the Precambrian-Quaternary interval crop 
out. Beydağları autochthon is a carbonate platform 
during the Mesozoic and witnessed the emplacement 
of Antalya and Alanya nappes at the end of the 
Mesozoic and/or in Paleocene, and the Lycian nappes 
at the end of the Early Miocene and the beginning of 
the Middle Miocene (early Langhian). The first two 
of these nappes are south-originated, while the Lycian 
nappes of north-origin (Konak, 2007). The northern 
branch of the Neo-Tethys Ocean was closed in the 
Eocene as a result of the collision of the Sakarya zone 
in the north and the Tauride-Anatolide Platform in the 
south (Şengör and Yılmaz, 1981). The first thrusting 
of ophiolitic nappes and platform successions from 
north to south over the Tauride platform initiated in 
the Early Eocene, and its final emplacement lasted 
until the Middle Pliocene (Poisson, 1977; Yılmaz et 
al., 2000).

2.2. Neogene-Quaternary Basins

Neogene-Quaternary sequences are mainly found 
in basins in two different directions. The N-S trending 
basins are rhomboidal- or trough-shaped, with an 
average length of 20-25 km and a width of 5-10 km 
(Figure 1). The faults controlling the opening of the 
basins are generally oblique faults with a dominant 
strike-slip component (Yılmaz et al., 2000; Bozkurt 
2003; Gürbüz et al., 2012; Gürer et al., 2001, 2009, 
2013; Ersoy et al., 2011, 2014; Yılmaz 2017a, b). 
The basins, generally have similar stratigraphy, and 
are filled with terrestrial sediments and volcanics, 
presenting lateral and vertical changes within the facies 
and lithologies. The sediments were mainly deposited 
in alluvial fan, fluvial and lacustrine environments. 
The succession, which starts with blocky conglomerate 
and conglomerate at the basin margins, then passes 
into alternations of sandstone and mudstone, and into 
marl and limestones in the basin interior. In addition to 
the sediments, volcanics in andesite, latite and dacite 
composition and volcanoclastic rocks are commonly 
found in the northern basins (Yılmaz, 1989; Yılmaz et 
al., 2000). Basin fills can reach a thickness of 1500 m.

The N-S oriented basin sequences were influenced 
by syn- and post-depositional open-closed folds and 
reverse faults at different scales and were deformed. 
Miocene deposits of the basins located in the north 
of the Gediz Graben were deformed by wide folds 
with parallel axes to the basin margins (Yılmaz et al., 
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Table 1- Views on the metamorphism and deformation of the Menderes Massif and its surrounding massifs.

Reference Deformation Components Metamorphism Conditions Time of Deformation

  Ring et al., 1999
Samos

 D1-D2, WNW-ESE oriented nappe 
emplacement

Blueschist and blueschist-greenschist 
transitional metamorphism (M1) D2, 
Blueschist metamorphism in Kerketas 
nappe (M2)

Eocene-Early Oligocene

D3, Oligocene-Miocene horizontal 
stretching,

Crustal horizontal stretching, then 
greenschist metamorphism (M3)

Early Oligocene

D4, <8.6 and 9 My, E-W short-term 
compression

The cause of this event is unknown. Miocene

D5, <8.6-Recent N-S oriented normal 
faulting phase

Late Tortonian- Recent

Bozkurt and Park, 
1999 Southern 

Menderes Massif

D1 related deformation; N-S
M1 Barrovian type regional 
metamorphism

Early Eocene-Early 
Oligocene

D2, WNW-ESE trending
?

Late Oligocene-Early 
Miocene

Gessner et al., 2001b 
Menderes Nappes

DPA, compression, top to the NE sense of 
shear

Amphibolite facies metamorphism Pre-Alpine (Proterozoic)

DA3+D4, compression, top to the S Greenschist facies Late Oligocene

Gessner et al., 2001a
Menderes Massif

First cooling phase Temperature over 110ºC
Late Oligocene-Middle 
Miocene

Second cooling phase Temperature below 60ºC Pliocene-Pleistocene

   Rimmele et al., 
2003

South of Menderes 
Massif

1st phase, top to the N sense of shear, 
compression

HP association magnesiocarpholite–
kyanite

Late Cretaceous-Eocene

2nd phase, top to the N sense of shear

AMM peak, gradual cooling (Late 
Eocene)
HP metamorphism in the cover 
metaconglomerate.
Northward thrust of the Lycian 
Nappes over the Menderes Massif,  
Reactivation of the Menderes-Lycian 
contact as a NE shear zone in the upper 
plate leading to the exposure of the 
Lycian HP rocks.

Paleocene-Eocene

3rd phase

N-S bi-directional extension, Top to 
the SW shear sense in the chloritic 
shear bands in the late exhumation 
phase.

 Oligo-Miocene

Rimmele et al., 2003
South of Menderes 

Massif

Top to the NE shearing concurrent with the 
syn-orogenic extension and exhumation of 
the Cyclades

 HP-LT  Eocene

 Extension, NE trending shear in the 
regional upper plate Miocene

Ring et al., 2003 
Gördes-Çine

Napping Late Cretaceous-Tertiary

Extension, Rapid Cooling, southward 
movement of the upper plate

Late Oligocene (25My) - 
Miocene

Extension, Cooling Pliocene
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 Regnier et al.,
 2003

South of Menderes 
Massif

Selimiye shear zone, MM burial, top to the 
S shear sense 

Greenschist and amphibolite facies, 
degree of metamorphism decreases 
from bottom to top in the Selimiye 
Nappe.

 Eocene

Çine Nappe
Max. P-T conditions, 8–11 kbar and 
600–650º C

ca. 550 My was stated 
for the amphibolite facies 
metamorphism

No evidence for the northward thrust of 
the upper plate for being an early Alpine 
phase.

Ring et al., 2007
Samos, Menderes 

Massif

Ampelos/Dilek nappe was thrusted 
southward over the MM with greenschist 
facies, Cyclades-Menderes thrust, cutting a 
30 to 40 km thick crust.

 Detailed Rb-Sr and 40Ar/39Ar 
dating of mylonites indicate 
that both shear zones operated 
between 42-32 My.

The upper contact of the Ampelos/Dilek 
wedge is the top to the NE Selçuk normal 
shear zone where the Ampelos/Dilek nappe 
exhumes about 30-40 km.
No evidence for a duration of 10 Myr 
episodic motion of shear zones, implying 
both shear zones worked steady, non-
episodic manner (42-32 My).
Our data provide supporting evidence for 
that simultaneous thrusting and normal 
shear can result in early exposure of deep-
seated rocks.

Ten Veen et al., 2009
Menderes Massif

1st phase, detachment faulting in which 
the upper plate moves to the north in the 
uplift of Menderes Massif and accordingly 
the southeastward sliding of the Lycian 
Nappes. These faults reactivated in 
younger deformation stages.

Early-Middle Miocene

2nd phase, NNE–SSE and ENE–WSW 
oriented extension, E-W trending main 
grabens

Late Miocene–Late Pliocene

3rd phase, Stage 2 type of extensions are 
dominant in W Anatolian Graben Region 
and Lycian Taurids.

Post-Pliocene

Van Hinsbergen, 
2010

Menderes Massif

MM formed a rectangular, NE-SW 
oriented, 150×100 km size tectonic 
window.

 Early Miocene

Van Hinsbergen and 
Schmid 2012

Aegean Region

1st phase, 110 km extension Between 25-15 My

Most of the 2nd extension occurred After 15 My (max. 290 km)

Cenki-Tok et al., 
2016

North of Menderes 
Massif

Compression

Extensive amphibolite facies 
metamorphism reaching the peak. 
Approximately 625–670°C and 7–9 
kbar

Eocene

Extension 19.8-25.5 My

Ring et al., 2007
South of Menderes 

Massif

Menderes Nappes, Ören Nappe
Apatite fission-track dating 
18-28 My, 31-42 My

Menderes Nappes Cycladic blueschist unit 
Ören Nappe

Zircon fission-track dating
29-31 My
30-33 My
93 My and 129 My

Table 1-(continued).Table 1- Continued.
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2000; Sözbilir, 2002; Bozkurt, 2003) (Figures 4, 5). 
Some researchers associated the folds with the N-S 
extensional regime (Seyitoğlu et al., 2000; Sözbilir, 
2001, 2002; Çemen et al., 2006), while some others 
does with the N-S compressional regime (Yılmaz et 
al., 2000; Gürer et al., 2009, 2013; Özburan and Gürer, 
2012).

The youngest basins of western Anatolia are 
approximately E-W oriented, long and narrow 
(several km wide, tens of km long), asymmetrical, 
and generally arcuate (arc-shaped). One margin of 
each basin is characterized by steep topography 
associated with surface ruptures of active faults. 
Numerous closely spaced high-angle antithetic and 
synthetic faults developed in the footwall and hanging 
wall blocks of the basins. The horst and graben 
type morphology dominates the Western Anatolian 
landform and controls the major westward-flowing 
drainage system (Yılmaz, 2017b).

The faults of E-W oriented grabens cut and offset 
N-S oriented basins (Koçyiğit et al., 1999; Yılmaz et 

al., 2000; Sözbilir, 2001,2002; Bozkurt, 2001, 2003; 
Gürer et al., 2001, 2009, 2013; Westaway et al., 2004; 
Purvis and Robertson, 2004; Ersoy et al., 2011). Most 
of the N-S basins are generally observed as hanging 
basins on neighboring young uplifts. Gördes, Demirci 
and Selendi basins, for instance, are located in the horst 
block rising between the Gediz and Simav grabens. 
In addition, it was determined by the magnetotelluric 
method that the N-S trending basins in the Gediz 
Graben were trapped under the graben fill (Gürer et 
al., 2001, 2002).

E-W-oriented basins can be examined under two 
groups. The first group of basins (e.g., Simav, Gediz, 
Büyük Menderes) began to develop by a detachment 
fault and then continued evolving by high-angle 
antithetic and synthetic normal or oblique faults. 
Faults limiting the second group of basins (e.g., 
Bakırçay, Kütahya, Küçük Menderes, Gökova) are 
high-angle normal or oblique faults.

The basin fills are mainly terrestrial clastic deposits. 
The sequence, which starts with coarse clastics at 

Figure 3- Simplified geological map of the SW Anatolia (simplified from Konak and Şenel, 2002).
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Figure 4- Examples of folds observed in Neogene successions in different parts of Western Anatolia; a) an overturned folding in the Küçükkuyu 
formation in the Bahçedere village (Edremit) road cut (39º 590685 N/ 26º 621073 E), b) a recumbent fold in the Tunçbilek formation 
in the Seyitömer coal pit (39º 35’12,28”N, 29º 53’04.40”E), c) examples of overturned and recumbent folds developed in the Lower-
Middle Miocene succession in the east of Bergama (39º12’14.4”N, 27º40’46.6”E), d) vertical bedding in the Middle Miocene aged 
succession in the Soma Kısrakdere coal pit (39º6’41,5”N, 27º34’2,27”E), e) tectonic lens structure developed by compression in 
the Lower-Middle Miocene succession north of Ortaklar (37º56’19,73”N, 28º16’59,98”E), f) recumbent folding developed in the 
Lower-Middle Miocene unit in the north of Nazilli (37º58’36,57N, 27º37’21,20E).
the Lower-Middle Miocene succession north of Ortaklar (37º56’19,73”N, 28º16’59,98”E) and f) recumbent folding developed in the
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Figure 5- Examples of reverse faults observed in Neogene successions in different parts of Western Anatolia; a) a reverse fault observed in 
the Lower-Middle Miocene succession in the Çırpıköy coal pit, north of Kazdağ (39º 799565 N/ 27º 335935 E), b) ophiolite slice 
of the Tavşanlı Zone thrusted over the Emet formation on the Kütahya-Eskişehir highway (39º29’10,25”N, 30º02’41,17”E), c) 
reverse faults cutting the Lower-Middle Miocene succession in the Sevişler coal pit, north of Soma (39º5’39,3”N, 27º44’23,5”E), 
d) a reverse fault cutting the Middle-Upper Miocene succession in the southeast of Kuşadası (37º49’46,10”N, 27º17’29,48”E), e) 
A reverse fault developed in the Late Miocene-Pliocene aged Yatağan formation in the Tınaz Coal pit at the south of Yatağan (35º 
606117, N/41º 21810E), f) reverse faults and synclinal fold structure developed in the underlying Sekköy and overlying Yatağan 
formations, in the Tınaz coal pit (35º 4121395N/ 60º7818E).
606117, N/41º 21810E) and f) reverse faults and synclinal fold structure developed in the underlying Sekköy and overlying Yatağan
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the basin margins, continues with fine-coarse clastic 
alternations in the basin interior. The basin fill is 
generally horizontal; however folding and back tilting 
associated with stretching toward faults are observed 
(Sözbilir, 2002; Bozkurt and Sözbilir, 2004). Actual 
rivers such as Bakırçay, Gediz and Büyük Menderes 
flow through these basins.

The relations and origins of these two groups of 
basins in the region have long been controversial. 
In this study, based on our own observations and 
literature knowledge, brief information about the 
underlying structural units and Neogene-Quaternary 
basins will be given, and debates on their relationships 
and origins will be discussed. The readers can obtain 
detailed information about the basins from the related 
resources.

2.2.1. Edremit Basin and the Surroundings

Edremit Basin, the largest basin in Northwest 
Anatolia, extends into the sea towards the west by 
expanding (Figure 6). While the northern margin of 
the basin is steeper, linear, and distinct, the southern 
margin is gently inclined, indented, and indistinct. 
The structural and geometrical features of the basin 
indicate that it is a transtensional basin (Gürer et al., 
2014, 2016).

A basinal sequence represented by lacustrine 
deposition in the Early-Middle Miocene is present 
around Edremit. This clastic sequence consisting 
of bituminous shale, tuff, mudstone, sandstone, and 
limestone, which are mainly the products of lacustrine 
depositions, outcropping in the Küçükkuyu and the 
surroundings at the north and in the Ayvalık and its 
surroundings at the south are defined as Küçükkuyu 
Formation. The unit, mainly grey, brown, and green 
colored, is thin- to medium-bedded and is monotonous 
in terms of succession features (Gürer et al., 2016).

The Küçükkuyu formation was probably 
deposited in interconnected lacustrine environments 
in the central and eastern parts of the Biga Peninsula 
(Ayvalık, Küçükkuyu, Bayramiç, Çan, Yenice, 
Kalkım etc.). The sequence was developed mainly on 
the Çetmi mélange in the south of Kazdağ and rarely 
on the Asos volcanics. The succession, which started 
with conglomerate and sandstone alternation, then 
continued with alternation of sandstone, siltstone, 
and mudstone. Considering the lithology, facies 
distribution, geometry and structural position of the 
formation, it can be inferred that the basin margin rests 
against a high-angle rim and deepens from east to west 
(Yılmaz and Karacık, 2001). The formation, which is 
partially deformed in all areas where it outcrops, is the 

Figure 6- Simplified geological map of the Edremit Basin and its surroundings (adapted from Emre et al., 2012 (Gürer et al., 2016)).

2014, 2016. Koçyiğit and Gürboğa, 2021).
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equivalent of Early-Middle Miocene-aged lacustrine 
deposits widely exposed in Western Anatolia. The 
deformation developed as folding and faulting, and 
examples of overturned folds were observed as well 
as open folds (Figures 4a, 5a).

2.2.2. Kütahya Graben and the Surroundings

Kütahya and its surrounding area is one of the 
regions where the compressional and extensional 
system is well observed, exhibiting extensive 
Neogene-Quaternary successions, folds, reverse 
faults, uplifts and basin systems. The most prominent 
morphological element of the region is the Kütahya 
Graben with an approximately N65ºW orientation, 50 
km length and 2-8 km width (Figure 7). The northern 
margin of this asymmetrical graben is indistinct and 
irregular, while the southern margin is more distinct, 
linear and high-angled. The boundary between the 
Graben and the Yellice horst located in its south is 
a normal fault zone with a left lateral component. 
Small-medium-sized alluvial fans developed between 
the horst and the graben.

To the north of the Kütahya graben, two NE-SW 
trending basins, Seyitömer and Sabuncupınar basins, 
extend. Seyitömer Basin is approximately 25 km long 
and 14 km wide. Both basins are filled with a sequence 
consisting of two successions belonging to the Lower-
Middle Miocene and to the Pliocene. Stratigraphic 
and sedimentologic data indicate the presence of 
a significant angular unconformity between these 
two successions. The initial fillings of the basins are 
different from each other. Beke Formation (Lower 
Miocene) consisting of conglomerate, sandstone and 
siltstone and Tunçbilek Formation (Lower-Middle 
Miocene) consisting of coal seams intercalated with 
conglomerate, sandstone, siltstone, marl, claystone, 
tuff, limestone form the main filling of Seyitömer 
Graben. The Sabuncupınar Basin with an approximate 
N30º-35ºE orientation is filled with volcanics mainly 
composed of tuff and pyroclastics. Different fillings 
of these two parallel basins suggest that Karaöz Uplift 
located between them was a significant barrier in 
the Early-Middle Miocene period (Özburan, 2009; 
Özburan and Gürer, 2012).

Figure 7- Geological map of the Kütahya graben and its surroundings (Özburan, 2009; Özburan and Gürer, 2012).
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The common cover of these two basins and uplift 
is Late Miocene-Pliocene aged sequence that starts 
with an angular unconformity on the first succession 
in Seyitömer Basin and a parallel unconformity in 
Sabuncupınar Basin. The first unit of the sequence is 
the Çokköy Formation, which starts with conglomerate 
and later changes into alternating sandstone, siltstone 
and claystone. The overlying Emet Formation begins 
with an alternation of sandstone and claystone at the 
bottom and continues with mudstone, limestone and 
marl.

2.2.3. Bakırçay Basin and the Surroundings

Bakırçay Basin is a NE-SW trending, bow-tie 
shaped basin with a length of approximately 60 km 
and a width of 5 km (Figure 8). In the west of the 
basin, which has an asymmetrical morphology, the 
northern margin is steeper and linear than the southern 

margin. However, there is an opposite morphology 
in the east of the basin. The basin is located in a 
tectonically complex region where the N-S extensional 
regime of the Aegean extensional system and the NE-
SW trending North Anatolian Fault System (NAFS) 
intersect. Therefore, it is accepted that these two factors 
concurrently control the neotectonic deformation of 
the region (e.g., Taymaz et al., 1991; Yılmaz et al., 
2000; Pfister et al., 2000; Bozkurt, 2001a, b, 2003; 
Gürer et al., 2006, 2016; Yılmaz, 2017).

Three successions around the basin, separated by 
unconformable contacts between them, are as follows: 
The Early-Middle Miocene aged Dikili group, the 
Late Miocene aged Zeytindağ group and the Plio-
Quaternary aged Bergama Basin fill. Early-Middle 
Miocene aged terrestrial sediments and the volcanics 
interfingering with them at all levels are located in the 
north and south of the basin. The sediments consist 

Figure 8- Simplified geological map of the Bakırçay Basin and its surroundings (modified from Konak, 2002). Two earthquake mechanisms in 
Bakırçay Basin are taken from Paradisopoulou et al. (2010) (Sangu et al., 2020). 
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of sandstone, mudstone, marl and shale alternations 
deposited in a lacustrine environment. Lacustrine 
deposits outcropping in NE-SW direction, especially 
in the east of the Çandarlı-Bergama line, exhibit 
widespread outcrops in the east of Bakırçay Basin and 
around Soma. In the sequence known as the Dikili 
group, open and closed folds and reverse faults have 
sporadically developed (Figures 4c, 5c).

2.2.4. Gediz Graben and the Surroundings

The Gediz Graben, one of the most developed 
grabens in Western Anatolia (Figure 9), has been studied 
in detail by many researchers in recent years (e.g., 
Cohen et al., 1995; Emre, 1996; Seyitoğlu and Scott, 
1991, 1996; Koçyiğit et al., 1999; Yılmaz et al., 2000; 
Sözbilir, 2001; Işık et al., 2003; Çiftçi and Bozkurt, 
2008, 2009; Öner and Dilek, 2011, 2012, 2013). The 
140 km long and 10-15 km wide Gediz Graben, which 
has an arc-shaped geometry, is asymmetrical and its 
southern margin is steeper and more seismically active. 
Most of the graben fill outcrops around the southern 
margin. There are sedimentary basins developed in 
two different directions around the Gediz Graben. 
The NE-SW trending and Early-Middle Miocene aged 
ones are filled with younger clastic, volcanoclastic and 
volcanic rocks. The Gediz Graben, on the other hand, 

is E-W trending and is mainly filled with clastic rocks 
(Yılmaz et al., 2000; Purvis and Robertson, 2004; 
Ersoy and Helvacı, 2007; Ersoy et al., 2010; Öner and 
Dilek, 2011, 2013).

The NE-SW trending major basins, mostly 
bounded by high-angle normal faults with strike-slip 
components, are Gördes, Demirci, Selendi, Uşak-
Güre Basins (Yılmaz et al., 2000; Bozkurt, 2003; 
Ersoy et al., 2010). Gördes, Demirci and Uşak-Selendi 
basins are filled with a succession dominated by 
Early-Middle Miocene aged terrestrial clastic rocks, 
unconformably overlying the metamorphic rocks of 
the Menderes Massif and the İzmir-Ankara ophiolites. 
The stratigraphic and structural features of these 
basins have been introduced in detail in recent years 
(e.g., Seyitoğlu and Scott, 1994, Seyitoğlu et al., 1994; 
Seyitoğlu and Scott, 1996; Yılmaz et al., 2000; Purvis 
and Robertson, 2004; Ersoy et al., 2011).

The faults generating the Gediz Graben cut the NE-
SW trending basins and slightly offset in a lateral sense 
(Yılmaz et al., 2000; Gürer et al., 2001). As a result, 
NE-SW trending basins remained as hanging grabens 
on the footwall blocks. This relationship indicate that 
NE-SW trending grabens were continuous before the 
development of the Gediz Graben.

Figure 9- Simplified geological map of the Gediz graben and its surroundings (modified from Konak, 2002). IASZ: İzmir-Ankara Suture Zone.
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2.2.5. Büyük Menderes Graben and the Surroundings

Büyük Menderes Graben bounded by the Menderes 
Massif from the north and south, is a 140 km long and 
2.5-14 km wide graben with an arc-shaped structural 
geometry. The Graben extends approximately in an 
E-W direction until Ortaklar, and extends mainly in 
a NE-SW direction from there to the west (Figure 
10). The northern margin of the graben is bounded 
by the linear mountain frontage of the Mount Aydın, 
which rises steeply from 50 m up to 1750 m, while 
the southern margin has a lower topography. These 
morphology and structural features indicate that the 
Büyük Menderes Graben is an asymmetrical graben 
(Gürer et al., 2009; Yılmaz, 2017a).

Two main rock groups, a basement consisting 
of the Menderes Massif and a Neogene-Quaternary 
sedimentary cover up to 2.5 km thick, are distinguished 
in and around the Büyük Menderes Graben. 
Interpretation of the data obtained from the cover 
units reveals the existence of three non-systematic 
lithostratigraphic units named A, B and C (Gürer et 
al., 2009). These three units outcrop on the northern 

margin of the graben, while units A and C outcrop on 
the southern margin. The relationship between the 
successions and the underlying metamorphic rocks 
is generally tectonic. Different tectonic processes 
produced diverse fault systems and basins in the 
region during the Neogene-Quaternary period.

The graben and its surroundings are cut by various 
fault groups ranging from oblique faults to high and 
low angle normal faults. Conjugate faults mainly 
strike NE and NW directions, while most of the 
normal faults strike E-W direction. Two fault systems 
have developed in the region: 1) Approximate NE and 
NW oblique faults adjacent to Unit A, 2) E-W trending 
faults adjacent to B and C units. The second group 
of faults can be subdivided into a) low-angle Büyük 
Menderes Detachment Fault with E-W direction and 
b) synthetic and antithetic en echelon normal faults 
(Yılmaz, 2017a).

The geological map of the Büyük Menderes 
Graben shows the existence of two structural basin 
systems of different ages and directions. The first 

Figure 10- a) Geological map of the Büyük Menderes graben. BMDF: Büyük Menderes Detachment Fault, EF: Eğridere Fault, ZF: Zeytinli 
Fault, SF: Sıralılar Fault, b), c), d), e) and f) show the locations of the extended maps given in Figure 10. A-B, C-D and E-F represent 
the section lines given in Figure 10a (Gürer et al., 2019).
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system is represented by N-S oriented structural 
depressions filled with Lower-Middle Miocene 
continental sediments. The second system cuts the 
preceding one and is represented by the E-W trending 
Büyük Menderes Graben filled with Plio-Quaternary 
terrestrial deposits. The synthesized data indicate 
that two different basin formations around the Büyük 
Menderes Graben, which developed in different 
structural environments, resulting from two successive 
and different tectonic regimes. 

The Lower-Middle Miocene fillings (Unit A) of 
the NW and NE trending basins have been deformed 
in places by folds and reverse faults (Figures 4e, 
f, 5d). It has been suggested that folds and oblique 
faults correspond to a N-S compression in the region 
(Yılmaz et al., 2000; Gürer et al., 2009). It has been 
proven by fault kinematics studies that the N-S 
trending Bozdağan and Karacasu Basins, located 
in the south of the Büyük Menderes Graben, were 
deformed by N-S compression in Miocene and Early 
Pliocene (Ocakoğlu et al., 2014).

2.2.6. Gökova Graben and the Surroundings

Four groups of basins with different development 
periods and directions are present around the Gulf of 
Gökova, which is located in the southernmost part of 
the Western Anatolian Extensional Region. It has been 
suggested that the formation of the basins occurred 
in different structural environments and resulted 
from different consecutive tectonic regimes (Gürer 
and Yılmaz 2002; Gürer et al., 2013). Two different 
basement units, Lycian Nappes and Menderes Massif, 
coexist in the region (Figure 11). Gökova is a critical 
region for a better understanding of the transition from 
the compressional system to the extensional system.

The first group is represented by a NE-SW trending 
basin (Kale-Tavas Basin) filled with Oligocene-Lower 
Miocene shallow marine-terrestrial sediments. Kale-
Tavas Basin extends in the E-W direction to the 
north and south of the Gulf of Gökova and NE-SW 
direction between the Gulf of Gökova and Denizli. 
The sequence of the Kale-Tavas Basin unconformably 
overlies the crystallized limestone and marbles of the 
Lycian nappes in the north of the Gökova Gulf, and 
the ophiolitic basement of the Lycian nappes around 
Acıpayam, Denizli and Burdur in the south and east of 

the Gökova Gulf. The basin succession, which starts 
with a thick conglomerate, sandstone alternation at 
the base, and continues upward with conglomerate, 
sandstone and mudstone alternations, ends up with 
reefal limestone lenses.

The NE and NW trending structural depressions 
(Eskihisar and Tınaz Basins) in the second group 
are filled with Lower-Middle Miocene terrestrial 
deposits. Both of these basins bounded by oblique 
faults are geometrically L-shaped. In both basins, the 
successions start with conglomerate and sandstone 
alternation at the bottom (Turgut Fm.) and end up with 
sandstone, mudstone and marl alternation containing 
lignite intercalations (Sekköy Fm.). Fossils obtained 
from the limestones provide a Middle Astarasian age 
(Middle Miocene, 14 My) (Atalay, 1980; Gürer and 
Yılmaz, 2002).

The third group of basins in the region is the 
Yatağan Basin, which is located between Yatağan 
district and Gökova Bay. The NW-SE trending basin 
is 30 km long and 10 km wide, with unclear borders 
and geometry. The basement of the basin is the 
Menderes Massif in the north and the Lycian nappes 
in the south. The basin fill consists of brown, poorly 
sorted, thick-bedded alluvial conglomerate at the 
bottom, passes upwards into grayish-brown sandstone 
and mudstone, and ends up with light grey-white 
clayey limestone intercalations. Limestone and marl 
lenses, tuff intercalations and travertine are present at 
different levels of the succession. The succession is 
300-500 m thick, and the red-colored beds provides a 
mammal fauna in the Muğla region representing the 
time interval spanning from the Middle Astaracian 
to the Turolian (Atalay, 1980). The basin has been 
interpreted as an intermountain basin developed 
without significant tectonic control (Gürer et al., 2013). 
Reverse faults were observed in places in the Miocene 
and Pliocene successions in the region (Figures 5e, f). 
The fourth group of basins in the Gökova region are 
Muğla, Paşapınarı, Yeşilyurt, Ula and Gökova Basins. 
These basins are filled with block-gravel, pebbly 
sand, sand and clays of the alluvium, colluvium and 
alluvial fan deposits. The sequence consists of marine 
sediments in the Gulf of Gökova. Muğla and Gökova 
basins are located at the altitudes of 650-700 m and 
850 m respectively. 
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Figure 11- Geological map of the Gulf of Gökova and its surroundings (Gürer et al., 2013).



135

Bull. Min. Res. Exp. (2023) 170: 117-146

135

Bull. Min. Res. Exp. (2022) 170: 117-146

Çameli and Eşen Basins, placed within the Fethiye-
Burdur Fault Zone in SW Anatolia, are also continental 
basins developed in the Neogene-Quaternary period. 
Compressional deformational structures were also 
observed in these basins bounded by oblique faults. 
Detailed information about these basins can be found 
in related studies (e.g., Alçiçek et al., 2004, 2006; 
Elitez and Yaltırak, 2014).

3. Discussions

In the evaluation of the above-mentioned studies on 
the Neogene-Quaternary basins in Western Anatolia, 
it is seen that there are disagreements, especially 
about the onset of the extension, the continuous 
or discontinuous nature of the extension, and the 
origin and evolution of the basins. In this section, 
the discussions about the compression and extension 
phases in the region will be briefly summarized.

The Late Cretaceous period marks the initiation 
of a convergent tectonic regime in and around Turkey 
and is particularly characterized by the emplacement 
of ophiolite nappes. These nappes were moved to 
large carbonate platforms that began to collapse by 
the onset of settlement (Yılmaz, 2017a, b). It has been 
suggested that the ophiolite slices derived from the 
closure of the northern branch of Neotethys, which 
was located between the Sakarya Continent and the 
Tauride-Anatolide continent in the Late Cretaceous-
Eocene interval, progressed from north to south as 
nappes (Şengör and Yılmaz, 1981; Özgül, 1976, 1984; 
Hayward and Robertson, 1982; Dixon and Robetson, 
1984; Şengör et al., 1985; Collins and Robertson, 
2003; Okay, 2001; Ten Veen et al., 2009; Nemec et 
al., 2018). The nappes emplaced on the Taurides 
by moving over the Menderes Massif caused the 
deformation of the Taurides and the formation of thick 
nappe slices. Compression and the nappe slices have 
caused the continental crust in Western Anatolia to be 
thickened (Yılmaz, 2017a). 

From the Oligocene period, on the other hand, 
the first uplift of the metamorphic complexes of the 
Aegean occurred and was partially exposed (Lacassin 
et al., 2007). Different opinions have been suggested 
on the uplift time and mechanism of the massifs, 
especially the Menderes Massif, in the region. Some 
researchers have claimed that the Menderes Massif 

was uplifted by compression in the Oligocene-
Middle Miocene interval and by the N-S extension 
after the Late Miocene or Plio-Quaternary (Yılmaz et 
al., 2000; Erkül et al., 2005a, b; Gürer et al., 2009, 
2013). According to these researchers, during the 
Late Oligocene-Early Miocene, the Menderes Massif 
and all Western Anatolia underwent a compressional 
deformation in N-S direction. In addition, it has been 
suggested that the Thrace Basin and the Balkans were 
compressed in the NW-SE direction during the Late 
Oligocene-Early Miocene and thus folded (Erbil 
et al., 2021). As a result of this compression, the 
entire region was shortened, folded, imbricated, and 
thickened. This was followed by an extensional phase, 
probably due to the orogenic collapse (Seyitoğlu et al., 
2004) or the rollback mechanism in the South Aegean 
Trench (Bozkurt, 2003; Gürer et al., 2009, 2013; 
Yılmaz, 2017a,b). Some researchers have suggested 
that the massif has been uplifted as an extensional core 
complex since the Late Oligocene (e.g., Ring et al., 
2003; Seyitoğlu et al., 2004; Emre and Sözbilir, 1997; 
Sözbilir, 2005). 

Various studies have been carried out associating 
the development of the basins in Western Anatolia 
with the uplift of the Menderes Massif (e.g., Gessner 
et al., 2001a; Ring et al., 2003; Seyitoğlu et al., 2004; 
Seyitoğlu and Işık, 2015). However, researchers 
working on the Menderes Massif have suggested 
different point of views about the geometry and 
movement directions of the nappes in the massif (Table 
1). The northward movement of the upper plate has 
been suggested as pre-Alpine (Gessner et al., 2001b), 
pre-Eocene (Regnier et al., 2003), Eocene (Rimmele, 
2003), Late Oligocene-Early Miocene (Bozkurt and 
Park, 1997; Seyitoğlu et al., 2004; Bozkurt et al., 
2006).

Most of the researchers suggested that the Menderes 
Massif was uplifted by the core complex mechanism 
associated with the N-S directional extension in 
western Anatolia during the Late Oligocene-Miocene 
period. In general, metamorphic core complexes 
(MCCs) are interpreted as domal structures caused 
by ductile to brittle, high-stress metamorphic rocks 
extending under a high-stress detachment fault 
that undergo tens of kilometers of displacement in 
response to lithospheric extension. In such structures, 

2005;
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it has been argued that stress is the driving force that 
regulates uplift (Searle and Lamont, 2019).

Searle and Lamont (2019) stated that various core 
complexes such as the Himalayan, Karakoram and 
Pamir domes, completely occurred in compressional 
environments and are not related to the lithospheric 
extension. They suggested that many MCCs 
previously thought to have formed due to extension 
are related to compressional tectonics. According to 
the authors, low-angle normal faults due to regional 
Aegean extension previously generated contraction 
folds and metamorphic fabrics associated with crustal 
shortening and thickening in Naxos.

The exhumation mechanism of the Menderes 
Massif during the Late Oligocene-Early Miocene is a 
controversial issue. Has the uplift of the massif been 
caused by low-angle thrusts or normal faults commonly 
defined in the massif? Otherwise, considering its 
internal structure consisting of nappe slices where 
there is no consensus on the movement directions and 
times; the idea that the Menderes Massif may also be 
a compressional metamorphic complex, just as in the 
Himalaya, Karakoram, Pamir and Naxos examples 
proposed by Searle and Lamont (2019) becomes more 
likely. 

Debates on the continental collision that started 
in the Late Cretaceous in Western Anatolia and the 
duration of the subsequent compression have been 
continuing. According to some researchers, the 
Lycian nappe stack advanced southward during the 
Early Miocene and finally emplaced on the Lower 
Miocene basin fill of the Antalya Basin prior to the 
Late Miocene (Okay, 1989; Collins and Roberston, 
1998; Yılmaz et al., 2000, Gürer et al., 2009, 2013). 
According to some other researchers (Şengör, 1982; 
Hayward, 1984; Şengör et al., 1985), the compression 
lasted in the Western Taurides in the south and along 
the frontal thrust zone of the Lycian Nappes until 
the Late Miocene. It is claimed that the Taurides 
advanced over the younger Mediterranean basins in 
the south by carrying the Lower-Middle Miocene 
marine sediments on its back and started to uplift 
(Y. Yılmaz, personal communication). According to 
Seyitoğlu et al., (1992), on the other hand, the nappe 
movement from the Early Miocene in the north (in 

Isparta) until the Late Miocene in the south and the 
west was attributed to the gravity sliding rather than 
N-S directional compression. This hypothesis was 
later supported by Collins and Robertson (1998), who 
suggested that the compressional shear zone at the 
base of the Lycian allochthon was reactivated as an 
extensional detachment during the Late Oligocene-
Early Miocene extensional collapse.

The fluvial and lacustrine sediments, which were 
commonly developed in the Early Miocene, rest on 
the high-grade metamorphic rocks of the Menderes 
Massif, occasionally with an unconformable contact. 
The outcrops of the Menderes Massif observed from 
the northern margin (Demirci-Simav region) to the 
southern margin (Çine-Yatağan region) suggest that 
the main uplift of the Menderes Massif that resulted 
the exhumation of middle and lower crustal rocks 
occurred just before the Early Miocene, and removed 
approximately 20 km of material from the massif 
(Yılmaz et al., 2000a,b). Metamorphic and plutonic 
rocks and the minerals developed under the influence 
of faulting mechanism in Western Anatolia were dated 
by different methods, the geological/geodynamic 
evolution of the region was interpreted, and the 
plutonic rock emplacement related to the extension, 
the uplift rate and timing were discussed (Sümer 
et al., 2020). In addition to detailed structural and 
geochronological studies in the Menderes Massif, two 
models have mainly been proposed for N-S trending 
basins. The first is extensional type basins such as 
rifts (Figure 12b) (e.g., Görür et al., 1995) or supra-
detachment basins (Figures 12a, c) (e.g., Lips et al., 
2001; Sözbilir et al., 2011; Öner and Dilek. 2013). 
Low or high-angle normal faults are the main factor 
causing the stretching in such environments. Supra-
detachment systems are characterized by significantly 
higher rates of crustal extension than that in the 
rift systems (Friedmann and Burbank, 1995). The 
second model is transtensional or transpressional 
basins specific to compressional environments. The 
differences between the N-S and E-W trending basins 
in Western Anatolia are presented in Table 2.

The Early-Middle Miocene aged basins in 
Western Anatolia developed on different basement 
rocks, from the Marmara Region in the north to the 
Mediterranean in the south. In the southern Marmara, 
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Gönen and its surroundings (Gürer et al., 2003, 2006), 
Ayvalık-Altınova Basin (Yılmaz et al., 2000; Sangu 
et al., 2020), Soma and its surroundings, Urla Basin, 
Çubukludağ and Kocaçay basins (Genç et al., 2001; 
Uzel and Sözbilir, 2008; Göktaş, 2020), Seyitömer 
and Sabuncupınar basins in the northeast of Kütahya 
(Özburan and Gürer, 2012) are some of them. As 
can be seen, some of the basins were developed on 
or around the detachment faults, while others are 

distributed to the areas where detachment faults are 
not present. Thus, it is not possible to associate all 
basins with detachment faults or normal faults.

During the Early Miocene-Quaternary period, 
Western Anatolia has been approximately compressed 
in the N-S direction in different periods (Figures 4, 
5). Several researchers working in Western Anatolia 
have displayed folds and reverse faults associated 

Table 2- Comparison of the N-S and E-W trending basin characteristics.

N-S trending basins E-W trending basins

Geometry Rhomboidal or trough shaped Curved (arched), graben-half graben

Faults Strike slip, oblique normal Normal, oblique normal

Basin fill
Conglomerate, sandstone, marl, limestone 
interfingering with volcanics 

Conglomerate, sandstone, mudstone with rare tuff 
intercalations 

Basin symmetry Variable Generally asymmetric

Facies changes E-W N-S

Environment Fluvial, alluvial fan, lacustrine Fluvial, alluvial fan

Period Early-Middle Miocene Plio-Quaternary

Deformation Open and closed folds, reverse faults
Open folds related to the extension, back-tilting, normal 
faults 

Basement
Sakarya Continent, İzmir-Ankara Suture Zone, 
Menderes Massif, Lycian Nappes

Sakarya Continent, İzmir-Ankara Suture Zone, Menderes 
Massif, Lycian Nappes

Figure 12- Block diagrams illustrating the characteristics of supra-detachment and rift basins (Modified from Serck et al., 2021).
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with the compression (Koçyiğit et al., 1999; Yılmaz 
and Karacık, 2001; Kaya et al., 2004; Beccaletto and 
Steiner, 2005; Bozkurt and Rojay, 2005; Rojay et al., 
2005; Erkül et al., 2005a, b; Çiftçi and Bozkurt, 2009).

The main basins that can develop in compressional 
environments are the foreland basin, piggy-back basin, 
transpressional or transtensional basins. Considering 
the geology of the region, N-S trending basins may be 
related to strike-slip basins, many of whose geological 
features are given by Nilsen and Sylvester (1995). 
If the characteristic features of the strike-slip basins 
are compared with the stratigraphic, sedimentologic, 
geometric and structural features of the N-S trending 
basins in Western Anatolia, it is thought that these 
basins may be pull-apart or transtensional pull-apart 
basins associated with strike-slip faults (Figure 13). 
However, detailed studies in the region will provide 
new approaches to the origins of N-S trending basins.

4. Conclusions

The main results obtained in the light of the 
arguments regarding the Neogene-Quaternary geology 
of Western Anatolia are listed below.

1- Although many studies have been carried out 
on the Menderes Massif, there are still debates about 
the exhumation age and mechanism of the massif. The 
internal structure of the Menderes Massif, consisting 
of nappe stacks, strengthens the idea that the massif 
may be a compressional core complex as shown in the 
Himalayan, Karakoram, Pamir and Naxos massifs. 
In the light of the data discussed in this article, it is 
possible to figure out this problem with a problem-
focused approach.

2- Early-Middle Miocene aged N-S trending 
basins, which developed in a wide geography from 
Marmara to the Mediterranean, were opened on 
different basements. Therefore, since all of these 

Figure 13- The sketch block diagrams proposed for the development of the N-S and E-W basins in Western Anatolia within a) the drawing 
of the internal structure of the Menderes Massif, b) the drawing of graben by Brunn et al. (2018), c) adapted from Fossen (2010).of the internal structure of the Menderes Massif, b) the drawing of graben by Brunn et al. (2018) and c) adapted from Fossen (2010).
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basins didn’t develop on detachment faults, it is not 
possible to explain their origins only with the supra-
detachment basin model as well.

3- The N-S trending basins are bounded by 
oblique faults with major strike-slip components. 
Volcanic and sedimentary sequences filling these 
basins were folded and faulted under the influence of 
syn- and post-sedimentary compressional tectonics. If 
the variety of the basement rocks in the region and 
the stratigraphic, geometric and structural features 
of the basins developed on them are evaluated 
together, it strengthens the idea that the N-S trending 
basins developed in a N-S directed compressional 
environment.

4- In the Miocene-Pliocene interval, Western 
Anatolia was also subjected to N-S directional 
compression, resulting folds and reverse faults. 
However, the transition from the compressional system 
to the extensional system in Western Anatolia occurred 
in the Plio-Quaternary. In contrast to the proposed 
single-phase extensional system, the obtained data 
suggest the existence of phases by consecutive 
compression and extension in the development of the 
region.
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ABSTRACT
The Strandja Massif cropping out in NW Turkey is cut by Late Cretaceous intrusives. These 
are called Strandja Intrusives and they are felsic and mafic coeval intrusives. Felsic intrusives 
consist of granite, granodiorite, quartz monzonite and syenite, while mafic intrusives consist of 
diorite and gabbro composition. Main composition of felsic intrusives consists of quartz, alkali 
feldspar, plagioclase, biotite, amphibole ±pyroxene mineral association, while main composition 
of mafic ones consists of plagioclase, biotite, amphibole ±pyroxene ±olivine mineral association. 
Amphiboles hydrated double-chain mineral of the Strandja Intrusives observed in all rocks used 
as an index mineral in this study to understand the petrological evolution of the rocks. According 
to Confocal Raman Spectroscopy studies amphiboles were actinolite type and exhibited similar 
spectrum and results of mineral chemistry reveals that they were calcic/Mg-hornblende types. 
According to geothermobarometer calculations, amphiboles crystallize in felsic intrusives at a 
pressure range of 0.49-0.94 kbar and a temperature of 757.52-814.49oC temperature at a depth of 
approximately 1.34-4.93 km, while in mafic ones at 2.59 kbar pressure and 892.82oC temperature at 
9.97 km depth. Different temperatures-depth conditions and overlaps in Raman shift obtained from 
amphiboles indicate that these intrusives are derived from different sources but crystallized in the 
same environment.

The importance of Confocal Raman Spectroscopy and mineral chemistry studies in the 
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1. Introduction

The scattering of the beam reflected on a 
component occurs in two ways: elastic (Rayleigh) and 
inelastic (Raman) scattering. If the light absorption 
event does not occur during the reflection of a violent 
monochromatic beam on any component, the light 
scattering event occurs, and this scattering is defined 
as Rayleigh scattering (Young, 1981; Skoog et al., 
1998; Akçe and Kadıoğlu, 2020). The energy of a 
large part of the light scattered during elastic Rayleigh 

scattering is equal to the energy of the light interacting 
with matter (Table 1). In addition, the fact that a very 
small part of the reflected light is absorbed by the 
molecule, and the wavelength of the scattered beam 
is different from the wavelength of the reflected light, 
is defined as inelastic Raman scattering (Raman and 
Krishnan, 1928). While Rayleigh scattering gives a 
single peak with 104-105 times intensity compared 
to Raman scattering, it does not give any information 
about vibrational transitions of molecules. In addition, 
Raman scattering, which is the scattering of light 
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interacting with a molecule, provides information 
about the vibrational energy levels of molecules 
(Raman and Krishnan, 1928; Skoog et al., 1998; Akçe 
and Kadıoğlu, 2020; Karacan, 2020). 

Table 1- Scattering types of light reflected on a material (Raman 
and Krishnan, 1928; Young, 1981).

Types of Scatterring the ray

Scatter Type Situation

Rayleigh Elastic Wavelength of scattered ray = 
Wavelength of the incident ray

Raman Inelastic

Wavelength of scattered ray > 
Wavelength of the incident ray
Wavelength of scattered ray < 
Wavelength of the incident ray

Raman scattering is the basis of Confocal Raman 
Spectrometry (CRS) research. In Raman scattering, 
there is a difference between the wavelength of the 
beam reflected on a solid-liquid-gas molecule and 
the wavelength of the reflected rays back. Decoupled 
raman scattering is a reflection of a solid-liquid-gas 
molecule. These differences are defined as Raman shift 
and contain important information about the chemical 
structure of the molecule (McMillan and Hofmeister, 
1988; Ferraro et al., 2003). Raman studies of liquid 
and solid phases can be identified with the individual, 

the degree of crystallinity can be estimated with the 
result that many more of the data obtained can be 
used as a representative for temperature and density, 
and the abundance of each liquid component can be 
estimated, based on the characteristic of the Raman 
spectrum and in addition the ability to determine the 
molecular structure of a sample can be estimated 
due to polymerization (Bodnar and Frezzotti, 2020). 
Confocal Raman spectroscopy is a mineral that is sent 
with the wavelength of light emitted Raman shifts after 
the interaction with the molecule are called differences 
in the wavelength of light, and these spectra, which 
can reflect the identity of the mineral (Chukanov and 
Vigasina, 2020). The main vibration zones in the 
Raman spectrum according to mineral groups are 
generally shown in Figure 1. In addition, CRS studies 
show that minerals with a special solid solution (Ca-
Mg carbonates, olivines, pyroxenes and tourmalines, 
etc.) also provides information about their chemical 
composition (Watenphul et al., 2016). Therefore, CRS 
analyses also provide useful data on qualitative phase 
identification and/or quantitative phase characteristics 
in mineralogical, crystallographic, geochemical, 
gemological and related sub-branches in the earth 
sciences (Nasdala and Schmidt, 2020; Ferrando, 
2018).

Figure 1- The main vibration zones of the most commonly observed mineral groups (Frezzotti et al., 2012; Ferrando, 2018).
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Various approaches can be made about the 
crystallization processes of magma by performing CRS 
applications on the mineral components contained in 
intrusive rocks (Zoroğlu and Kadıoğlu, 2007; Deniz, 
2010; Kadıoğlu et al., 2019; Akçe and Kadıoğlu, 
2020; Ulusoy, 2021; Deniz, 2022). The differences 
in the Raman spectra obtained vary depending on 
the chemical structure of the molecules and thus 
minerals of different composition can be identified by 
distinguishing them according to their distribution and 
behavior in the Raman spectrum. For example, the fact 
that the mineral formed by elements/ions such as Na, 
Ca, Mg, Al and OH belonging to the amphibole group 
gives a different spectrum depending on the molecular 
structure may be due to the compositional difference 
of the amphibole mineral, and the size and uniformity 
in the spectrum may be due to the physical behavior 
and chemical purity of the amphibole mineral. In this 
way, it will be possible to distinguish the composition, 
type and different physical characteristics of the 
mineral that it has acquired during the crystallization 
period and/or later with the shift peaks in the Raman 
spectrum shown by the minerals.

Studies on the petrology and formation conditions 
of intrusive rocks outcropping in Anatolia, continue 
to be developed and updated, as well as useful studies 
conducted until today (Aydın et al., 2019; Kuşçu et 
al., 2019; Deniz and Kadıoğlu, 2019; Aydınçakır et 
al., 2020; Özdamar et al., 2021; Deniz, 2022). As 
first time in this study; By determining the changes 
in the crystallization processes of magma and the 
compositional behaviors of each rock group in the 
crystallization differentiation process by using the 
changes in the CRS spectra and the mineral chemistry 
data of the mafic mineral (amphibole) content common 
to all rock groups belonging to the Late Cretaceous 
Strandja Intrusions outcropped in NW Turkey, it is 
aimed to elucidate the petrological evolution of the 
region.

2. Geology of the Study Area

Turkey, located in the Alpine Himalayan 
Mountain Belt, consists of the amalgamation of many 
microcontinents and associations (Şengör and Yılmaz, 
1981; Okay and Tüysüz, 1999). The rock units 
belonging to the Strandja Massif are outcropped from 
NW Turkey and expanding towards Bulgaria. The 

Strandja Massif is covered in the south by Tertiary 
sediments belonging to the Thracian Basin, while 
in the west it is cut by the strike-slip, N-S trending 
Western Black Sea fault (Okay et al., 2001) (Figure 
2). The basement rocks of the Strandja Massif consist 
of pre-Permian aged crystalline rocks that lately 
metamorphosed and Late Variscan intrusions that 
cut the metamorphic basement (Aydın, 1982; Sunal 
et al., 2006; Okay et al., 2008; Natal’in et al., 2016). 
All the basement units underwent metamorphism and 
deformation under the conditions of the greenschist-
amphibolite facies during the Variscan orogeny 
(Okay and Yurtsever, 2006). The bassement units 
are overlain by Triassic-Jurassic sedimentary cover 
units, that changes from clastic to carbonated, were 
metamorphosed under the lower amphibolite-upper 
greenschist conditions (Aydın, 1974, 1982; Chatalov, 
1988; Okay et al., 2001; Okay and Yurtsever, 2006; 
Natal’in et al., 2005; Bedi et al., 2022), these units 
finally underwent regional metamorphism and 
compressional deformation during the Late Jurassic 
(Aydın, 1988). During the Alpine Orogeny, the Late 
Cretaceous aged intrusions are cut the Massif as a 
result of the closure of the Neotethys Ocean (Figure 
3) (Aydın, 1974, 1982, 1988; Aykol, 1979; Moore et 
al., 1980; Ohta et al., 1988; Üşümezsoy, 1990; Aykol 
and Tokel, 1991; Çağlayan and Yurtsever, 1998; 
Karacık and Tüysüz, 2010; Ulusoy, 2012; Ulusoy, 
2021; Ulusoy and Kadıoğlu, 2021; Bedi et al., 2022). 
According to geochemical data, these intrusions have 
a subduction-related origin (Aykol and Tokel, 1991; 
Karacık and Tüysüz, 2010).  Biotite-hornblende-
whole rock K-Ar and Ar-Ar ages indicate that the age 
of intrusions are in the Santonian-Campanian range 
(Moore et al., 1980; Ohta et al., 1988; Kuşçu et al., 
2019; Ulusoy, 2021). All units belonging to the massif 
are unconformably covered by Upper Cretaceous 
sedimentary, volcano-sedimentary and volcanic units 
that are not metamorphosed (Aydın, 1982; Okay and 
Yurtsever, 2006). These volcanics belonging to the 
volcanic-plutonic complex in the Eastern Srednogorie 
zone are the product of the same system and are 
associated with Late Cretaceous aged intrusions 
(Okay and Yurtsever, 2006).

3. Analytical Methods 

Strandja Intrusions are divided into two main 
groups as felsic and mafic intrusive rocks according 
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to their compositional differences (Ulusoy, 2021). 
Detailed textural and mineralogical investigation of 
the representative samples selected from the rocks 
belonging to these groups were performed under a 
polarizing microscope and instrumental analyzes were 
performed. 

Semi-qualitative CRS analyses and quantitative 
electron probe microanalysis (EPMA) of amphibole 
minerals from samples representing each rock group 
belong to the Strandja Intrusions were performed at 
the Ankara University Geosciences Application and 
Research Center. CRS examinations were performed 
with Thermo brand DXR model CRS device. The 
main components of the CRS measurement system 
consist of a laser, an electrically cooled charge-coupled 
device detector (CCD), an optical microscope. The 
device calibration was tested using polystyrene film. 

Raman spectra with a resolution of 2 cm-1 in the range 
of 0-1200 cm-1 were obtained by using 633 cm-1 laser 
from the open thin sections of the samples. Mineral 
identification was made according to the spectra. 
After the polished sections of the same rocks were 
coated with carbon with Qurorum Q150TES device, 
the selected crystals were analyzed with JEOL brand 
JXA 8230 model Super Probe equipped with five 
wavelength dispersive spectrometer with a current of 
20 kV and an acceleration voltage of 20 nA. Natural 
oxide and mineral reference materials were used for 
calibration and measurements. The conditions of the 
sample preparation and analysis process were carried 
out as defined in Deniz (2022). In the obtained data, 
matrix effects were corrected with the software 
provided by JEOL and corrections were made for 
atomic number (Z), absorption (A) and fluorescence 
(F) effects.

Figure 2-  Location of the study area within the tectonic units of Turkey (MP: Moezya Platform) (Map is modified from Okay and Tüysüz, 
1999; Catto et al., 2018; and Candan et al., 2016).

Figure 2- Location of the study area within the tectonic units of Türkiye (MP: Moezya Platform) (Map is modified from Okay and Tüysüz, 
1999; Catto et al., 2018; and Candan et al., 2016).
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4. Results 

4.1. Mineralogy - Petrography

The Late Cretaceous aged Strandja Intrusions that 
cut through the Strandja Massif are divided into two 
main groups as felsic and mafic. Macroscopically, the 
rocks are generally observed to be coarse-grained, 
phaneritic textured; microscopically, they exhibit 

holocrystalline hypidiomorph granular texture (Figure 
4). The felsic intrusions are composed of granite, 
granodiorite, quartz monzonite and syenite. The 
main mineral content of the felsic group is quartz 
+plagioclase (oligoclase-andesine) +orthoclase in 
varying proportions depending on its composition. 
Varying amounts of biotite +amphibole in granites 
and granodiorites; in addition to these minerals, 

Figure 3- Compositional and positional distribution map of Late Cretaceous aged Strandja Intrusions outcropped in the study area (Ulusoy, 
2021).

Figure 4- Summary of petrographic characteristics of rock groups belonging to Strandja intrusions (AF: alkali feldspar, K: quartz: Plj: 
plagioclase, red highlighted mineral represents the mafic phase common to all rock groups).
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clinopyroxene constitutes the mafic mineral 
composition in quartz monzonite and syenite. 
In addition, the syenite in the study area, unlike 
monzonite, contains less nepheline, which is another 
distinguishing feature. Some fine-grained titanite, 
allanite, apatite, zircon crystals and scattered magnetite 
crystals are located secondary to the rock groups. 
Mafic intrusions are composed of diorite and gabbro 
and cut felsic intrusions. In the field observations, 
dioritic compositional rocks have been evaluated 
in mafic intrusions due to their gradual transition 
with gabbro. The main composition of mafic rocks 
is plagioclase, amphibole, clinopyroxene ±biotite 
±olivine ±orthoclase ±quartz. Magnetite, ilmenite and 
pyrite are scattered in varying proportions in mafic 
intrusions. In the studied rocks belonging to Strandja 
Intrusions, zoning in plagioclases and partially in 
coarse-grained minerals (orthoclase, plagioclase, 
amphibole, etc.), while poikilitic texture is observed. 
The coexistence of poikilitic and zoned texture indicate 
that crystallization may have continued in an irregular 
temperature range. Kaolinization and sossuritization in 
feldspars; magmatic uralitization observed in some of 
the clinopyroxenes and defined by the transformation 
only to amphibole group minerals from the crystal rim, 

as well as epidotization and chloritization observed in 
some parts of mafic components.

4.2. Confocal Raman Spectroscopy  

Within the scope of this study, CRS investigations 
of mafic component amphiboles, which are found in 
varying proportions in all rock groups constituting 
the felsic and mafic components of the Strandja 
Intrusions, were carried out. During the investigations, 
care was taken to select the amphibole crystals from 
euhedral and/or subhedral amphibole crystals that do 
not decompose as much as possible.  The distribution 
of numerical values of characteristic Raman shifts of 
amphibole minerals crystallized in Strandja intrusions 
according to spectral regions is given in Table 2.

Ranges in the amphibole spectrum; the region of 
vibrations from the interactions between the cation 
and oxygen (M-O), internal Si4O11 consists of band 
vibrations and OH molecule vibrations (Apopei and 
Buzgar, 2010). Raman shift spectrum of amphibole 
is 625cm-1 the underlying spectral fields consist of 
the bending (deformation) field of the double chain 
silicate and vibrations in various M regions containing 
cations (Kloprogge et al., 2001; Rinaudo et al., 2004; 

Table 2- Characteristic Raman shift values of amphibole minerals crystallized in the Strandja Massif.

Spectral Region Si-O-Si O-Si-O Si-O-Si Si SiO4O11-OH T-M- OH (M: Mg,Fe)

Raman Shift (cm-1) 1200-1021 1021-735 735-500 500-383 383-173 173-50

R
oc

k 
Ty

pe
s

Gabbro •1020.27 •818.36 •661.43 •535.12
•366.70
•319.34

•155.22

Diorite •667.17 •526.50
•383.93
•358.09
•218.38

•173.41
•152.35

Syenite •1021.16
•922.72
•735.74

•665.78
•564.86
•524.00

•406.99
•383.46

•359.93
•291.21
•216.91

•171.10
•150.05
•134.57
•112.28

Quartz Monzonite •1049.02

•728.93
•665.78
•561.15
•526.48

•408.84
•385.93

•363.65
•292.45
•217.53
•173.57

•151.90
•115.38

Granodiorite
•1014.35
•917.15

•728.31
•663.92
•527.72

•383.46

•362.41
•289.97
•217.53
•174.19

•153.14

Granite •1045.31 •927.67
•668.88
•528.33

•388.41
•366.12
•220.63
•176.67

•155.00
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Petry et al., 2006). 300-420cm-1 spectral region 
between T (M-OH), 420-610 cm-1 the spectral region 
is composed of Si-O-Si bending vibrations (Makreski 
et al., 2006). T denotes the transition mode and 
M denotes the Ca-Fe-Mg cations. 625-1130cm-1 the 
spectral region is caused by the internal vibrations 
of the crystal and consists of symmetrical (Vs) and 
asymmetric (Vas) vibrations of the Si-O-Si and 
O-Si-O bonds that make up the crystal (Kloprogge et 
al., 2001; Rinaudo et al., 2004).

As a result of CRS investigation of amphiboles 
contained in rocks of different compositions in the 
study area, it was determined that the amphiboles are 
in the composition of actinolite. When the spectra 
of actinolite amphiboles detected in the samples are 
examined, it is observed that the spectra overlap 
with each other in general (Figure 5). When the 
raman shifts of Mg-hornblend and Na-amphibole 
(riebeckite) are compared with the Raman shifts of 
the Strandja Intrusion amphiboles, it is observed 
that the amphiboles of the Strandja Intrusions differ 
significantly from the Na-amphibole (riebeckite) 
reference member, while they clearly show similarity 
to the Mg-Hornblend reference member. Raman shift 
peaks observed between 420-10 cm-¹, expressing OH 
release and lattice transition, show a change from 
felsic intrusives to mafic intrusives. The peaks of OH 
release and lattice transition show low amplitude in 
the early phase of magmatism and increase in later 
phases (Kadıoğlu et al., 2019; Güllü et al., 2019). 
Amphiboles representing the high temperature mineral 
in granites give relatively low amplitude peaks, while 
amphiboles in gabbros give higher amplitude peaks 
due to relatively being a lower temperature mineral. 
Güllü et al. (2019) stated that the Si4O11 bending 
mode OH bond amplitudes of amphiboles crystallized 
in the late phase are higher in amphibole minerals 
crystallized in the early phase. 

Similarly, the high amplitude OH bond developed 
in such amphiboles in the Strandja Intrusives may 
also be related to the H2O concentration in the late 
stage residual magma. In this context, the rock groups 
evaluated as early stage in the study area represent 
rocks with gabbro-diorite composition, while the 
late stage rock groups are represented by granite and 
granodiorites.

In addition, the presence of magma mixing 
processes in intrusive rocks that outcropped in the 
study area can be supported by the similarity of the 
raman spectra of amphibole contained in granite 
and amphibole contained in gabbro-composed 
rock. Amphiboles are determined as hornblende 
under the optical microscope and mineral chemistry 
analyzes as actinolites in CRS investigation can 
similarly be explained by magma mixing processes. 
It is observed that the composition of the intrusions 
in the study area varies from mafic to intermediate 
and felsic composition. According to the geological, 
petrographic and spectroscopic data obtained, magma 
mixing is observed in all rocks (Ulusoy and Kadıoğlu, 
2021; Ulusoy, 2021). In this context, it is observed 
that a certain part of the amphiboles exhibits changes 
from actinolite to chermachite as a result of magmatic 
uralitization. In mafic minerals crystallizing from the 
source magma of gabroic rocks, OH bonding cannot be 
expected under normal conditions, but crystallization 
of hydrous silicates (amphibole group minerals) 
can occur by mixing with felsic magmas during the 
crystallization periods of such magmas and interacting 
acidic and mafic elements.

When the Raman shift spectra of all amphiboles 
were compared, it was determined that they were 
distributed in 6 separate bands (Figure 5). It was 
determined that the Raman shift spectra of all the rocks 
in the group showed significant overlap and showed a 
broader spectrum range, especially by expanding in 
the SiO4O11-OH release band from gabbro to granite. 
The liberalization of the spectrum in the OH band can 
be explained by the increase in the water content of 
magma from gabbro to granite and, as a result, the 
crystallization of hydrous mafic (actinolite) silicates 
(Figure 5 and Table 2).

4.3. Chemistry of Amphiboles  

Amphiboles, which are hydrous, double chain 
silicate minerals, are the most common mafic mineral 
among all rock groups in the study area. Amphibole 
minerals of varying crystal size are semi-octagonal 
and octagonal in shape, and partially coarse-
grained crystals exhibit poikilitic texture. In general, 
amphiboles in rocks belonging to Strandja Intrusions 
display a homogeneous structure under microscope. 
Serial point measurements were made from amphibole 
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Figure 5- Comparison of the Raman spectra of amphibole crystals selected from each rock group with the Raman shift peaks 
of sodic and calcic amphibole minerals taken as reference (*: RRUFF, 2021; Ruff.info Riebeckite taken from the site 
and MG-Hornblende reference peaks) (1: Granite (Monzogranite), 2: Granodiorite, 3: Monzonite Quartz, 4: Syenite, 
5: Diorite, 6: Gabbro).
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crystals selected from felsic and mafic rock groups 
along a line from the rim to the core. 

According to the obtained anoxide values, 
stoichiometric calculations were performed and 
the number of cations contained in each point was 
determined. The cation numbers and mineral structure 
were calculated according to Leake (1997) by taking 
23 O. The representative mineral chemistry of the 
amphiboles belonging to the rock groups examined, 
the anoxide values and the calculated cation values as 
a result of the analysis are given in Table 3. 

In the Alvi versus Alvi variation diagram, all 
amphiboles fall into the unaltered calcic magmatic 
amphibole fields (Figure 6a). According to the 
distribution of the points where the (Ca + Na) B values 
are greater than 1 on the BCa + BNa versus BNa 
exchange diagram, all of the samples have a calcic 
composition (Figure 6b). In the distribution of points 
where CaB is greater than 1.50 and (Na+K)A and CaA 
values are less than 0.50 in the Mg/(Mg+Fe+2) versus 
Si exchange diagram, it is observed that most of the 
amphiboles fall into the Mg-hornblende area, and 
a small number of points is located at the border of 
actinolite and chermakite (Figure 6c). The distribution 

Table 3- Representative mineral chemistry analysis results of the samples belonging to the studied rock groups 

Sample Granite Granodiorite Quartz Monzonite Syenite Gabbro

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

SiO2 48.30 49.71 50.97 47.84 46.11 49.38 50.64 51.18 50.23 51.51 51.23 49.49 43.68 50.58 43.41

TiO2 0.84 0.69 0.55 0.64 1.75 0.57 0.69 0.84 0.94 0.45 0.56 1.06 2.14 0.20 2.18

Al2O3 6.36 4.97 4.50 5.91 8.13 5.11 4.05 3.86 4.23 3.27 3.41 4.85 10.33 4.62 11.07

FeO 15.58 14.86 14.26 17.48 15.29 15.95 13.78 13.41 13.95 13.21 12.95 14.18 16.42 15.64 15.14

MgO 14.04 14.81 15.24 13.06 13.97 14.34 15.66 16.06 15.47 16.16 16.17 15.44 12.89 14.5 12.92

CaO 10.80 10.84 10.99 10.75 10.58 10.67 10.71 10.74 10.81 11.57 11.52 11.29 10.94 11.65 10.97

MnO 0.74 0.77 0.81 0.74 0.32 0.71 1.09 1.10 1.06 0.61 0.66 0.66 0.30 0.25 0.30

Na2O 1.19 0.96 0.74 1.03 1.61 0.93 1.27 1.13 1.19 0.91 1.04 1.40 1.71 0.68 1.82

K2O 0.44 0.39 0.29 0.46 0.47 0.37 0.34 0.34 0.39 0.25 0.32 0.50 0.59 0.19 0.63

Total 98.41 98.00 98.35 97.90 98.20 98.03 98.22 98.65 98.28 98.87 98.35 98.67 98.99 98.36 98.43

O 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23

Cation 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Si 6.99 7.20 7.31 7.03 6.70 7.18 7.32 7.29 7.34 7.45 7.42 7.17 6.33 7.27 6.32

Aliv 1.01 0.80 0.69 0.97 1.30 0.82 0.68 0.71 0.66 0.55 0.58 0.83 1.67 0.73 1.68

Alvi 0.08 0.05 0.07 0.05 0.09 0.05 0.02 0.02 0.03 0 0 0 0.10 0.05 0.22

Ti 0.09 0.08 0.06 0.07 0.19 0.06 0.09 0.10 0.07 0.05 0.06 0.12 0.23 0.02 0.24

Fe+2 1.18 1.23 1.12 1.44 1.09 1.28 1.37 1.39 1.35 1.30 1.33 1.44 1.05 1.19 1.08

Fe+3 0.62 0.44 0.49 0.59 0.61 0.50 0.16 0.14 0.17 0.16 0.12 0.11 0.84 0.61 0.67

Mg 3.03 3.20 3.26 2.86 3.02 3.11 3.37 3.35 3.38 3.48 3.49 3.34 2.78 3.12 2.80

Mn 0.09 0.09 0.10 0.09 0.04 0.09 0.12 0.13 0.13 0 0 0 0.04 0.03 0.04

Ca 1.68 1.68 1.69 1.69 1.65 1.66 1.69 1.68 1.66 1.79 1.79 1.75 1.70 1.79 1.71

Na 0.15 0.10 0.12 0.09 0.16 0.09 0.03 0.03 0.05 0 0.01 0 0.16 0.10 0.15

K 0.08 0.07 0.05 0.09 0.09 0.07 0.07 0.07 0.06 0.05 0.06 0.09 0.11 0.03 0.12

Total 14.99 14.95 14.96 14.96 14.93 14.91 14.91 14.91 14.91 14.84 14.85 14.84 15.01 14.96 15.02

CaB 1.68 1.66 1.68 1.69 1.65 1.66 1.69 1.68 1.66 1.79 1.79 1.75 1.70 1.79 1.71

NaB 0.15 0.14 0.10 0.09 0.16 0.09 0.03 0.03 0.05 0 0.01 0 0.16 0.10 0.15

NaA 0.19 0.14 0.17 0.20 0.30 0.17 0.29 0.30 0.31 0.25 0.29 0.40 0.32 0.09 0.36

KA 0.08 0.14 0.17 0.20 0.30 0.17 0.07 0.07 0.06 0.05 0.06 0.09 0.11 0.03 0.12

.
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in the aforementioned diagram can be interpreted as 
the amphibole composition is concentrated in the Mg-
hornblende area in samples belonging to rocks where 
the magma mixing/crust interaction is excessive. 
Accordingly, it is possible to say that mafic intrusions 
show homogeneous and less magma mixing effect, 
while felsic intrusions (granite, granodiorite, quartz 
monzonite and syenite) show more magma mixing 
effect.

As suggested by Ridolfi et al. (2010), pressure 
and temperature calculations were made in 
amphiboles. Accordingly, it was determined that it 
crystallizing of amphiboles in granites 0.56-1.19 
kbar pressure, 745.25-799.62oC temperature; 0.37-
1.28 kbar pressure, 704.07-872.33oC temperature in 
granodiorites; pressure of 0.42-0.56 kbar, temperature 
of 738.15-772.79oC in quartz monzonites; pressure 
range of 0.35-0.63 kbar, temperature range of 738.15-
772.79oC in syenites; In the gabbros, the pressure 
range of 1.82-3.34 kbar and the temperature range 
of 862.15-919.61oC.   Based on thid, it has been 
theoretically calculated that amphiboles in felsic 
intrusions crystallize between 3.61 km and 1.88 
km on average, and amphiboles in mafic intrusions 
crystallize at an average depth of 9.97 km (Table 4).  
It is concluded that felsic intrusive rocks crystallize 
mostly in the upper crust and have a similar origin in 
that they come from similar depths. It has been shown 
that gabroic rocks derived from different sources may 
have crystallized at deeper depths (9.97 km) compared 
to granitoids by coming from deeper depths (lower 
crust-mantle). In addition, it is observed that both the 

crystallization temperatures observed in felsic rocks 
and the excess of overlaps in the pressures of the 
medium in which they are formed may be due to the 
mixing of magma.

Table 4- Crystallization conditions and depths of intrusive rocks in 
the Strandja massif based on the chemical composition of 
minerals in amphiboles (Ridolfi et al., 2010). 

Rock Types Temperature
(T) (Co)

Pressure
(P) (kbar)

Depth
(km)

Granite min 745.25 0.56 2.16

max 799.62 1.19 4.58

ort 779.74 0.81 3.12

Granodio-
rite

min 704.07 0.37 1.42

max 872.33 1.28 4.93

ort 814.49 0.94 3.61

Syenite min 710.34 0.35 1.34

max 797.49 0.63 2.42

ort 761.57 0.51 1.96

Quartz
Monzonite

min 738.15 0.42 1.61

max 772.79 0.56 2.15

ort 757.52 0.49 1.88

Gabbro min 862.15 1.82 7.01

max 919.61 3.34 12.86

ort 892.82 2.59 9.97

5. Conclusion

Late Cretaceous aged subduction-related intrusions 
of in Strandja Massif have been studied in two groups 
as felsic and mafic intrusions. Felsic intrusions 
consist of granite, granodiorite, quartz monzonite and 
syenite, while mafic intrusions consist of diorite and 
gabbro. Markers of coeval magma mixing processes 

Figure 6- Amphiboles belong to the rock groups in the study area; a) Aliv versus Alvi change (Fleet and Barnett 1978), b) BNa versus BNa + 
BCa change, c) Species naming of crystals in the Mg/(Mg+Fe+2) versus Si diagram (Leake et al., 1997). BCa change and c) Species naming of crystals in the Mg/(Mg+Fe+2) versus Si diagram (Leake et al., 1997).
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are observed in Strandja intrusions with macroscopic 
and microscopic evidences. Mineral chemistry and 
Confocal Raman Spectrometry studies were carried 
out on amphibole crystals, which are common among 
all rock groups in the Strandja Intrusions, which 
are the product of magma mixing. According to the 
results of mineral chemistry of amphiboles, which are 
hydrous silicate minerals, calcic is Mg-hornblende 
type. According to P-T-d calculations made in 
amphibole crystals, felsic intrusions were crystallized 
under the pressure range of 0.35-1.28 kbar, 704.07-
872.33oC temperature, at a depth of about 4.93 km 
to 1.34 km; mafic intrusions were crystallized at 
pressure of 1.82-3.34 kbar, at temperature of 862.15-
919.61oC and at depth of 7.01-12.86 km. The fact 
that the felsic intrusions have similar and overlapping 
conditions both in the thermobarometric conditions of 
crystallization and in the depths where they crystallize 
at a higher rate of magma mixing, whereas the 
mafic intrusions exhibit different thermobarometric 
relationships and crystallize at different depths, which 
means that they originate from different sources 
and exhibit proportionally less magma mixing.  In 
spectroscopic investigation performed with CRS, it 
was determined that felsic and mafic magma mixing 
was effective in the formation of amphiboles and that 
actinolite amphiboles crystallized more. As a result, 
amphibole minerals in the Strandja Intrusions, As a 
result, mineralogy, petrography, CRS and EPMA data 
of amphibole minerals in Strandja Intrusions point 
to similar petrological results, reflecting that felsic 
intrusions have similar origins and are formed as a 
result of magma mixing, whereas mafic intrusions are 
originated from deeper depth and are less affected by 
magma mixing.
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ABSTRACT
The presence of the evaporate salt zone in Ankara-Polatlı region has been determined by the 
drillings. It is thought to be the largest reserve in Türkiye. The seismic reflection method was used 
to determine the top-bottom levels of the region; its depth; its thickness and extent boundaries; the 
horst-graben structures; base depth and tectonic movements affecting the study area. Data were 
collected on three seismic lines. The near-surface tomographic velocity sections were compatible 
with the top-of-the-zone depth observed in the drillings. As a result of the study, the depth and 
thickness of the top-bottom of the zone were determined along the lines. Within the scope of the 
study, a combined interpretation was made on the lines by using gravity and seismic data. The extent 
of the ore zone was determined only in the E-W direction section, but not in the north-south direction 
lines since they are outside the license area and the seismic lines. The closest point of the evaporate 
zone to the surface is approximately 150 m, the deepest point is approximately 310 m, the average 
thickness is approximately 100 m and the maximum thickness is 185 m.
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1. Introduction

Evaporate minerals (salts) used in many industrial 
areas are easily soluble formations. Due to this feature, 
they do not outcrop under the influence of atmospheric 
conditions and must be covered with cover layers 
(clays) in order not to be affected by atmospheric 
conditions (Kırtıl et al., 2020).

The study area is located in the district of Polatlı, 
approximately 80 km southwest of Ankara (Figure 
1). Evaporates in the study area were determined 
to deposit in the playa lake complex developed 
effectively in paleoclimatic conditions, periodic 
terrestrial volcanism with tectonism, and depositional 
systems with different lithologies (Güngör, 2005). 
Sodium sulfate (42.64% grade), polyhalite (23.74% 
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grade), and Halite (36.30% grade) mineralization 
were detected intensively in the drillings carried out 
in the region between 2017-2019 (Kırtıl et al., 2020).

Although many geological studies are carried 
out in the license area, geophysical studies; are only 
limited to regional gravity data and ground electrical 
study. Geological data indicate that the Evaporite 
zone was deposited in a lacustrine environment and 
the tectonic regime of the region was characterized by 
a series of horst and graben formations; geophysical 
studies support this information. However, no high-
resolution geophysical survey has been carried out in 
the region.

Determining the depth, thickness, and extent limits 
of the ore-bearing zone are extremely important for 
mining operations. Therefore, detailed imaging of 
the underground is required. The seismic reflection 
method has been frequently used in investigating 
evaporitic salt zones (Gendzwill, 1978; Tay et al., 
2002; Leveille et al., 2011; Butler et al., 2014; Jones 
and Davison, 2014; Yamamoto et al., 2017; Protasov 
et al., 2017).

The aim of this study with the seismic reflection 
method is to determine the closest point to the earth’s 

surface, top-bottom levels, depth, thickness, and 
spreading limits of the evaporate salt zone, as well 
as the depth of the basement topography of the study 
area, the horst-graben structures formed throughout 
the basin and the tectonic movements affecting the 
study area. In this context, seismic reflection studies 
were carried out on 3 critical lines determined in 
the license area, in the light of the prior information 
available.

2. Geology of the Study Area

The study area is located within the Tethys belt, in 
the west of Central Anatolia, in the Central Anatolian 
Plain Regime under the effect of N-S direction stress 
tectonics according to Şengör (1979). Tertiary and 
Quaternary volcanism have been very effective in 
the study area. Most of the volcanic units in the area 
are related to young plate tectonics that developed 
from the Eurasian-Arabic plates (Gözler et al., 1996). 
Arıkan (1975) stated that the Haymana-Polatlı basin 
extends to the southeast and connects with Salt Lake. 
In the NW-SE direction in the Polatlı-Haymana Basin, 
sediments extending from Triassic to Quaternary were 
observed (Ünalan et al., 1976; Turgay and Kurtuluş, 

Figure 1- Study area (yellow box) and license area (black line).
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1985). The study area is covered by Miocene, Pliocene 
aged volcano-sedimentary, evaporitic, carbonate, 
clastic units, and young sediments (Gözler et al., 
1996). In general, most of the Miocene sediments are 
covered with Pliocene lacustrine deposits and outcrops 
in a limited area (west of the study area). It was stated 
that evaporitic and palustrine deposition on a vertical 
and lateral scale in a partially closed system in the lake 
sedimentary deposition had occurred several times, 
and the thickening in the basin margin sequences 
was under the control of block faults controlling the 
geodynamic structure of the basin (Varol et al., 2005). 

The geological map and the stratigraphic units of the 
study area are illustrated in Figure 2 and Figure 3, 
respectively.

3. Preliminary Studies 

Many geological studies have been carried out on 
the Evaporate salt zone in the study area (Aydoğdu, 
2004; Varol et al., 2005; Güngör, 2005; Zeybek, 2007; 
Kırtıl, 2008). Kırtıl (2008) revealed the deposition 
phases of the evaporate sequences (Figure 4). The 
Bouguer gravity data calculated from the variation 
of the gravitational field studies, measured within 

Figure 2- Geological map of the study area (modified from MTA, 2012; Kırtıl et al., 2020).
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the scope of many projects, primarily the Türkiye 
Geophysical Regional Gravity Maps Project between 
1973-2021 by the General Directorate of Mineral 
Research and Exploration (MTA), can be seen in 
Figure 5. Türkiye Bouguer gravity dataset have tidal, 
declination, latitude, free air, topography and Bouguer 
corrections. The presentation of the gravity data was 
prepared as 2D profile graphs, interpolated with a 
sampling interval of 100 m in order to adapt to the 
geometry of the seismic data and to enable easier 
visual inspection. In addition, the total horizontal 
derivative filter, which is widely used in the evaluation 
of potential field data, was applied to all gravity 
profile data for the purpose of visualizing near-surface 
subsurface structures/bodies and discontinuities. 
Ataman et al. (2019) stated that the basin, in general, 
is the main graben and that there are many horst and 
graben structures within the main basin.

4. Data and Methods

Considering the information given above, three 
seismic lines were designed in the license area. One of 
the lines is approximately E-W, and the other two are 
approximately N-S directional lines (Figure 6). The 

Figure 4- Sedimentation phases of evaporate sequences (Kırtıl, 2008); a) Lower-Middle Miocene, b) Upper 
Miocene – Lower Pliocene, and c) Upper Pliocene. 

Figure 3- Stratigraphic section of the study area (modified from 
Gözler et al., 1996; Kırtıl et al., 2020).
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purpose of the study, imaging the evaporate salt zone 
estimated at 20-500 m depth (the primary purpose), 
and the schist bedrock estimated to be at about 1500 m 
depth. The seismic studies carried out in this context 
were tested and carried out with the determined 
parameters (Özerk et al., 2021).

During the data acquisition, Sercel 428 XL 
acquisition equipment and two vibro (12000 pounds 

each) as active seismic energy sources (Mini Vib 
II) were deployed. Field recording parameters were 
decided based on the depth target, the purpose of the 
study, the expected horizontal-vertical resolution, 
and obtaining high data quality (Table 1). Within the 
scope of the project, the most ideal seismic sections 
were attempted to be obtained by processing the data 
collected in the field (Table 2). ToModel software for 

Figure 5- Regional gravity anomaly map of the license area.

Figure 6- Licensed area, seismic lines, and left-lateral strike-slip fault (black dashed line area, Kandemir and 
Kanar, 2018). 
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static correction of seismic data; Disco Focus 5.4 and 
SeisSpace ProMAX software for data analysis and 
processing; and Petrel software for data interpretation 
were used.

Table 1- Acquisition parameters used in seismic reflection study.

Near Offset (m) 5

Far Offset (m) 2495

Live Channel Number 350

Start Frequency (Hz) 12

Stop Frequency (Hz) 126

Number of Vibro 2

Number of Sweep 6

Sweep Time (sn) 14

Sweep Type Logarithmic -3dB

Taper (ms) 400

Shot Interval (m) 10

Group Interval (m) 10

Receiver Interval (m) 0.9

Spread Type 100-250 (Asymmetric)

Record Length (ms) 4095

Sampling Interval (ms) 1

Table 2- Data processing flowchart.

Data Input

Geometry Definition

Trace Edit/Kill

Static Correction
(Datum: 1000 m, Velocity: 1500 m/sn) 

True Amplitude Recovery

Ground Roll Attenuation
(FK Domain, Coherent Filter)

Predictive Deconvolution 
(Prediction lag: 36 ms, Operator length: 400 ms)

Bandpass Filter
(Cutting Frequencies: 15-50 Hz)

CDP Sort

Velocity Analysis -1
(250 m, 50 CDP)

NMO

Brut Stack-1

Residual Static Correction -1

Velocity Analysis -2
(125 m, 25 CDP)

Brut Stack-2

Residual Static Correction -2

Final Stack
(Datum : 1000 m)

FX Migration
(15-50 Hz)

5. Research Findings

On the POLV2001 line, 14550 m seismic reflection 
data were acquired in approximately N-S direction. 
Near-surface tomographic velocity sections were also 
created using refractive tomography from the data. 
Evaporate zone top level - seen in the drillings that were 
previously made in the region and with a maximum 
100 m distance to the seismic line (19/28, 18/103, 
18/70, 18/44, 18/47-6, 18/4, 18/19, 18/11, and 18/12) 
- were marked on the tomographic sections (Figure 
7). The levels where the seismic velocity increases 
in the near-surface tomographic velocity section are 
consistent with the evaporate salt zone top level. Five 
different horizons were followed in the seismic time 
section (Figure 8a). By utilizing nearby drilling data, 
the uppermost horizon (green) between 450-500 ms 
was interpreted as claystone-gypsum claystone, the 
second horizon (turquoise) between 500-600 ms as 
the top of evaporate salt zone, the third one (blue) 
between 650-700 ms as claystone-glauberite-gypsum, 
fourth horizon (dark green) between 900-1000 ms as 
claystone-siltstone, and the last one (brown) between 
1050-1250 ms as basalt. The first three horizons were 
inspected by the boreholes close to the area. All faults 
are marked as yellow. Additionally, in the seismic 
section, the area near the CDP numbered 22200 was 
interpreted as horst, and the fault near the surface 
around CDP numbered 20675 was interpreted as 
a thrust fault. Since the region is in the extensional 
regime, it may be interesting to see the thrust fault. 
This thrust fault is most likely associated with the 
strike-slip fault in the region (Figure 6). According 
to the regional Bouguer gravity data, a soft rise is 
observed in the Bouguer gravity amplitudes (Figure 
8b) from south to north depending on the topography 
for the POLV2001 line that cuts through the basin 
in S-N direction from the eastern border. Especially 
deep faults drawn on the interpreted seismic section 
are clearly observed in the gravity total horizontal 
derivative graph (Figure 8c).

On the POLV2002 line, approximately 26510 
m of seismic reflection data in the E-W direction 
was acquired. A refractive tomographic section of 
the data was created (Figure 9). In the tomography 
section, a deformation thought to be due to fracture 
is observed between approximately 18000-22000 m. 
By utilizing nearby drilling data (20/02, 20/20, 19/18, 
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19/125, 19/118, 18/143, 18/90, 18/89, 18/86, 19/138, 
19/151, 19/123, 19/153, 19/141, 18/47-3, 18/44), six 
horizons could be followed in the seismic time section 
(Figure 10a). Seismic reflection horizons which are 

the uppermost horizon (green) as claystone-gypsum 
claystone, the second horizon (turquoise) as the 
evaporate salt zone, and the third horizon (blue) as 
claystone were interpreted. The fourth horizon (dark 

Figure 7- Near surface tomographic velocity section of POLV2001 line and the elevation to the top of evaporate salt zone obtained from the 
boreholes close to the line.

Figure 8- a) Interpreted seismic time section of the POLV2001 line, boreholes (red) and numbers 
of boreholes, faults (yellow), and interpreted horizons in the area, b) Bouguer gravity 
graph, c) total horizontal derivative graph.graph and c) total horizontal derivative graph.
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green) was interpreted as claystone-siltstone, the 
fifth one (brown) as basalt, and the last one (purple) 
as metamorphic basement schist. It is seen that the 
extensional boundaries of the evaporate salt zone 

continue for approximately 18000 m (CDP numbered 
43600) from the beginning of the line (CDP numbered 
40000). Evaporate salt was not seen in the boreholes 
numbered 20/1 and 20/2. Faults defining the basin 

Figure 9- Near surface tomographic velocity section of POLV2002 line and the elevation to the top of evaporate salt zone obtained from the 
boreholes close to the line.

Figure 10- a) Interpreted seismic time section of the POLV2002 line, boreholes (red) and numbers 
of boreholes, faults (yellow), interpreted horizons in the area, b) Bouguer gravity graph, 
and c) total horizontal derivative graph.

 graph
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structure are shown in the seismic section. Moreover, 
horst structures were observed around CDP numbers 
42100 and 44200. In the Bouguer gravity profile graph 
presented in Figure 10b for the POLV2002 line that 
intersects the basin in the E-W direction, it has been 
interpreted that the basin boundaries may be between 
10-23 km of the line horizontally from east to west. 
The faults observed in the interpreted seismic section 
(Figure 10a) can also be observed in the Bouguer 
gravity profile graph (Figure 10b). However, this 
situation can be controlled much more clearly in 
the total horizontal derivative profile curve given in 
Figure 10c.

On the POLV2003 line, 12020 m of seismic 
reflection data were collected in the approximately 
N-S direction. In the tomographic velocity section 
(Figure 11), although the resolution is poor in the 
southern part of the line, it is seen that the top of 
evaporate salt zone matches the high-velocity zone 
in the northern part of the line. By utilizing nearby 
drilling data (17/129, 20/18, 19/36, 20/48, 19/69, 
20/49, 19/82, 19/41, 19/35), six levels are interpreted 
in the seismic time section (Figure 12a). Although the 
first three levels are interrupted in some parts, they 
can be followed throughout the line. The uppermost 

seismic reflection horizon (green) was interpreted 
as claystone-gypsum claystone, the second horizon 
(turquoise) as the evaporate salt zone, the third horizon 
(blue) as claystone, the fourth horizon (dark green) as 
claystone-siltstone, the fifth one (brown) as basalt and 
the last one (purple) as metamorphic basement schist. 
Approximately 61100 CDP area of the line has been 
interpreted as horst. In the Bouguer gravity profile 
graph presented in Figure 12b for the POLV2003 line, 
which intersects the basin almost from the middle of 
it approximately in the N-S direction, it is observed 
that the amplitude values   from north to south decrease 
towards the middle of the basin and then increase 
towards the southern border of the basin. As expected, 
the total horizontal derivative method (Figure 12c) 
showed signs of sudden changes in gravity values   and 
it was seen that these symptoms were caused by faults 
as in the other two profiles.

The level interpreted as metamorphic basement 
schist was not observed in the POLV2001 line. The 
basalt level monitored continuously in all seismic 
sections could be partially observed in the POLV2001 
line. The schist level, traced in POLV2002 and 
POLV2003 seismic sections, has been correlated 
utilizing the lithology information of boreholes 20/1 

Figure 11- Near surface tomographic velocity section of POLV2003 line and the elevation to the top of evaporate salt zone obtained from the 
boreholes close to the line.
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and 20/2 (Figure 10). Figure 13 shows the 3D views 
of the tomographic velocity sections and the seismic 
time sections. 

6. Discussion 

The evaporate salt zone, located in the tectonically 
not very complex region, was deposited in a lacustrine 
environment. It is known that the seismic reflection 
method produces good results in such sedimentary 
basins. Such basins, where the geological layers can 
be observed clearly, can be illuminated by seismic 
reflection studies and fewer drilling data. 

 Evaporate salt zone, which is extensive in the 
study area, was attempted to illuminate with three 
seismic lines. Evaporate salt zone was visualized 
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lines as the ore zone across the license area. 
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velocity of the evaporate salt zone is 3500 m/s and 
it is compatible with the depth of the evaporate 
zone determined in the boreholes close to the study 
area. However, discontinuities are observed in the 
tomographic velocity sections in some parts because 
of disruption at the arrivals of refracted data resulting 
in inconsistencies during the tomographic inversion.

The low-density anomaly seen in the gravity map 
of the region (Figure 5) supports the presence of salt 
in the basin. It is seen that especially the 2D total 
horizontal derivative data derived from the Bouguer 
gravity map Show quite compatible changes with 
the faults observed in the seismic section. Thus, both 
methods inspected and supported each other. 

Seismic lines remain within the main graben and 
there are many fracture lines. In addition, there are 
horst-graben structures in the basin (Ataman et al., 
2019). Around CDP number 22200 of the POLV2001 
line, around CDP number 42100 and 44200 of the 
POLV2002 line, and around CDP point 61100 of the 
POLV2003 line were evaluated as horst structures in 
the basin.

On the POLV2001 line, there is a thrust around the 
CDP number 20675 (Figure 10). Considering that the 
study area was formed by an extension in the horst-
graben system, the presence of a thrust fault in the 
region is extremely interesting. Moreover, there is a 
left-lateral strike-slip fault in the geological map of 
the region (Figure 2). It is thought that the mentioned 
fault may have a reverse component at the point where 
it intersects the POLV2001 line. Since there are not 
many earthquakes in the region, no focal mechanism 
solution has been reached. And previous geological 
and geophysical studies have predicted that there are 
horst-graben systems in the basin. However, the horst-
graben system was imaged as high resolution with 
seismic reflection study.

7. Results

In this widely spread sedimentary basin in 
which many drilling study have been carried out, 
seismic reflection studies were conducted only along 
three lines and a total of 53080 m of geophysical 
seismic reflection data were collected. Near-surface 
tomographic velocity models were produced and found 

to be consistent with the top depth of the evaporate 
salt zone. The schist level, which is the metamorphic 
basement rock (locally in POLV2002 and POLV2003 
lines); and the depth of the Evaporate salt zone in the 
three seismic lines were determined. The evaporate 
salt zone thickness and depth were presented with 
the help of these seismic lines and the drilling data 
previously obtained in the field. However, the extent 
limit of the salt zone could only be determined on the 
POLV2002 line in the E-W direction. On the lines in 
the N-S direction (POLV2001 and POLV2003), the 
evaporate salt zone exceeds the license area.

By utilizing previously obtained drilling data in 
the field, on the POLV2001 seismic line, there are 5 
interpreted horizons: claystone-gypsum claystone, 
evaporate salt zone, claystone-glauberite-gypsum, 
claystone-siltstone (partly), and basalt. The seismic 
line remained within the Evaporate salt zone and 
its boundaries could not be determined. And one 
of the faults on the line was interpreted as a thrust 
fault. On the POLV2002 seismic line, there are 6 
interpreted horizons: claystone-gypsum claystone, 
evaporate salt zone, claystone-glauberite-gypsum, 
claystone-siltstone, basalt, metamorphic basement 
schist (partly). On this line, the western and eastern 
boundaries of the evaporate salt zone could be 
determined. On the POLV2003 seismic line, there are 
6 interpreted horizons: claystone-gypsum claystone, 
evaporate salt zone, claystone-glauberite-gypsum, 
claystone-siltstone, basalt (partly), metamorphic 
basement schist (in a very short space). The seismic 
line remained within the evaporate salt zone like the 
POLV2001 seismic line and its boundaries could not 
be determined. 

According to the interpreted seismic lines, the 
ore thickens towards the north and the thickest 
point (approximately 185 m) is the beginning of the 
POLV2001 line. Based on seismic lines, the average 
thickness of the ore is around 100 m. The points where 
the ore is closest (approximately 150 m) to the surface 
are on the POLV2002 line. The furthest point of the 
ore from the surface is about 310 m.

In addition, the basement topography and faults 
seen in the seismic section were inspected with the 2D 
Bouguer gravity and total horizontal derivative graphs 
derived from Bouguer gravity maps. In particular, 

show

solution has been reached. So previous geological
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the changes in the total horizontal derivative graphs 
fit very well with the faults and basement topography 
interpreted in the seismic sections.

The fault, marked at the CDP point approximately 
20675 of the POLV2001 section and cuts the first 
two levels, was evaluated as a thrust fault. In such 
large basins, it would be beneficial to design narrow 
more seismic profiles so that the interpretation of 
geological structures and the fault correlation with 
each other could be more accurate. Planning of more 
efficient and beneficial drilling with detailed seismic 
reflection studies is an important step for underground 
illumination.
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ABSTRACT
It is aimed to reveal the basement topography, the coal-bearing levels, the alteration zones containing 
uranium ore, and the tectonic structure prevailing by using two dimensional (2D) seismic reflection 
method in the Thrace Paleogene-Neogene Basin. In this context, seismic data collected on the six 
profiles were interpreted by correlating with the data of 97 wells. In the seismic lines, respectively, 
the metamorphic basement-Eocene boundary, the top of the coal-bearing zone and the boundary 
of the Danişmen-Ergene formations were confirmed by using the borehole data. By evaluating 
seismic data, the coal propagation is modeled with three dimensional (3D) figures. Moreover, coal 
accumulation starts from the southwest of the field and continues towards the northeast, and it is 
supported by the results obtained from the borehole data. The presence of uranium ore in some of the 
alteration zones and borehole data indicated that all alteration zones determined should be inspected 
for uranium ore. In addition to normal and reverse faults, positive and negative flower structures 
formed in the strike-slip fault zones were determined, and lignite deposits were cut in the flank of 
these structures. Finally, it is recommended to carry out seismic studies before drilling, to investigate 
potential coal and uranium areas and to plan more seismic lines.

Determination of the coal-bearing zones and the alteration zones containing uranium 
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1. Introduction

The Thrace Basin is a Paleogene-Neogene Basin 
bounded by the metamorphic Rhodope Massif within 
the borders of Greece and Bulgaria in the west, the 
Strandja Massif consisting of metamorphic-granitic 

rocks in the north within the borders of Bulgaria and 
Türkiye, the Marmara Sea in the south and the İstanbul 
Zone in the east. The Thrace Basin located within 
these geographical boundaries lies across Greece to 
the west, Saros Bay to the southwest and the Aegean 
Sea. Paleozoic and Mesozoic aged metamorphic and 
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magmatic rocks constitute the base of the Thrace 
Basin. The basement rocks in the basin are seen in 
the Strandja Mountains in the north, in the Rhodope 
Massif in the west, in the North Anatolian Fault Zone 
and Sakarya Continent in the south, and around the 
Bosphorus in the east (Sezen and Taşkıran, 2020).

Strandja is located in the north of the Thrace 
Basin, the Rhodope Massif in the west, and the 
Sakarya continent in the south. The Strandja Massif 
is represented by gneissic rocks at the bottom 
and metamorphosed Paleozoic Mesozoic aged 
sedimentary rocks in greenschist facies above 
them (Üşümezsoy, 1982; Taner and Çağatay, 1983; 
Çağlayan and Yurtsever, 1998). Sedimentary rocks 
were cut by Late Cretaceous granitoid rocks and partly 
covered by a Late Cretaceous volcano-sedimentary 
unit (Taner and Çağatay, 1983). Metagranitic rocks 
are outcropped on the southern slope of the Strandja 
Massif (Öztunalı and Üşümezsoy, 1979). In the north 
of the Thrace Basin, lignites are generally located 
on the southern slopes of the Strandja Massif. The 
lignites outcropping in the north and south of the 
basin gradually deepen towards the middle of the 
basin and are located at depths exceeding 600 meters 
in a sedimentary sequence that reaches approximately

10 km in the middle parts of the basin. . In the Northern 
Thrace region, a lobata type delta formation with 
fluvial dominant characteristics was detected in the 
Middle Eocene (Sonel and Büyükutku, 1998). With 
the regression that occurred in the basin, completely 
deltaic and lacustrine conditions were formed in the 
Oligocene. Coals of the Thrace Basin are also included 
in the units deposited in these environments. The high 
sedimentation rate caused the sediment thickness 
to be high but made the correlation of coal seams 
difficult (Şengüler, 2010). However, coal exploration, 
production, and development activities continue in 
the region. Kangal et al. (2018) produced high-calorie 
(5036 Kcal/kg) clean coal from fine coal processing 
14.3% amount in a coal preparation plant in the region.

As a result of the drillings carried out by the 
General Directorate of Mineral Research and 
Exploration in the Thrace Basin, it was determined 
that uranium mineralization took place in the Süloğlu 
formation. As a result of the evaluations made about 
the mineralization in the study area, igneous rocks 
with acidic character are thought to be the source 
rocks of uranium. The uranium ore in these rocks 
is transported in solution under suitable conditions 
and stored in sedimentary environments (Sezen and 
Taşkıran, 2020; Figure 1).

Figure 1- The general conceptual model of uranium mineralization in the study area (Sezen and Taşkıran, 2020).
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Considering the study site, the necessary conditions 
for uranium formation have been shown below:

i) Source rock: There are granitoids and similar 
depth rocks rich in radioactive elements (uranium, 
thorium, etc.) in the Strandja Massif. 

ii) Transport: Paleo-current channels extending 
from the Strandja Massif to the Thrace sedimentary 
basin carry out the transport of radioactive minerals 
(uranium, thorium, etc.) dissolved in water.

iii) Subsidence: Based on the assumption that 
alteration zones are formed as a result of tectonic 
movements affecting the site, oxidation-reduction 
takes place in these zones, and the organic materials 
required for chemical reaction are supplied from the 
lignite layers, it is thought that the uranium in solution 
in the alteration zone precipitated into the sandstones, 
which is the reservoir rock in the field.

iv) Cap rock: The lithological required system for 
the storage of uranium is the alternation of permeable 
layers (sandstone) with non-permeable (claystone) 
layers. Sandstone-claystone alternation can be given 
as an example. Since claystone is not permeable, it 
acts as a stratigraphic cap rock and directs uranium-
containing melts to subside uranium in sandstone.

Except for geophysical radiometric methods, other 
geophysical methods are indirect methods for uranium 
exploration. The seismic method, like all geophysical 
methods, is successful if there are physical differences 
to be detected in the field. Structural elements, 
lithological sequence, alteration zones, basement 
topography, and paleochannels are the most important 
elements for uranium exploration.

The study area is located in the area between the 
center of Edirne Province and the center of Kırklareli, 
the southeast of Süloğlu, and the north of Kocahıdır 
(Figure 2).

Figure 2- The location of the study area and the seismic reflection lines on the map. The collected seismic reflection lines are indicated by the 
red line. The KRKV1801 and KRKV1802 lines were collected in 2018, while the other seismic lines were collected in 2019.
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In this study, with the application of the seismic 
reflection method; it is aimed to determine the basic 
topography of the area, the extent of the spread of the 
coaly layers, the alteration zones containing uranium 
ore, and the tectonic movements that contribute to 
the formation of these structures. In this context, 
seismic reflection data were collected and 6 profiles 
were interpreted; 2 east-west (E-W) (KRKV1901, 
KRKV1902), 2 northeast-southwest (NE-SW) 
(KRKV1903, KRKV1904), 2 NW-SE (KRKV1801, 
KRKV1802) in the study area. 

The seismic method is based on the reflection of 
acoustic waves emitted from active (earthquake) or 
passive sources (dynamite, vibroseis, etc.) between 
two layers in accordance with the laws of physics as 
they move through the subsurface. These waves are 
recorded by receivers (geophones) laid along a certain 
profile (2D or 3D space) on the surface. From these 
recorded waves, a seismic image of the subsurface 
is obtained by using various seismic data processing 
techniques. With the obtained seismic images, the 
layer/formation boundaries, faults, slopes, and angles 
of the layers are determined and the geological model 
of the seismic cross-sections is revealed (Güreli, 
2021).

2. Geological Settings

The Tekedere Group (Çağlayan and Yurtsever, 
1998), which consists of various Paleozoic gneisses 
and schists, and the Şeytandere Metagranite (Çağlayan 
and Yurtsever, 1998), which consists of meta granites 
containing pink, white-colored, large feldspar crystals, 
are located at the base of the study area (Okay et al., 
2001). Şeytandere metagranite shows a distinctive 
steep slope morphology. Isotopic dating using the 
single zircon Pb-Pb evaporation method shows two 
magmatic events: One occurred in a short time interval 
between 312 ± 2 and 315 ± 5 Ma, and the other was 
dated as 257 ± 6 Ma (Sunal et al., 2008).

İslambeyli formation (Keskin,1966) which 
consists of Middle Eocene aged, beige, white, yellow, 
gray colored, volcanic clastic at the base, sandy, clayey 
limestone, sandstone, and marl overlies the basement 
units with an angular unconformity. Moreover, 
Kırklareli limestone (Keskin, 1966) consisting of 
late Eocene aged white, grayish white, gray, cream, 

yellow-colored, abundantly fossiliferous, sandy-clay, 
reef limestone overlies the basement units with an 
angular unconformity (Şengüler, 2010).

The Eocene units are also the reservoirs of the 
geothermal system. Pınarhisar Formation consists of 
white-colored oolitic limestone and beige-colored, 
thick-bedded, abundant Congeria tuffite, sand, clay, 
and marl interlayer limestone on Kırklareli limestone 
in an angular unconformity and yellow, gray, light 
brown colored, locally coal banded, sand, Süloğlu 
formation, which consists of alternating silt and clay 
(Şengüler, 2010). Overlying these units with angular 
unconformity, the Sinanlı Member (Boer, 1954) is 
composed of late Miocene-aged white, yellowish gray 
colored muddy sandstone and carbonate claystone 
intermediate level, lacustrine limestones. In addition, 
the Ergene Formation also consists of yellowish-
white, white-colored, cross-bedded sandstone, clayey 
sandstone, and reddish, greenish, laminated claystone 
and slightly attached conglomerate lenses, cropping 
out in a small area in the study area. This unit is 
unconformably overlain by the Pliocene-aged Thrace 
formation, which is red, brown, light brown, yellow, 
locally white and cross-bedded, poorly sorted, reddish 
clay-mil matrix, unconsolidated conglomerate, pebble, 
sandstone and claystone (Kirk, 1936; Gürsoy et al., 
1996; Günaydın and Çolak, 2010, 2011). Quaternary-
aged alluviums cover all these units with angular 
unconformity, especially in stream beds (Figures 3 
and 4; Sezer and Taşkıran, 2020).

2.1. Tectonics

The tectonic evolution of the Thrace Basin began 
as a result of the movements between the macro 
plates in the region. The tectonic development took 
place as a consequence of the interaction of the 
African, Anatolian, and Eurasian plates during the 
Late Cretaceous and Miocene (Şengör and Yılmaz, 
1981). With the compression in Eastern Anatolia and 
the opening event expressed by grabens in Western 
Anatolia, the Thrace Basin was uplifted and eroded 
in this period, and as a result, the Late Miocene 
aged Ergene Formation (Umut et al., 1983; Umut et 
al., 1984) covering the entire Oligocene succession 
was formed. The Intra-Pontide Suture Belt was also 
affected by these movements and became the North 
Anatolian Fault (NAF) (Şengör, 1979). The Thrace 
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Basin was intersected by the young NAF in the south, 
within the Marmara Sea. The NAF is a strike-slip 
fault located between the Anatolian and Eurasian 
plates (Şengör, 1979). As a result of the activity of 
the fault, porosity, permeability, and dolomitization 
developments were observed in the structural trap 
types and reservoir units in the basin (Perinçek, 1987; 
Coşkun, 1998). As a result of the NAF and ongoing 
plate movements, abundant clastic material from the 
Strandja and Rhodope Massifs comes to the Thrace 
Basin as a result of erosion and transport (Erten and 
Çubukçu, 1998).

The general tectonic regime of the region is shown 
by NW-SE trending normal faults as seen in Figure 5 

(Turgut et al., 1991). The North Osmancık Fault 
Zone is an important fault zone that provides facies 
distribution in the region. Strike-slip faults appear 
during the middle Miocene (Perinçek, 1991). In the 
middle of the basin, the greatest displacement occurred 
in the Terzili Fault Zone. This fault zone reflects the 
characteristics of strike-slip faults defined by positive 
and negative flower structures in seismic data. This 
fault zone extends from the south of the Hamitabat 
area towards the Turkish-Greek border. 

As a result of the studies carried out using 
seismic cross-sections and subsurface data, strike-
slip fault zones were determined through the basin. 
These are Kırklareli Fault Zone (KFZ), Lüleburgaz 
Fault Zone (LFZ) and Babaeski Fault Zone (BFZ). 
These faults, which developed in the Thrace Basin, 

Figure 3- Geological map of the study area covering the Edirne-e17 and Kırklareli-e18 sheets with a scale of 1/100.000 (Çağlayan and 
Yurtsever, 1998).
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caused improvements in the reservoir properties of 
the reservoir Osmancık sandstone (Ünal, 1967) and 
Kırklareli limestones in the basin. Flower structures 
and fault traps formed due to these faults are important 
geological structures that allow hydrocarbon 
accumulation in the basin. 

3. Two-Dimensional (2D) Seismic Reflection 
Method

Elastic waves produced from any energy source 
propagate in the subsurface and reach the surface 
again by reflecting from the interfaces of units with 
different acoustic impedances. The seismic waves 
reaching the surface are recorded by receivers called 

geophones on land with the help of a seismic recording 
unit. The important point of the method is to record the 
amplitudes against the time of elastic waves emitted 
from an energy source. The main physical parameters 
that are effective in the seismic reflection method are 
velocity and density.

The seismic method is based on the reflection of 
acoustic waves emitted from active (earthquake) or 
passive sources (dynamite, vibroseis, etc.) between 
two layers in accordance with the laws of physics as 
they move through the subsurface. These waves are 
recorded by receivers (geophones) laid along a certain 
profile (2D or 3D space) on the surface. From these 
recorded waves, a seismic image of the subsurface 

Figure 4- Generalized stratigraphy of the study area (modified from Sezen and Taşkıran, 2020).
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is obtained by using various seismic data processing 
techniques. With the obtained seismic images, the 
layer/formation boundaries, faults, slopes, and angles 
of the layers are determined and the geological model 
of the seismic cross-sections is revealed (Güreli, 
2021).

3.1. Seismic Reflection Data Acquisition and 
Methodology

The seismic reflection profiles designed within 
the scope of this study were obtained using Sercel 
428 XL data acquisition equipment and 2 vibroseis 

Figure 5- Structural map of the Thrace region and its surroundings (modified from Sakınç et al., 1999).
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seismic energy sources (Mini Vib II). The recording 
parameters used in the seismic reflection profiles in 
Table 1 were determined as a result of the parameter 
test studies carried out in the study field according to 
the target depth to be obtained from the subsurface. 
While the seismic data of the KRKV1801 and 
KRKV1802 lines were collected in 2018, the seismic 
data of the KRKV1901, KRKV1902, KRKV1903, and 
KRKV1904 lines were collected in 2019. The number 
of shots and profile lengths in meters of each of these 
seismic lines are shown in Table 2. Thus, a total of 
89165 m of seismic reflection data was collected.

Table 1- Data acquisition parameters.

Parameters Value

Near Offset (m) 17,5

Initial Frequency (Hz) 24

End Frequency (Hz) 180

Number of Vibroseis 2

Number of Sweep 3

Sweep Length (s) 8

Sweep Type Logarithmic 2 dB

Taper (ms) 350

Group Interval (m) 5 (2 String-12 geophones)

Shot Interval (m) 10

Spread Length (m) 662.5

Spread Type 130+130
(Symmetric)

Record Length (s) 2 

Sampling Interval (ms) 1

Table 2- Number of shots and lengths of seismic lines.

Name Number of Shots Line Length (m)

KRKV1801 1137 11975

KRKV1802 319 1670

KRKV1901 2592 27240

KRKV1902 2596 27280

KRKV1903 863 9950

KRKV1904 973 11050

Total 8480 89165

3.2. Processing of Seismic Reflection Data

Seismic data processing is making the collected 
data meaningful and interpretable with various 
processes. At the data processing stage, the aim is to 
process the data in the best way and make it ready for 
the interpretation stage. Within the scope of the project, 

the most ideal seismic cross-section and geological 
model were tried to be obtained by processing the data 
collected in the field. 

The data recorded in the field were collected 
in SEGD format, and the Disco Focus 5.4 seismic 
reflection data processing software was used for 
the purpose of analysis and processing of the data. 
Transforming the data collected in the field into 
meaningful and interpretable seismic cross-sections 
depends on determining the correct data processing 
parameters by performing signal analysis.  With the 
determined parameters, the data processing steps in 
Table 3 were applied and the seismic cross-sections 
were prepared for interpretation.

Table 3- Main seismic data processing steps.

Data Loading 

Geometry Definition

Trace Edit (Kill-Mute)

Gain (500 ms)

Deconvolution [Prediction Lag:12 ms; Operation length:200 ms] 

Filter [25-100 Hz]

Static Correction

Ground Roll Attenuation

CDP Sort

Velocity Analysis1

NMO and Stack (Brute1)
(Vel1&NMO&Stack)
Residuel Statics1 (Brute2)
Res1 and NMO and Stack
Velocity Analysis2 (Brute3)
Vel2 and NMO and Stack
Residuel Statics2(Brute4)
Res2 and NMO and Stack
Final Stack
(Final Datum)
Migration

In order to increase the seismic resolution (S/N 
ratio), several different data-processing steps can 
be applied to the seismic data. The data processors 
applied a series of parameter tests to the input data for 
each step to determine the suitable parameters.

In this context, the gain was applied to remove 
the absorption in the seismic data.  Afterward, 
deconvolution was applied to compress the wavelet 
and increase the resolution. Then, the low-velocity 
layer and variations in elevation were eliminated 
by applying a static correction process. The Ground 
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Roll Attenuation process was applied to weaken the 
surface wave. With the first velocity analysis, the 
brut stack section was created and NMO data were 
produced, and residual statics were calculated and 
applied to the data. Now, velocity analysis can be done 
more effectively for the second time after the residual 
static process. With the velocity information obtained 
from the second velocity analysis, the residual static 
correction process was applied again. After these 
processes, the final stack section was prepared and the 
migration process was applied.

3.3. Interpretation of Seismic Reflection Data

Seismic interpretation is the process of revealing 
the detailed geological model from the seismic cross-
sections obtained as a result of data processing. 
Although the interpretation studies are carried out on 
the seismic cross-section, the studies that will be the 
basis for the interpretation are started while the seismic 
cross-sections are being planned. For this, first of all, 
the geology of the study area, the general geological 
structure, and the structural elements of the region 
are investigated. All kinds of geological information 
belonging to the geological units spreading in the 
field are compiled and the structural positions of these 
formations in the surrounding areas are revealed.

Professional seismic interpretation applications 
are used for the interpretation of seismic cross-
sections. The boundary of the geological formations 
on the seismic cross-sections is defined by transferring 
well information to the interpretation software. 
Simultaneously, all structural elements (fold, fault, 
thrust, etc.) that can be identified in seismic cross-
sections are marked. Finally, by correlating the seismic 
cross-section with the information obtained from the 
well logs, the geological model of the subsurface, the 
surface maps of each level, and the isometric maps 
are revealed. Within the scope of the study, seismic 
reflection cross-sections were interpreted using the 
Schlumberger Petrel 2019.2 interpretation software.

4. Findings

With the seismic reflection study conducted around 
Kırklareli and Edirne-Süloğlu districts in the Thrace 
Region, 4 seismic reflection profiles (KRKV1901, 
KRKV1902, KRKV1903, and KRKV1904) were 

fulfilled in 2019 in order to determine the uranium 
formation areas and coal-bearing zones in the region 
and to reveal the uranium ores. In addition, two 
seismic reflection profiles (KRKV1801, KRKV1802), 
which are thought to contribute to the interpretation 
and intersect with the study area from the lines 
collected in the Thrace Basin in 2018, were included 
in the data set. Sections 4.1, 4.2, 4.3, and 4.4 contain 
the findings of the seismic cross-sections that modeled 
the study area in the best way. The seismic horizons 
determined on the evaluated seismic cross-sections 
were interpreted by using borehole lithology. The 
correlation of seismic horizons with the borehole data 
was made using the stack velocities obtained from the 
seismic data processing. While evaluating the seismic 
cross-sections, data from a total of 97 wells located 
near and/or on top of the lines were utilized.

4.1. KRKV1801 Seismic Reflection Cross-Section

In this seismic line, which starts near Edirne–
Süloğlu and continues in the northwest-southeast 
direction, the level observed around 400 ms at the 
northwest and goes 1200 ms at the southeast of the 
seismic cross-section has been determined as the 
Metamorphic Basement-Eocene boundary. The 
seismic horizon observed between the 20125 and 
28120 CDP numbers above the basement is called the 
Eocene-Oligocene boundary. The Danişmen-Ergene 
formations boundary, which was marked by utilizing 
the lithology levels of the borehole logs, and the 
reflection surfaces drawn between the CDP numbers 
approximately 21353 - 21962 were also determined 
as the surface of the coal zone (the top of the coal). 
While the seismic cross-section was examined, it was 
determined that the reasons why the boreholes drilled 
in the northwest of the seismic cross-section did not 
intersect the coal were the thinning of the coal-bearing 
zone, ending towards the Ergene formation and the 
rising of the basement throughout the northwest. It 
is thought that the discontinuities observed on the 
interfaces correspond to the fractures (yellow faults) 
intersecting the basement. The basin shows a stepped 
structure and deepens from northwest to southeast due 
to fracture lines (Figure 6). Boreholes were drilled 
mainly around Süloğlu, near CDP numbers 20123 
and 22170 and in the north and south of the seismic 
cross-section. Uranium ore with low ppm values 
was observed in the borehole approximately 550 m 
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the seismic line, the well data and the seismic cross-
section were correlated, and the interpretation was 
started from this seismic cross-section.

It was observed that a coal-bearing unit was not 
found in some boreholes close to the KRKV1901 
seismic line. Depth conversion was made using data 
processing velocities (± 5% margin of error) and it was 
seen that the coal-bearing unit could not be observed 
due to the suspension of the borehole. 

According to the geological interpretation of 
seismic cross-section; the metamorphic basement-
Eocene boundary, which can be followed throughout 
the seismic line, the uppermost layer of the coal-
bearing zone and Danişmen-Ergene formations have 
been identified from oldest to youngest with the help 
of borehole logs.

Areas indicated by orange dashed rectangles on the 
seismic cross-section were determined as alteration 
zones. The first alteration zone was observed at the 
intersection of KRKV1901 and KRKV1903 lines, 
approximately between CDP numbers 20640-21720, 

southwest of CDP number 20688 and in the borehole 
approximately 850 m northeast of CDP number 20424.

4.2. KRKV1901 Seismic Reflection Cross-Section

The basin deepens in the east direction towards the 
CDP number 24132 due to the fractured structures that 
intersect the basement and cap layer in a stepped way 
and continues horizontally between CDP numbers 
24132-28132. Then, after CDP number 28132, it rises 
again and continues towards the east (Figure 7). Faults 
interpreted with yellow lines are unnamed in Figure 
7 since normal faults are common throughout the 
seismic cross-section. With the effect of these normal 
faults, the seismic horizons deepen in the middle of 
the seismic line.

One of the drilled boreholes is approximately
14 m away from the 21364 CDP number in the seismic 
cross-section. The Danişmen-Ergene formation 
boundary and coal-bearing zone were seen at
77.3 m (~260 ms)  and 194.6 m  (~380 ms) respectively 
while 302.3 ppm uranium was observed at 131.3 m 
(~320 ms) in the well. Considering its proximity to 

Figure 6- Interpreted KRKV1801 seismic cross-section. The small and large-scale faults that are not named and dominate throughout the region 
are shown in yellow. The location of the borehole intersecting the coal (S-39) is shown with a red symbol in the figure. The location 
of the boreholes which does not intersect the coal ( S-2, S-7, and S-44) is shown with a green symbol in the figure. The boundary of 
the alteration zone is shown with the orange dashed line.
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Figure 7- Interpreted KRKV1901 seismic cross-section. The small and large-scale faults that are unnamed and dominate throughout the region 
are shown in yellow. The location of the borehole intersecting the coal (S-71, S-97, S-103, S-124, S-69, S-134) is shown with a red 
symbol in the figure. The location of the boreholes which does not intersect the coal is shown with a green symbol (S-132 and S-84). 
The boundary of the alteration zone is labeled with the orange dashed line. It is seen that the seismic levels, which are colored blue, 
green, and orange, are followed approximately along the line.

the second alteration zone is between CDP numbers 
22245 - 23520 and the third alteration zone is also 
at the intersection of KRKV1901, KRKV1904 and 
KRKV1801 lines, approximately between CDP 
numbers 26732-29232. It is seen that the interpreted 
alteration zones are compatible with the topography 
seen on the seismic cross-section (Figure 7).

4.3. KRKV1903 Seismic Reflection Cross-Section

KRKV1903 seismic line is one of the lines collected 
in the NE-SW direction. The horizon shown between 
approximately 1460 ms in the south and 960 ms in the 
north of the seismic cross-section has been interpreted 
as the Metamorphic Basement-Eocene boundary. 
This boundary and the upper layer of the coal-bearing 
zone (determined by the information of borehole and 
intersections of seismic cross-sections) interpreted on 
the KRKV1903 seismic cross-section can be followed 
to the end of this section, while the Danişmen-Ergene 
formations boundary can be followed up to CDP 
number 62810. In this section, it is observed that the 
geological structures, especially the interface of the 

Danişmen-Ergene formations, are inclined towards 
the south (Figure 8). The discontinuity surfaces that 
intersect the reflection surfaces and the basement were 
interpreted as fracture lines (normal and strike-slip 
fault systems).

Two different flower structures formed by the 
strike-slip fault were defined on the seismic cross-
section. The first of these is the positive flower 
structure observed in the CDP range of 60810 to 
61710. It has been observed that the folding causes 
reverse fault uplift with the effect of the compression 
formed in this strike-slip fault zone, resulting in a 
positive flower structure. While the probability of 
lignite layers in the center of positive flower structures 
based on folding is very low, the coal-bearing units 
are much more likely to be seen on the flanks of 
the structure. In this context, the observation of 
coal-bearing horizons with an average thickness of 
30-150 m in the boreholes was carried out on the 
flanks of the positive flower structure. This structure 
can be clearly seen on the KRKV1903 seismic line.
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A negative flower structure interpreted with green 
color is another structure that is located in the CDP 
range of 62810 and 63400 in the northeast of the 
seismic line. The negative flower structure was formed 
by the effect of normal faults developing in the strike-
slip fault zone. Lignite and uranium ores were not 
discovered since the boreholes on this structure could 
not reach sufficient depth. In addition, it was observed 
that some boreholes drilled before the seismic study 
did not intersect the coal-bearing sequences because 
they coincided with the fault zones seen in the seismic 
cross-section. For this reason, the determination and 
consistent interpretation of strike-slip fault systems 
in hydrocarbon exploration are important for future 
borehole studies.

The areas indicated by the orange rectangular 
box on the seismic cross-section were determined 

as the alteration zones. The first alteration zone is 
approximately between 61260 - 61910 CDP numbers, 
and the second alteration zone is between 62710-63314 
CDP numbers. It was thought that these alteration 
zones should be investigated, indicating the presence 
of uranium ore, and a borehole was suggested in this 
area (Figure 8). In light of all the findings obtained 
with these suggestions, uranium ore was observed in 
the boreholes at the intersection of the KRKV1901 and 
KRKV1903 seismic lines. The presence of alteration 
zones in this area indicates that alteration zones in 
other seismic lines should also be discovered and may 
indicate the presence of uranium ore.

4.4. KRKV1904 Seismic Reflection Cross-Section

The KRKV1904 seismic profile is designed in the 
NE-SW direction and it intersects the KRKV1901 

Figure 8- Interpreted KRKV1903 seismic line. One of the strike-slip faults is represented by a blue color, and the other is represented by a 
green color. The fault that is not named and dominate throughout the region are shown in yellow. The alteration zones observed above 
the positive and negative flower structures are shown with orange dashed lines. The location of the borehole intersecting the coal 
(S-142T, S-125, S-73, S-92, S-159, S-158, S-166) is shown with a red symbol in the figure. The location of the boreholes which does 
not intersect the coal (S-63, S-72, and S-168) is shown with a green symbol in the figure. It is seen that the seismic horizons, which 
are colored blue, green, and orange, are followed along the line.
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line at the receiver point 40845 (CDP 81690) and the 
KRKV1801 line at the receiver point 41425 (CDP 
82850). The level labelled at approximately 1580 ms 
in the south and approximately 820 ms in the north 
of the seismic cross-section has been interpreted as 
the Eocene-Metamorphic basement boundary.  The 
Metamorphic Basement-Eocene boundary interpreted 
on the seismic cross-section and the upper layer of 
the coal-bearing zone (determined by the information 
of borehole data and intersections of seismic lines) 
and the Danişmen-Ergene formations boundary are 
continuously observed up to the CDP number 82100 
(Block A) (Figure 9). Up to this CDP number the quality 
of the seismic cross-section is quite good. Beginning 
from the CDP number 82700, only Danişmen-Ergene 
boundary and the Metamorphic Basement-Eocene 
boundary have been approximately marked (Aı 
Block). When the KRKV1904 seismic cross-section 
is investigated, it is seen that the geological structures, 
especially the Danişmen-Ergene formations boundary, 
are inclined towards the southwest. 

The discontinuity surfaces intersecting the 
reflections observed in the seismic cross-section were 

interpreted as fracture lines (yellow and pink faults). 
The region where there are reflective surfaces that can 
be observed horizontally is interpreted as Block A and 
Aı, and the region where the levels cannot be observed 
clearly is interpreted as Block B. Considering the 
seismic reflection packages, the discontinuity and 
deterioration of the reflections in the B block can 
be explained by the presence of a strike-slip fault. 
However, due to the few number of seismic lines in 
the region, the existence of this fault could not be 
clearly demonstrated.

In the seismic cross-section, two areas thought to 
be alteration zones were identified.  The first alteration 
zone is approximately between 80200–80620 and 
the second alteration zone is between CDP numbers 
82140 – 82860. It is known that in the second 
alteration zone, which coincides with the intersection 
of KRKV1901, KRKV1904, and KRKV1801 lines, 
a subsidence area was formed due to tectonism and 
provides a suitable environment for uranium ore. For 
this reason, it is thought that alteration zones should 
be investigated in detail and these zones may have 
very high-grade ppm uranium (Figure 9).

Figure 9- Interpreted KRKV1904 seismic cross-section. A possible strike-slip fault is shown in pink and the fault that is not named is shown in 
yellow. The boundary of the alteration zone is shown with the orange dashed line. It is seen that the seismic levels, which are colored 
blue, green, and orange, are followed along the line in blocks A and A’ but in block B these seismic levels are deteriorating.
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5. Discussion

Coal formations in the Thrace Cenozoic Basin 
are located within the Oligocene-aged Danişmen 
Formation (Şengüler, 2013). Lignite outcropping in 
the north and south of the basin gradually deepens 
towards the middle of the basin and is observed at 
depths exceeding 600 m in a sedimentary succession 
reaching 10.000 m in the middle parts of the basin 
(Şengüler, 2013). The coal reserve of the Thrace-
Ergene Basin has exceeded 1 billion tons with the 
studies initiated by the General Directorate of Mineral 
Research and Exploration (MTA) in 2005 and still 
continues (Şengüler, 2013). According to the 2011 
coal reserve preliminary study report of the General 
Directorate of Energy Affairs, the possible coal 
reserve in the Süloğlu field located within the study 
area was determined as 14.5 million tons. This result 
was obtained according to the results of the boreholes 
drilled in the region. The boundary of the coal spread, 
which was determined by evaluating the lines obtained 
as a result of the seismic study conducted in 2019, was 

modelled in a 3D environment and it was determined 
that the boundary of the coal spread started from the 
southwest of the study area and continued towards 
the northeast (Figure 10). It was observed that some 
boreholes were suspended as a result of the determined 
coal-bearing layers transported deeper with tectonic 
movements (Figure 8). This supports the argument 
that the calculated coal reserve ratio may be higher for 
the Süloğlu field.

Perinçek (1987, 1991) argues that the faults in the 
Thrace fault system were formed before the deposition 
of the Ergene formation and were right-lateral strike-
slip (Figure 11a). Perinçek (1991) in his study stated 
that the NAF was active before the late Miocene in 
the Thrace Basin and named the aforementioned fault 
zone as Kırklareli, Babaeski, and LFZ extending from 
southeast to northwest. In the previous seismic studies 
carried out in the Thrace Basin, the positive flower 
structure formed by the effect of the LFZ, one of the 
fault zones mapped as a continuation of the NAF, was 
determined on the seismic cross-sections (Figure 11b). 

Figure 10- 3D view of; a) Danişmen-Ergene boundary, b) extensions of the coal-containing zone and c) metamorphic Basement-Eocene 
boundary. All boundaries are plotted on a millisecond (ms) scale.
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Figure 11- a) Geological map of Thrace Basin and Thrace fault zones (geological map; Kasar et al., 1983; modified from Perinçek, 1991; 
Perinçek et al., 2015), b) positive flower structure near the western part of the Lüleburgaz Fault Zone (LFZ) (Perinçek, 1991; 
Perinçek et al., 2015), c) fault systems observed on the KRKV1903 seismic cross-section.Perinçek et al., 2015) and c) fault systems observed on the KRKV1903 seismic cross-section.



Bull. Min. Res. Exp. (2023) 170: 175-192

190

Bull. Min. Res. Exp. (2022) 170: 175-192

190

When the seismic lines studied by MTA in 2018-2019 
are placed on the map drawn from Perinçek (1991), it 
is thought that the positive flower structure determined 
on the KRKV1903 seismic cross-section was formed 
by the effect of the northern branch of the KFZ (Figure 
11c).

By using a high-resolution seismic reflection 
method, it is possible to detect small-size ores and 
alteration zones with low acoustic impedance in 
terms of mining (Hajnal et al., 1997). In light of 
this information, the existence of zones was tried to 
be determined in all seismic lines carried out in the 
field. The tectonic structure in which the presence of 
uranium ore observed in the determined alteration 
zone is similar to the structure observed in the east of 
the line suggests that it may indicate the presence of 
uranium ore in this region as well (Figure 8). For this 
reason, it is important to give priority to this area in 
the drilling plans to be carried out in the future.

6. Results

As a result of the study, the basic topography of the 
area, the alteration zones assumed to be important for 
uranium deposition, the extension of the coal-bearing 
zones, and the tectonic structures affecting the area 
were determined, and 3D surface maps were created. 

After the evaluation made by showing the 2D 
seismic cross-sections in a 3D block diagram, it 
was determined that the thin Ergene formation was 
deposited in the uplift areas developed due to faulting 
in the basin, and the formation was thicker in the 
synclines in the trough areas. In addition, it has been 
observed that the geological formations, especially the 
Danişmen-Ergene formations boundary, are inclined 
in the NW-SE direction. In some areas in the east of 
the basin, the unconformity surface at the base of the 
Ergene formation was folded due to the compression 
created by the fault activity. The probability of seeing 
lignite layers in the center of areas with positive flower 
structures is rare due to folding. It is recommended to 
drill on the flanks of these structures so as to detect the 
lignite layer.

The extension coal-bearing zone determined by 
evaluating the seismic lines collected in the study 
area was modeled with a 3D image. In light of 

these obtained data, it has been determined that the 
extension of coal continues from the southwest of the 
basin to the northeast, and the borehole information 
have also supported this model.

This study was carried out for radioactive purposes, 
as an example, it is recommended to conduct seismic 
reflection studies before coal-targeted drilling for 
level monitoring and determination of target zones in 
coal exploration areas.

The uranium ore in the alteration zones determined 
at the intersection of the seismic cross-sections 
KRKV1901 and KRKV1903 indicates that the 
alteration zones in the other seismic cross-sections 
should also be explored in this respect. The seismic 
reflection method contributes to the identification 
of geological structures that are not outcropped, 
the determination of the inclination angles of the 
formations, and detailed site characterization with 
new boreholes. In order to obtain more detailed 
information about the study area, the seismic reflection 
method should be performed before drilling activities 
and more frequent seismic lines should be planned. In 
addition, with the data obtained as a result of the study, 
it is recommended to drill new boreholes in areas with 
coal and uranium potential.
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from the studies or based on a source by reference.

http://www.orcid.org
http://www.orcid.org
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• The way and method to be followed in handling the 
topics vary according to the characteristics of the 
topics covered.

• Subject headings in necessary numbers with different 
stages should be used in this section.

5.7. Discussions

• The data and findings objectively conveyed in 
the “Main Text” section of the article should be 
discussed by the author in this section. Discussions 
should be separate from the “Results” section.

5.8. Results

• New data and findings obtained from the review that 
constitutes the subject of the article should be stated 
concisely and concretely in this section.

• Subjects that are not adequately addressed and / or 
covered in the main text should not be included in 
this section.

• The results can be given as items in order to 
emphasize the research results and make the 
expression understandable.

5.9. Acknowledgements

• In this section, important contributions in the 
realization of the study, which is the subject of the 
article, are indicated. An attitude that will distract 
this section from its main purpose should not be 
taken in the Acknowledgements.

Contribution should be stated as short and concise 
as possible to the persons and/or organizations that 
provided assistance (reading, writing, language 
assistance, etc.) during the research, and should not 
take an attitude that would distract this section from 
its main purpose.
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• For the documents that are in print, no date is put 
after the name of the author, the name of the article 
and the source to be published should be specified 
and the word “in print” and / or “in review” should 
be written at the end (in parentheses).
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Ishihara, S. The granitoid and mineralization. 
Economic Geology 75th Anniversary (in 
press).

• Information downloaded from the Internet should be 
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6. Illustrations

• All of the drawings, photographs, plates and tables 
used in the article are referred to as “illustrating”.

• Illustrations should be used when their use is 
unavoidable or when they make the subject easier to 
understand.

• In the selection and arrangement of the format and 
size of the illustrations, an attitude should be made to 
prevent loss of space as much as possible considering 
the page length and layout of the bulletin.

• The number of illustrations used should be 
proportional to the size of the text.

• All illustrations should be submitted in separate files 
regardless of the text.

• Abbreviations should not be used in illustration 
explanations in the text and should be numbered in 
the order of mention within the text.

• Photographs and plates must be submitted as a 
computer file in which all details can be seen for the 
examination of the article, with EPS, TIFF or JPEG 
extension and at least 300 dpi resolution.

6.1. Figures

• Drawings and photographs other than the plate to 
be included in the article are evaluated together as 
“Figure” and numbered in the order of mention in 
the text.

• The figures should be prepared in computer 
considering the dimensions of a single column 
width as 7.4 cm or double column width as 15.8 cm. 
The figure area with its caption should not exceed 
15.8x21 cm.

• While preparing the figures, unnecessary details 
should not be included and care should be taken not 
to use more space than necessary for the transfer of 
information.

• In figure descriptions, a space should be left after 
the word “Figure” is written, and the number is 
given in the usual sequence number, followed by a 
hyphen (-) and a space again, and a description of 
the relevant figure should be written. If the figure 
legend exceeds the bottom lines, the following lines 
should to be written after the “Figure 1-” statement 
alignment. Figure descriptions should be created as 
follows, without exceeding the edges of the figure 
and justified on both sides.

For example:

Figure 1-  The district of Sandıklı (Afyon); a) 
geological map of the southwest, b) the 
general vertical section of the study area 
(Seymen, 1981), c) Turkey’s most important 
neotectonic structures (modified from 
Koçyiğit, 1994).

• Drawings should be drawn in computer properly, 
clean and with care.

• The use of thin lines that may disappear when 
minimized in figures should be avoided.

• Symbols or letters used in all drawings should not be 
less than 2 mm (7 pt.) in Times New Roman.

• All standardized symbols used in the drawings 
should preferably be explained in the drawing, if 
they are too long then they should be explained in 
the figure below.

• Bar scale should be used in all drawings and the 
north direction should be indicated on all maps.

• The name of the author, description of the figure, 
figure number should not be included in the drawing.

http://www.afad.gov.tr
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• Photographs should reflect the aims of the subject 
and should be in adequate numbers.

• Figures should be framed.

6.2. Plates
• Plates should be used in cases where multiple 

photographs are required to be printed together on 
a special paper.

• Plate dimensions must be equal to the size of the 
bulletin’s usable area of   the page.

• Figure numbers should be written under each of the 
figures on the plate and bar scale should be used.

• Original plates must be attached to the final copy 
to be submitted in the case of acceptance of the 
manuscript.

• Figures and plates should be numbered among 
themselves and independently. Figures should 
be numbered with Latin numerals and plates with 
Roman numerals (eg Figure 1, Plate I).

• There should be no explanation text on the figures 
inside the plate.

6.3. Tables
• All tables should be arranged in word format and 

should be prepared in Times New Roman.
• Tables should not exceed the size of 15x8 cm together 

with the table caption.
• Table explanations should be created without 

exceeding the edges of the figure and justified as in 
the example below.

For example:
Table 1- Hydrogeochemical analysis results of 

geothermal waters in the study area.

7. Nomenclature and Abbreviation
• Abbreviations must be in the accepted international 

or national form. Unusual nomenclature and 
abbreviations that are not standardized in the 
article should be avoided. In cases where it is 
deemed necessary to use such nomenclature and 
abbreviations, the way and method followed should 
be explained.

• There should not be a dot between the words initials 
used in standard abbreviations (such as MTA, DSİ).

• Abbreviations of geography aspects should be made 
in English (N, S, E, W, NE and etc.).

The word group to be abbreviated should be written 
clearly where it is mentioned first time and the 
abbreviation should be given in parentheses, then only 
the abbreviated form should be written throughout the 
article.

• Systems with international validity (m, inch, etc.) 
should be used as the unit of measure. Decimals 
should be separated with commas in Turkish articles 
and with a period in English articles.

• The names of figures, plates and tables in the article 
should not be abbreviated. For example, “As seen 
in the generalized stratigraphic section of the region 
(Figure 1) …….”.

7.1. Chronostatigraphic and Geochronologic 
Nomenclature

• “International Chronostratigraphic Chart” (https://
stratigraphy.org/chart), which is updated annually by 
the International Stratigraphic Committee, should be 
taken into consideration in chronostratigraphic and 
geochronological nomenclature.

• Position within a chronostratigraphic unit can be 
expressed in adjectives indicating the position, 
for example: lower, middle, upper and etc. When 
using these adjectives, it should be decided whether 
the lower, middle and upper distinction is formal / 
informal in the International Chronostratigraphic 
Chart.

For example:

lower Miocene, Upper Holocene and etc.

• When stating the time where a geochronological 
unit is, temporal adjectives such as; early, middle, 
late and etc. are used. When using these adjectives, 
the International Chronostratigraphic Chart should 
be taken into consideration to decide whether the 
adjectives begin with capital or lowercase letters.

For example:

early Miocene, Late Holocene etc.

7.2. Paleontological Nomenclature and Spelling of 
Fossil Names

• Original names of fossils should be used.

For example:

Nummulites with  limestone

https://stratigraphy.org/chart
https://stratigraphy.org/chart
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• Fossil genus and species names are written in italics, 
cf., aff. and gr. etc. expressions are written as normal 
(perpendicular). When writing fossil names for the 
first time, the surnames of the people who identify 
them and the year in which they were first defined 
should be written.  In later uses, the surnames and the 
year in which they are defined may not be written. 
The surnames and dates of identifiers coming at 
the end of the fossil names are not references, they 
should not be included in the mentioned documents.

For example:
Alveolina aragonensis Hottinger, 1960 not a reference.
Alveolina cf. aragonensis Hottinger, 1960 not a 
reference. 
Alveolina aff. aragonensis Hottinger, 1960 not a 
reference.
Alveolina gr. aragonensis Hottinger, 1960 not a 
reference.
• After the first use of the same genus in the text is 

written clearly, it can be abbreviated as in the 
example so that it will not be confused with another 
genus in later use.

For example:
Alveolina aragonensis, A. polathensis, A. ellipsoidalis 
etc.
•  If the date is in parentheses after the person 

describing it after the name of the fossil in the text, 
this is a reference and should be included in the 
mentioned documents.

For example:
Alveolina aragonensis Hottinger (1960) is a reference.
• The following rules should be taken into account 

when writing the systematic paleontologic section.
a. First of all, genus, species and subspecies to be 

identified should be written in hierarchical order 
like the order, upper family, family type species and 
so on. Later, the species to be described  should be 
written together with the surnames and date of the 
people who defined the subspecies name. If there 
is a photograph of the described fossil, the plate or 
figure with the photograph should be added under 
the fossil name. The names of the authors listed 
here are not references, so they are not included in 
the reference.

For example:
Order: Foraminiferida Eichwald, 1830

Superfamily: Alveolinacea Ehrenberg, 1839
Family: Alveolinidae Ehrenberg, 1839
Type Genus: Borelis de Montfort, 1808

Type Species: Borelis melenoides de Montfort, 1808 
= Nautilus melo Fichtel and Moll, 1798

Borelis vonderschmitti (Schweighauser, 1951)
(Plate II, Figure 3-5 or Figure 3A-H).

b. Similar or synonyms (synonym) list should be left-
aligned in chronological order. The page and figure 
number of the synonymous fossil in the relevant 
study should be included in the synonymous list. 
Authors in the synonymous list are references and 
must be included in the references.

For example:
1951 Neoalveolina vonderschmitti Schweighauser, 
page 468, Figures 1-4.
1974 Borelis vonderschmitti (Schweighauser), 
Hottinger, page 67, plate 98, Figures 1-7.
c. After the synonymous list is given, the definition, 

explanations (similarities and differences), 
dimensions, material, stratigraphic distribution 
(according to the characteristics of the fossil) 
should be written.

d. If the fossil is defined for the first time (new 
species) in the systematic paleontology section, 
the origin of the name, holotype, type locality, 
material, description, explanation (similarity and 
differences), age and geographical distribution, 
dimensions (according to the features that define 
the fossil) should be written. Photographs of the 
fossil identified for the first time by the authors 
must necessarily be placed in plates or figures.

e.  Bar scale indicating the size of fossils must be used 
definitely in plates / figures.

8. References
• In the references to be made in the Main Text, only 

the surnames of the authors and the publication 
year of the mentioned article should be specified. 
Referencing should be arranged according to one of 
the following examples:

• Referring to a publication with a single author (in 
chronological order):
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-Altınlı (1972, 1976) defined the Bilecik sandstone in 
detail.

It is known that the fold axes of the Devonian and 
Carboniferous units around İstanbul are N-S trending 
(Ketin, 1953, 1956; Altınlı, 1999).
• Referring to a publication with two authors:
- The upper parts of the unit include Ilerdian fossils 

(Sirel and Gündüz, 1976; Keskin and Turhan, 1987, 
1989).

• Referring to a publication with more than two 
authors:

- According to Caner et al. (1975), the Alıcı formation 
reflects the conditions of fluvial environment.

- Unit disappears by wedging towards E (Tokay et al., 
1984).

• Referring to a reference in another publication:
It is known that Lebling mentioned about the existence 
of Liassic around Çakraz (Lebling, 1932; Charles, 
1933).
• When referring to the works of the authors with the 
same surname in the same year, referring the authors’ 
first names by writing their initials:
- Many studies have been done in the field of structural 
geology in the study area (Gutnic et al., 1979; Yılmaz 
A., 1983; Yılmaz, İ., 1983; Poisson et al., 1984 etc.).

9. Prints Sent to Authors
Two copies of the relevant issue published in the 
Bulletin of the Mineral Research and Exploration are 
sent to the authors.
10. Terms of Publication and Copyrights
• Some or all of the articles to be published in the 

Bulletin of the Mineral Research and Exploration 
should not have been published before.

• Authors who submit a publication to the Bulletin of 
the Mineral Research and Exploration are deemed 
to have accepted the bulletin’s publication rules in 
advance.

• The copyright of the manuscripts accepted for 
publication and converted into publications belongs 
to the General Directorate of Mineral Research and 
Exploration (MTA).

The authors of the study sign the relevant forms 
within the scope of the provisions specified in the 
Regulation of the Editorial Board regarding the 
transfer of copyright and submit them to the Editorial 
Board. After the publication of the article, MTA may 
pay royalty fees to the authors of the article for their 
declarations within the scope of the “Regulation on 
the Editorial and Processing Fees to be paid by the 
Public Organizations and Institutions”.

NOTE: Information and forms about Bulletin of the 
Mineral Research and Exploration can be accessed 
from the website: http://dergi.mta.gov.tr/index.php.
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